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Abstract 

Stroke affects people of all ages, but many are in the elderly population.  75% of stroke 

survivors have residual upper limb motor impairment and resultant disability.  This thesis 

firstly examines upper limb motor control in chronic stroke.   

Evidence is emerging that high dose, high intensity complex neurorehabilitation 

interventions in chronic stroke patients produce unprecedented gains on clinical outcome 

scores of motor impairment, function and activity.  But whether these clinical improvements 

represent behavioural repair or merely behavioural compensation remains undetermined.  

To address this question, upper limb movement kinematics, strength and joint range and 

clinical scores were measured in 52 chronic stroke patients before and after an intensive 

three-week treatment intervention.  29 chronic stroke patients who had not undergone 

treatment were similarly assessed, three-weeks apart.  Significant improvements in motor 

control, arm strength and joint range in addition to gains on clinical scores were observed in 

the impaired arm of the intervention group.  Crucially, changes in motor control occurred 

independently of changes in strength and joint range.  Improvements in motor control were 

retained in a cohort of 28 patients in the intervention group, also assessed 6-weeks and 6-

months after treatment had ended, demonstrating persistent changes in motor behaviour.  

These results suggest that behavioural restitution has occurred.   

Secondly, knowledge of the effects of normal healthy ageing on upper limb motor control is 

essential to informing research and delivery of clinical services.  To this end, movement 

kinematics were measured in both arms of 57 healthy adults aged 22 to 82 years.  A decline 

in motor control was observed as age increased, particularly in the non-dominant arm.  

However, motor control in healthy adults of all ages remained significantly better than in 

chronic stroke patients pre- and post-intervention.   

This thesis provides new evidence that treatment-driven improvements in motor control are 

achievable in the chronic post-stroke upper limb, which strongly suggests that motor control 

should remain a therapeutic target well beyond the current three to six-month post-stroke 

window.  It will inform the continued development and delivery of high dose, high intensity 

upper limb neurorehabilitation treatment interventions for stroke patients of all ages.   
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Impact Statement  

Stroke is the third-leading cause of long-term neurological disability in the world.  75% of 

stroke survivors are left with upper limb dysfunction, only 50% will achieve ‘some functional 

use’ and 5-20% ‘full recovery’ of their upper limb.  Stroke survivors consider their weak arm 

to be ‘critically important to quality of life’ yet relatively neglected by healthcare 

professionals.   

Improvement in upper limb dysfunction can occur through full or partial restitution of lost 

motor control (behavioural repair), or through the adoption of new motor strategies 

(behavioural compensation).  Only behavioural repair will lead to recovery of best quality 

motor performance. 

In most healthcare settings worldwide, upper limb neurorehabilitation is stopped 3-6 months 

after a stroke because the potential for behavioural repair is believed to plateau, and further 

treatment deemed worthless. 

The Queen Square Upper Limb Programme (QSUL) is a pioneering NHS clinical service which 

provides 90 hours of high dose, high intensity, complex treatment for upper limb dysfunction 

in chronic stroke patients (their stroke occurred at least 6 months earlier).  Treatment focuses 

on movement quality in addition to task accomplishment.  

This thesis shows that chronic stroke patients admitted to QSUL make significant 

improvements in motor control, independently from and in addition to improvements in 

strength and joint range of motion.  Clinical scores of arm impairment, function and activity 

also significantly increase.  Improvements are retained for 6 months following the end of 

treatment, and underpin continuing increases in arm function and activity. 

Behavioural repair has not previously been demonstrated in the chronic phase of stroke.   

This exciting finding challenges the consensus that further motor recovery is not possible and 

carries significant implications for the provision of stroke neurorehabilitation services 

worldwide, which are based on this premise.  It adds to current understanding of upper limb 

recovery processes, and will inform ongoing recovery research and the future development 

of new interventions. 
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Treatment-driven behavioural repair in the chronic phase of stroke strongly suggests that 

motor control should remain a therapeutic target well beyond the current 3-6-month 

window, and all patients with upper limb dysfunction should have access to high dose, high 

intensity complex treatment. 

Such treatment currently only exists in aspirational single-centre services like QSUL, but 

should be widely available to all stroke survivors to allow them to achieve their full motor 

recovery potential and minimise ongoing disability and dependence. 

Future studies should build on these results and test interventions which target motor 

control at doses that are likely to result in meaningful change, and use outcome measures 

which allow behavioural repair to be assessed. 

While it might be considered impossible to deliver such high treatment doses in current 

healthcare settings, the role of clinical research is to challenge current practice and reshape 

clinical services to make them better.  These results do exactly this.  Hyperacute stroke 

services have radically transformed over the past decade, in a way that was once considered 

impossible.  It is now time for the similar advancement of chronic stroke services and upper 

limb neurorehabilitation, and this work is an important step in the right direction. 
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1 Upper Limb Movement Control in Healthy 

Ageing and Chronic Stroke 

 

1.1 Summary Overview  

This Chapter will review the current state of play regarding upper limb motor impairment in 

the chronic phase of stroke, recovery mechanisms and neurorehabilitation.  It will also 

explore how motor control in the upper limb changes with normal healthy ageing processes, 

and how these changes might impact on recovery of the upper limb from motor impairment 

following a stroke in older adults.  Several key points which are highly relevant to this thesis 

and the research questions the subsequent experimental chapters investigate will be 

addressed and can be summarised as follows. 

Motor impairment after a stroke is a syndrome of separable components, all of which recover 

separately from one another by different mechanisms, and all of which should be separately 

targeted with appropriate treatment.  This thesis is primarily concerned with the loss of 

motor control, and whether or not it can be improved in the chronic phase of stroke. 

Recovery of movement can occur through behavioural compensation or restitution, but 

ultimately ‘best quality’ motor performance can only be achieved through behavioural 

restitution.  The traditional belief is that behavioural restitution does not occur beyond the 

first three months after a stroke (the subacute phase), when spontaneous biological recovery 

mechanisms which heighten neuroplasticity in the immediate aftermath of a stroke have 

subsided and neuroplasticity has returned to normal adult levels.  Thus, in the chronic phase 

of stroke, only small, task-specific improvements in function can be achieved through 

compensatory behavioural strategies and gains in strength and arm range. 

Neurorehabilitation is typically not continued into the chronic phase of stroke in clinical 

settings due to the belief that recovery has plateaued and further improvements in motor 

control are not possible.  Meanwhile, stroke recovery research often focuses on patients in 

the chronic phase of stroke, and tends to deliver treatment interventions at doses which are 

too low to be efficacious even in the subacute phase, thus the results of clinical trials 
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assessing treatment interventions such as repetitive task-orientated training (RTT), 

constraint induced movement therapy (CIMT) and robot-assisted therapy (RT) have been 

universally underwhelming.  All of this has led to a nihilistic attitude towards chronic stroke 

recovery, and many patients with persistent upper limb motor impairment and significant 

disability.  

However, in recent years, several studies have reported unprecedented gains on clinical 

scores of upper limb motor impairment, function and activity in chronic stroke patients 

following high dose, high intensity complex treatment which focuses on movement quality 

in addition to task accomplishment, for total doses in the range of 90 to 300 hours.  The 

magnitude and retention of these gains has raised the question as to whether or not motor 

control might indeed be improving, but these studies did not measure movement kinematics 

and therefore could not distinguish between underlying recovery mechanisms of behavioural 

restitution or compensation.   

This thesis will therefore assess a large cohort of chronic stroke patients, before and after 

high dose, high intensity complex treatment, and measure movement kinematics in addition 

to changes in strength, joint range of motion and clinical scores to answer the question ‘Does 

upper limb motor control improve following treatment?’  In addition, by following a cohort of 

chronic stroke patients for six months after the end of treatment, this thesis will also answer 

the question ‘Is improvement in motor control retained beyond the end of treatment?’ 

Motor performance declines with age in healthy adults.  Elderly adults may already have 

impairment of upper limb function and activity due to their age, and might already be using 

additional neural capacity to compensate for age-related changes.  Residual capacity for 

behavioural restitution and even compensation in the face of additional neurological deficit 

after a stroke will be reduced in elderly compared to younger adults with a similar stroke 

injury, and they may not recover to the same extent. 

Elderly adults do have the capability for motor learning and can improve motor performance 

following training. They can also make substantial adaptive neuromuscular gains in response 

to strength training, which might help to compensate for motor deficit.  Age in itself is 

therefore not a reason to exclude older adults from stroke neurorehabilitation therapy, but 

when delivering motor training and other treatment interventions, it is important to consider 

what ‘normal’ motor control means and set realistic expectations for behavioural restitution 

and functional improvements.  Older stroke patients may not be starting neurorehabilitation 
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from a ‘normal’ baseline pre-stroke, and it may not be possible for clinical scores of 

function/activity to return to normal.  This would need to be taken into account in both 

therapeutic goal setting in clinical settings and in the analysis of clinical trial data in research 

settings. 

This thesis will also assess a large cohort of younger to elderly healthy adults and measure 

movement kinematics to address the question ‘Does upper limb motor control change with 

normal healthy ageing?’  The implications of this result for recovery from stroke will also be 

considered. In addition, the healthy adult movement kinematic data will be compared with 

the chronic stroke patient movement kinematic data to answer the question ‘How does upper 

limb motor control in chronic stroke patients before and after neurorehabilitation compare 

to motor control in healthy adults?’ 

Behavioural restitution has never been demonstrated in the chronic phase of stroke.  If these 

studies show that treatment driven improvements in motor control can occur in chronic 

stroke patients, following high dose, high intensity complex treatment, and are retained 

beyond the end of this treatment, this would refute the current consensus of a recovery 

plateau for motor control.  This result would imply that motor control should remain a 

therapeutic target well beyond the current 6-month post-stroke window for all stroke 

patients with upper limb motor impairment, because there is still the potential for significant 

motor control recovery and subsequent reduction of disability and activity limitation. 

In addition, this work will demonstrate the effects of the normal ageing process on upper 

limb movement kinematics in a large cohort and make a useful contribution to a relatively 

sparse area of research.  Many patients who suffer a stroke are in the elderly population, and 

understanding ‘what is normal’ for age in terms of upper limb motor control is essential to 

informing both clinical neurorehabilitation service development and stroke recovery 

research.  The effects of ageing on upper limb motor control advocate for individualised 

approaches to treatment, to ensure age-appropriate goal-setting, but with the assumption 

that elderly patients can recover.
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1.2 Introduction  

This thesis is concerned with upper limb movement control in the chronic phase of stroke, 

and whether a high dose, high intensity complex upper limb neurorehabilitation intervention 

can improve motor control.  Motor control recovery has not previously been demonstrated 

in chronic stroke patients, and until recently was not thought to be possible.  However, new 

evidence has emerged that significant improvements in clinical scores of motor impairment, 

arm function and activity can be achieved when high dose, high intensity complex treatment 

is delivered, raising the possibility that changes in underlying motor control processes might 

also be occurring.  While stroke affects people of all ages, many chronic stroke patients are 

in the elderly population, and knowledge of the effects of normal ageing processes on upper 

limb motor control is therefore essential to underpin the study of motor control recovery 

following a stroke. 

Chapters 3 and 4 will assess a large cohort of chronic stoke patients with residual upper limb 

motor impairment before and after neurorehabilitation to answer two key questions: -  

1. Does upper limb motor control improve following treatment? 

2. If yes, is this improvement in motor control retained beyond the end of treatment?   

Chapter 5 will then assess a large cohort of healthy adults to address the following: -  

3. Does upper limb motor control change with normal healthy ageing? 

4. How does upper limb motor control in chronic stroke patients before and after 

neurorehabilitation compare to motor control in healthy adults? 

Only kinematic measures of upper limb movements can answer these questions at a 

mechanistic level, and Chapter 2 will describe the 2D-planar robotic reaching task designed 

for this purpose and used in these experiments, along with other general experimental 

methods.  Chapter 6 will generally discuss and reflect on this thesis, provide further context 

and explore future directions.  But first, Chapter 1 will review current knowledge of how 

upper limb motor control changes with healthy ageing, including at the level of movement 

kinematics, and how these changes might impact on recovery from upper limb motor 

impairment following a stroke.  Upper limb motor impairment following a stroke and 

recovery mechanisms will then be explored in detail, followed by key current evidence-based 

neurorehabilitation interventions and the state of play as regards stroke recovery and 

rehabilitation research in the chronic phase of stroke. 
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1.3 Motor Performance Declines with Healthy Ageing   

1.3.1 An Overview of Age-Related Changes in Upper Limb Movement 

It is well-recognised that stroke, and other diseases of the central nervous system (CNS) such 

as movement and cerebellar disorders, lead to impaired motor performance, but the most 

widespread example of reduced motor ability is in fact the ‘normal’ ageing process in healthy 

adults (Cooke et al., 1989).  The physical effects of ageing are often obvious to see in the 

lower limbs and include, for example, a deterioration in the ability to walk and run and an 

increasing reliance on walking aids.  But age-related changes in upper limb function and their 

subsequent impact on daily life are less apparent and often overlooked (Woytowicz et al., 

2016; Grabiner and Enoka, 1995), even though the quality of upper limb movements in older 

adults is particularly impacted by ageing (Grabiner and Enoka, 1995) and upper limb motor 

function is in an important predictor of both disability and mortality (Gale et al., 2007; 

Ostwald et al., 1989).   

Many people who have a stroke and suffer upper limb dysfunction requiring 

neurorehabilitation therapy are in the elderly population (Mayston et al., 2009), so 

understanding the effects of normal ageing on upper limb motor control at the mechanistic 

level of movement kinematics is important to improving knowledge of the overall 

pathophysiology and management of upper limb dysfunction following stroke. 

Motor performance declines with age due to the dysfunction and/or degeneration and/or 

reorganisation of components of the CNS, peripheral nervous system (PNS) and 

neuromuscular system (Aagaard et al., 2010). Consequently, simple and complex motor tasks 

are performed more slowly (Francis and Spirduso, 2000), less accurately and in qualitatively 

different ways as age increases (Mayston et al., 2009; Enoka et al 2003; Ketcham et al 2002).  

When compared with young adults, older adults have difficulties with coordination (Seidler 

et al., 2002), increased variability of movement (Contreras-Vidal et al., 1998; Darling et al., 

1989), slowing of movement (Diggles-Buckles, 1993), and difficulties with balance and gait 

(Woollacott and Tang, 1997).  Muscle mass, maximum muscle strength, power, and rate of 

force development also decrease with normal ageing, even in highly trained older athletes 

(Aagaard et al., 2010; Thompson, 2009; Faulkner et al., 2007), and contribute to deterioration 

of movement.  Yet relatively little is known about the effects of normal ageing on human 
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upper limb movement kinematics, particularly with regard to the manipulation and 

movement of objects (Mayston et el., 2009).   

1.3.2 The Impact of Ageing on Recovery from Motor Impairment After Stroke   

Normal age-related changes will therefore negatively impact on the ability of elderly patients 

to recover from stroke, in terms of underlying mechanisms of behavioural restitution and 

compensatory movements, functional use of the upper limb and participation in activities.  

This might influence the type and duration of treatment they receive in clinical services, and 

clinical and kinematic outcome measures in clinical trials of upper limb treatments.  It is 

therefore important to review current knowledge and understanding of relevant normal age-

related changes in the upper limb, to inform how this might impact on the study of recovery 

from upper limb dysfunction in chronic stroke patients, and subsequent delivery of clinical 

services. 

 

1.4 The Motor System in Healthy Ageing  

1.4.1 Motor Control of the Upper Limb  

1.4.1.1 Normal Motor synergies 

The term ‘synergy’ is used in the motor control literature to describe the planning and control 

of normal movements, where it refers to systematic coupling or co-articulation across joints, 

or to a fixed pattern of coordination of muscles (McMorland et al., 2015; Roh et al., 2015).  

Confusingly, flexor motor synergies which emerge as a positive component of hemiparesis 

following a stroke refer to abnormal patterns of movement and will be discussed further in 

Chapter 1.8.2.1.  Motor synergies can therefore be normal in the context of motor control, 

or abnormal following CNS injury, and they can change during motor learning and recovery 

processes.  For example, they might have to be created, broken down, rebalanced or 

reinforced to produce a desired arm movement during the rehabilitation of an upper limb 

motor impairment.   

In the context of normal ageing, motor synergies are a normal part of motor control 

processes.  To produce coordinated movement, the CNS precisely controls the synchronised 

contraction of many thousands of motor units in many different muscles.  To facilitate this, 

particular muscles are constrained together in neuronal-established functional groups to 
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reduce the number of variables the CNS must account for and so the likelihood of movement 

errors, and these functional groups are called motor synergies (Shafizadeh et al., 2019; Latash 

et al., 2007).  In other words, motor synergies simplify the motor control of movement.  They 

are required for effective upper limb function, but are negatively impacted by ageing.  In 

order to better understand these changes, a brief review of the structure of motor synergies 

is first required.   

Motor synergies are task-dependent in that they are organised to fulfil a specific functional 

purpose.  They share elemental variables such that all motor elements of the synergy 

demonstrate the same co-variation.  The flexibility and stability of the motor synergy is 

determined by the extent to which different combinations of the elemental variables can be 

used to ensure a consistent and reproducible task performance (Shafizadeh et al., 2019; Xu 

et al., 2013; Gorniak et al., 2011; Latash et al., 2007).  The uncontrolled manifold (UCM) 

model is often used to quantify motor synergies and is based on the association between 

variability in a performance variable, such as end-effector position, and variability in 

elemental variables, such as joint angles or motor elements, which is separated into two 

components (Scholz and Schöner, 1999).  The UCM component does not influence the 

performance variable and is called goal-equivalent variance; the variance in the orthogonal 

component does influence the performance variable and is called non-goal-equivalent 

variance.  When synergy exists for a task, goal-equivalent variance is larger than non-goal-

equivalent variance (Togo et al., 2012) and this ratio determines how stable the motor system 

is against perturbation, with the largest ratios representing the strongest motor synergies 

(Latash et al., 2007; Scholz and Schöner, 1999).    

Accuracy and stability of performance variables are two important characteristics of motor 

synergies that have significant roles in manipulative skills (Shafizadeh et al., 2019).  Accuracy 

is determined by trial-to-trial variability in a target performance outcome (for example, 

spatial errors).  Stability represents the overall variability of coordination among the 

elemental variables that stabilise the performance variable across successive attempts 

(Gelfand and Latash 1998).  The greater the number of possible combinations of elemental 

variables for a particular performance outcome, the greater the stability of the system.  The 

strength and stability of motor synergies and the degree of available synergic control decline 

as age increases, due to underlying structural, physiological and sensorimotor changes 

(Latash and Anson, 2006; Francis and Spirduso 2000; Rodgers and Evans 1993; Cole 1991).  

With increasing age, there is a shift away from synergies towards more element based and 

therefore less reliable patterns of movement control (Gorniak et al., 2011).   
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Age-related weakening of motor synergies is not uniform across all upper limb movements.  

It has been consistently reported in older adults performing fine finger/multi-finger 

movements (Gorniak et al., 2011; Latash et al., 2002b; Latash et al., 2002a; Grabiner and 

Enoka, 1995), but less so in multi-joint tasks involving larger upper limb movements (Greve 

et al., 2017; Krüger et al., 2013; Xu et al., 2013; Lee et al., 2007; Reisman and Scholz, 2003).  

A recent meta-analysis of 16 studies which had used the UCM model to examine the effect 

of increasing age on motor synergies confirmed this differential reduced strength of motor 

synergies in multi-finger but not multi-joint tasks in older adults (Shafizadeh et al., 2019), 

suggesting that older adults may be less able to perform fine finger and hand movements 

than less dextrous movements. 

1.4.1.2 Fine Motor Control and Multi-Finger Movements  

Fine motor control, requiring precise hand-eye coordination and fine finger movements, 

declines at a greater rate than gross motor control as age increases (Williams, 1989) due to 

a combination of changes in both motor and sensory functions.  Deterioration of motor 

synergies as described in Chapter 1.4.1.1 above, changes in motor units (Galganski et al., 

1993), loss of strength (Sperling, 1980), reduced tactile sensation (Cole, 1991), and even 

visual impairment (Kline et al., 1992) are all likely to contribute.  The factors which are directly 

related to the motor system will be addressed further below. 

Reduced stability and reduced accuracy are likely to be weakening motor synergies which 

control multi-finger movements in older adults, leading to failure to maintain the 

performance variable and deterioration of fine motor control (Lindberg et al., 2009; Grabiner 

and Enoka, 1995).  Reduced stability could be explained by age-related changes in sensory-

motor synchronisation and muscle force (Beijersbergen et al., 2013; Thompson, 2009; 

Faulkner et al., 2007), and by delayed adjustments in preparation for quick action (Jo et al., 

2017; Jo et al., 2015).  Reduced grip force accuracy could be related to deterioration of 

cutaneous sensation and failure to appropriately alter the amount of grip force required to 

control the slip-safety margin (defined as the grip force exceeding the minimum grip to avoid 

slip, as a fraction of slip force) (Lindberg et al. 2009; Cole et al. 1999; Cole, 1991).  Excessive 

grasp force and impaired hand dexterity are seen during routine grasp and manipulation 

tasks in elderly individuals (Cole, 1991), and grip force, relative slip-safety margin and skin 

slipperiness all increase from the age of 50 years (Cole at al., 1999) resulting in reduced ability 

to maintain a low grip force (Lindberg et al., 2009; Cole et al., 1999).   
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Yet while excessive grasp forces may represent a strategic response to age-related 

impairments in tactile sensation, they could also simply reflect an increased variability in grip 

force production with ageing (Lindberg et al., 2009; Cole et al., 1999; Cole,1991).  Force 

steadiness and force accuracy are both crucial components of fine motor control.  If multi-

finger force production is rapidly changing, this increases the non-goal-equivalent variance 

within the synergy and weakens it, which de-stabilises performance (Goodman et al., 2005).  

Greater variability and reduced matching accuracy in the muscle force (moment) are 

observed during isometric and dynamic force tracking tasks in the elderly, leading to impaired 

performance of manipulative tasks (Shim et al., 2004; Tracy and Enoka, 2002; Hortobagyi et 

al., 2001; Grabiner and Enoka, 1995).   

Additionally, it seems that age differences in motor finger synergies depend to some extent 

on the characteristics and complexity of the task.  The differences evident between younger 

and older subjects performing fine motor skills are smaller when the nature of the task is 

more repetitive and less complex, and become greater as the complexity of the task increases 

(Park et al., 2016; Grabiner and Enoka, 1995).  It is also well documented that older adults 

generally show greater functional motor impairments with increasing task difficulty (Krüger 

et al., 2013; Seidler et al., 2010; Seidler et al., 2002; Contreras-Vidal et al., 1998; Diggles-

Buckles, 1993; Darling et al., 1989).  

1.4.1.3 Gross Motor Control and Multi-Joint Movements  

There is evidence that motor synergies are relatively preserved in older adults during some 

reaching (Greve et al., 2017; Lee et al., 2007; Krüger et al., 2013; Xu et al., 2013) and grasping 

(Singh et al., 2013; Skm et al., 2012) movements, particularly with tasks involving more 

‘natural movements’ which are similar to those performed in daily life (Xu et al., 2013).  

Motor synergies for familiar tasks that resemble activities of daily living (ADLs)1 are preserved 

for longer in older people, and there are no significant differences in the performance of such 

tasks between younger and older adults (Xu et al., 2013; Skm et al., 2012).  Reaching and 

grasping require different control mechanisms:  Reaching movements involve proximal 

segments for arm transportation and distal segments for positioning and orientation of the 

end-effector (hand) (Jeannerod, 1999), while grasping movements require covariation of 

finger forces to stabilise total force production (Latash et al., 2007).  The relative preservation 

                                                           
1 Activities of daily living (ADLs) is a term used in healthcare to collectively describe fundamental life 
skills required to independently care for oneself, described by Katz in 1963.  For example, eating, 
dressing, walking, taking a bath or shower and using the toilet.  
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of some motor synergies is likely to depend on control mechanisms that are independent of 

motor flexibility and also the nature of the task constraints.  The motor system might perform 

visually guided tasks such as reaching without compromising motor flexibility in older adults 

(Cressman and Henriques, 2010), and there is no evidence of age-related impairment of 

visuomotor adaptation in manual reaching tasks (Buch et al., 2003; Roller et al., 2002).  

Alternatively, older adults might gradually adapt to the constraints of reaching tasks using 

proprioceptive recalibration (Cressman et al., 2010) rather than motor flexibility, and 

recalibration processes that are involved in sensorimotor adaptation are not affected by 

increasing age (Bock, 2005).  However, strategic processes involved in sensorimotor 

adaptation are affected by increasing age (Bock, 2005), and this probably relates to atrophy 

of the prefrontal cortex and cognitive dysfunction in older adults (Raz et al., 1997), and/or to 

an associated reduction in dopaminergic activity (Volkow et al., 1998). 

Additionally, as with fine finger movements, the nature of the task/task constraints may 

determine the extent to which motor synergies are preserved in older adults.  Task novelty 

and complexity may be a factor in the differences between older and younger adults 

performing multi-joint movements, with older adults adapting to a new task more slowly 

than younger adults (Vercruyssen, 1992) and performing less well with increasing task 

difficulty (Spirduso, 1995), possibly due to increasing processing demands (Francis and 

Spirduso, 2000).  In single variable tasks, there is a trend towards greater goal-equivalent 

variance in younger adults (Dutta et al., 2013; Krüger et al., 2013; Xu et al., 2013), and older 

adults appear to be relatively disadvantaged (Verrel et al., 2012).  Multiple variable tasks 

appear to be more beneficial for older adults (Lee et al., 2007). When older (70 to 80 years) 

and younger (20 to 30 years) adults performed a simple manual pointing task, the groups 

were similar in terms of basic kinematic variables, end point precision, and accuracy of the 

biomechanical forward model of the arm (Verrel et al., 2012).  But a UCM analysis showed 

that the older adults had lower synergy indexes than younger adults towards the end of the 

pointing movement, and so a reduced ability to use the redundant degrees of freedom in the 

motor task, suggesting that older adults make less flexible use of motor abundance than 

younger adults (Verrel et al., 2012). 

In general, older adults show greater movement variability (consistency of body movement 

while performing the same task), greater variability of hand path, and greater variability of 

measured kinematic parameters and end-point position, than younger adults performing the 

same multi-joint upper limb target-oriented tasks (Dutta et al., 2013; Yan et al., 1998; Walker 
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et al., 1997; Darling et al., 1989; Cooke et al., 1989).  When older adults (average 68.9 years) 

were required to move their shoulder and elbow joints simultaneously, movements become 

slower, less smooth and less accurate than when performing single joint actions, compared 

with younger adults (average 30.1. years) (Seidler et al., 2002).  Significant changes in angular 

motion at the shoulder, elbow and wrist have also been shown in older adults (64 to 82 years) 

compared with younger adults (22 to 54 years) performing a reaching task in 3D space 

(Mayston et al., 2009), suggesting that increased wrist movement in older adults might 

compensate for decreased shoulder and elbow movement.  

1.4.1.4 Mechanisms Underlying Age-Related Changes in Motor Performance 

Many different mechanisms have been proposed to contribute to the age-related changes 

seen in motor performance, the detailed review of which is beyond the scope of this work.  

Key concepts will be considered briefly for completeness. 

Mechanisms underlying age-related changes in motor control include loss of motor 

synergies, altered coordination patterns of agonist and antagonist muscles at multiple joints, 

changes in muscle contractile properties and trial-to-trial variability in muscle activation 

(Gorniak et al., 2011; Latash and Anson, 2006; Francis and Spirduso 2000; Enoka et al., 1999; 

Seidler-Dobrin and Stelmach, 1998; Rodgers and Evans 1993; Cole 1991; Darling et al., 1989; 

Lexell et al., 1988; Newton and Yemm, 1986; Davies and White, 1983; Campbell et al., 1973).  

Studies have also demonstrated changes in maximal motor neuron firing frequency, 

variability of motor unit discharge rate, loss in motor unit number with the formation of 

larger and slower motor units and altered spinal inhibitory circuitry (Aagaard et al., 2010; 

Thompson, 2009; Dalton et al., 2008; Faulkner et al., 2007; McNeil et al., 2005; Enoka et al., 

2003; Tracy and Enoka, 2002; Cole et al., 1999).  Compressed rate coding during graded 

muscle contraction (Barry et al., 2007) and reduced H-reflex excitability at rest (Scaglioni et 

al., 2002) imply elevated presynaptic inhibition and/or reduced resting state motor neuron 

excitability as age increases (Morita et al., 1995). 

Normal ageing is accompanied by atrophy of the motor cortical regions and corpus callosum, 

alterations in cortical activation (Mattay et al., 2006; Ward and Frackowiak, 2003) and 

impairments in sensorimotor, cognitive and perceptual functioning (Ketcham and Stelmach, 

2001; Shumway-Cook and Woollacott, 2000), which can all contribute to a decline in motor 

performance.  Degeneration of neurotransmitter systems (primarily the dopaminergic 

system) may also play a role in age-related decline in gross and fine motor skills, as well as to 

higher cognitive deficits (Volkow et al., 1998).   
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1.4.2 Arm Dominance and Healthy Ageing  

The dominant hand is faster (Todor and Smiley-Oyen, 1987; Peters, 1980; Peters and Durding, 

1979) and more accurate (Annett, 1992; Todor and Cisneros, 1985; Annett et al., 1979) than 

the non-dominant hand, which is probably due to several factors including processing 

characteristics of the left hemisphere/right hand system, task complexity and practice 

(Provins, 1997; Peters, 1976; Flowers, 1975).     

In general, the physiological changes associated with normal ageing should affect both sides 

of the body more or less symmetrically.  Changes in motor performance should occur in both 

the dominant and non-dominant hands of older adults more or less equally, so that the 

between-hands differences remain the same in young and old adults (Francis and Spirduso, 

2000).  When older (62 to 72 years) and younger (18 to 24 years) adults performed five motor 

tasks which incorporated motor characteristics necessary for completion of ADLs, both age 

groups demonstrated superior performance with their dominant hand across all motor tasks, 

but the older group was consistently slower, with the greatest slowing seen in finely 

controlled movements such as object manipulation (Francis and Spirduso, 2000).  An analysis 

of age-related differences in submovement structure between dominant and non-dominant 

hands during goal-directed movements found that elderly adults had shorter relative primary 

submovement lengths and longer relative primary submovement durations, reaction times, 

movement durations, and normalised jerk scores compared to younger adults, but no 

differences in these variables between dominant and non-dominant arms within either age 

group (Poston et al., 2009).  Young adults from 18 to 24 years of age should have maximal 

sensory capabilities and peak levels of strength, flexibility, agility, precision and speed 

(Francis and Spirduso, 2000), with the dominant hand at its peak lifetime level of 

performance.  The between-hands performance gap is therefore wider than at any other 

time during the life span, because the non-dominant hand will not ever attain the same 

motor performance level due to relative lack of practice.  With normal adult ageing, the 

dominant hand’s performance declines and returns to the level of performance of the non-

dominant hand.   
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1.4.3 Cortical Reorganisation and Changes in Cortical Excitability with Healthy 

Ageing  

Normal ageing is accompanied by reduced excitability of efferent corticospinal pathways, 

changes in the activation of the motor system in the cortex, and cortical reorganisation (Ward 

et al., 2008; Ward and Frackowiak, 2003; Sale and Semmler, 2005; Eisen et al., 1991).  Reuter-

Lorenz et al. (1999) conceptualised cortical information processing resources as neural units, 

each of which has limited processing capacity.  The amount of capacity required to perform 

a task is then determined by the computational complexity of that task (Reuter-Lorenz, 2002; 

Reuter-Lorenz et al., 1999).  The more complex the task, the greater the recruitment of neural 

units required to meet processing demands.  Normal ageing is associated with a decrease in 

neural efficiency, which results in reduced capacity of each neural unit.  With increasing age, 

more neural units are therefore required to supply the necessary capacity to perform a task.  

Elderly subjects recruit more neural units than younger subjects, even at lower levels of 

computational complexity, and reach the limits of capacity more quickly.   

Additional capacity may be recruited from nearby regions within the motor system, to meet 

the demands of a task, for example, additional prefrontal cortical activity can be used to 

maintain task performance to a finite extent (Mattay et al., 2006).  Functional imaging studies 

using repetitive or cued finger tapping (Mattay et al., 2002; Calautti et al., 2001) and isometric 

dynamic hand grip (Ward and Frackowiak, 2003) have shown greater activation in a number 

of cortical and subcortical brain regions within the motor system with increasing age, 

representing an adaptable and plastic motor network that can respond to and compensate 

for age-related degenerative changes to maintain performance levels (Seidler et al., 2010; 

Germain and Collette, 2008; Ward, 2006; Heuninckx et al., 2005; Ward and Frackowiak, 

2003).   

Similar adaptive changes relating to increased motor network activity are seen during higher 

demands on the motor system in younger subjects, when the complexity of a motor task is 

increased (Catalan et al., 1998) or when a new skill is learnt (Toni et al., 1998; Karni et al., 

1995).  Elderly adults may therefore be using the equivalent cortical capacity to maintain 

performance of a learnt motor skill, as younger adults use to learn new motor skills. 

Linear decreases in performance as a function of increasing age have been demonstrated 

with relatively simple motor tasks such as repetitive finger tapping (Shimoyama et al., 1990), 

while more complex, non-linear decreases in performance are seen with more demanding 
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timed tasks and in visually guided hand movements (Smith et al., 1999; Kauranen and 

Vanharanta, 1996; Houx and Jolles, 1993).  Task performance for behaviours that engage 

motor cognitive processes, for example, an action selection condition, may be particularly 

sensitive to age-related changes and are associated with longer reaction times in older adults 

(Campbell Stewart at al., 2014).  Furthermore, variability in behavioural responses within the 

older subjects corresponded to differences in brain function and structure, suggesting that 

neural changes in response to increased motor cognitive demands could represent a 

biomarker for age-related changes in the motor system and impact on the learning of new 

complex motor skills in older adults (Campbell Stewart at al., 2014).  There is some evidence 

for reductions in the lateralisation of cortical activity as a compensatory mechanism for 

reduced cognitive performance with ageing (Cabeza, 2002; Cabeza et al., 2002; Raz et al., 

1997; Reuter-Lorenz et al., 2000). 

These concepts have important implications for recovery of motor performance following an 

injury to the motor system such as a stroke, as patients with residual motor deficit probably 

rely on cortical adaptability for some degree of functional recovery (Weiller et al., 1993; 

Chollet et al., 1991) and the capacity for this will be reduced in an elderly patient (Kolb et al., 

1998).  The adaptive changes observed in healthy ageing brains may therefore limit the 

capacity for any further reorganisation after stroke injury and limit functional recovery (Ward 

and Frackowiak, 2003).   

 

1.4.4 Motor Learning with Healthy Ageing  

Motor learning encompasses the acquisition of new skills, as well as the re-learning and 

improvement of motor skills acquired in the past (Voelcker-Rehage, 2008).  It refers to 

relatively permanent changes in the capability for motor skills related to training and aimed 

interventions, as opposed to motor skills acquired through normal development, maturation 

and experience.  Motor learning and its applicability to neurorehabilitation will be discussed 

further in Chapter 1.8.2.3.  The sorts of compensatory mechanisms described above in 

Chapter 1.4.3 probably also allow maintenance of learning in older adults to some degree 

(Nyberg et al., 2003; Cabeza, 2002), as cognitive and motor plasticity are closely linked:  the 

learning phase of any motor task relies on cognitive processes to understand what has to be 

accomplished and prepare appropriate strategies to achieve this (Kelly and Garavan, 2005; 

Milton et al., 2004).   
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It is generally accepted that diminishing motor skill learning ability and motor task 

performance with increasing age are due to normal age-related reductions in cognitive 

and/or motor plasticity (Shumway-Cook and Woollacott, 2000).  The brain regions which 

show the highest activity in generic attentional and motor control areas during motor skill 

practice in younger adults are the regions in which there is the highest age-related rate of 

decline, and this is likely to contribute to slower/smaller learning gains in older compared to 

younger adults on motor tasks (Voelcker-Rehage, 2008; Kelly and Garavan, 2005; Milton et 

al., 2004).  At a central level, underlying mechanisms might include a reduction in nerve 

conduction speed, delayed reaction times, changes in cortical lateralisation and reduced 

inhibition processes (Grady, 2000; Shumway-Cook and Woolacott, 2000).  Diminished tactile 

sensitivity will also lead to reduced cortical sensory feedback processing (Cole et al., 1999; 

Cole, 1991).   

Learning and performance differences in older compared to younger adults are task-specific 

and relate to task structure, complexity, difficulty and level of familiarity with the task 

(Voelcker-Rehage, 2008).  Older adults can experience considerable gains in the learning and 

performance of fine and gross motor skills, but performance levels of fine motor skills remain 

lower for older adults than younger adults, even when the older adults have improved their 

performance through learning.  Furthermore, the greater the difficulty of the task, the 

greater the difference in performance between older and younger adults and this 

performance gap widens if both groups practice the task (Voelcker-Rehage, 2008).  The 

difference in performance of gross motor skills between older and younger adults is probably 

less because the lower overall task complexity allows older adults to activate sufficient 

compensatory capacity to maintain equivalent learning gains and performance to younger 

adults (Voelcker-Rehage and Willimczik, 2006; Swanson and Lee, 1992). 

A life-span study which looked at new motor learning (as opposed to the rehearsal or 

refinement of previously acquired motor skills) in a novel juggling task and a novel lacrosse 

task compared the performance of older adults with younger adults but also children (Figure 

1.1) (Voelcker-Rehage and Willimczik, 2006).  On the juggling task, older adults showed a high 

potential for acquiring and further refining complex motor skills and there was no significant 

decrease in motor plasticity between 60 and 70 years.  They performed at a level comparable 

with children aged 10 to 14 years, and adults aged 25 to 59 years, and performance remained 

stable during mid-life.  Only teenagers and young adults aged 15 to 29 years performed at a 

higher level.  In contrast, performance on the lacrosse task decreased from about 30 years 
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of age until old age, and older adults over 80 years and children aged between 5 and 9 years 

performed significantly worse than all other age groups.  Overall, older adults showed a more 

dramatic decline in lacrosse performance than juggling performance with increasing age, and 

less improvement in lacrosse performance though practice than juggling performance, 

particularly from age 74 years onwards (Voelcker-Rehage and Willimczik, 2006).  This could 

be due to specific task characteristics such as complexity and difficulty level, but also to 

physical or biomechanical conditions such as agility, movement speed, and muscle quality.  

Age-related performance differences in both fine and gross motor skills might therefore be 

more evident in complex as opposed to simple tasks and are augmented when more effortful 

resources are required for motor performance. 

Finally, it is worth noting that visuomotor performance declines with age and may result in 

specific skill-learning deficits in older adults, which is particularly evident in visuomotor 

adaptation tasks (Seidler, 2006).  Older adults may also rely more on visual control when 

learning and performing precision locomotor tasks (Hedel and Dietz, 2004), but it is difficult 

to differentiate between reduced task performance due to visuomotor requirements or the 

overall higher complexity of the task (Voelcker-Rehage, 2008).  Other general age-associated 

factors will also contribute to variability in cognitive and motor plasticity, motor learning 

ability and performance between older adults, for example vision and/or hearing 

impairment, or cognitive deficits in memory, speed, fluency and knowledge (Baltes and 

Lindenberger, 1997). 

Overall therefore, the capacity for motor learning does decrease with ageing, but 

compensatory changes allow maintenance of the ability for motor learning to some extent 

even in elderly adults.  Elderly adults will not learn as rapidly as younger adults, and their 

ability to learn depends far more on the complexity and novelty of the task than it does in 

younger adults, but elderly adults can still improve their motor performance through 

learning.  In addition to this general age-related decline, factors such as sensory and/or 

cognitive impairment will further confound motor learning and motor performance as age 

increases and contribute to considerable variability among individuals. 
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Figure 1.1 Motor performance across the lifespan. 

 

 

 

 

1.5 Upper Limb Movement Kinematics in Healthy Ageing   

The literature on upper limb movement kinematics in healthy older adults is sparse, and 

current knowledge about normal age-related changes in movement quality is drawn from a 

small number of small studies performed over the past 70 years.   

(a) Juggling performance. Results are shown for baseline performance (pre-test 1), performance 
after semantic instruction (pre-test 2), and performance after six practice sessions (post-test) (b) 
Lacrosse performance. Results are shown for performance after semantic instruction (pre-test) and 
performance after six practice sessions (post-test).  Both plots show raw data points and polynomial 
trend lines (Voelcker-Rehage and Willimczik, 2006). 

 

 



1 Upper Limb Movement Control in Healthy Ageing and Chronic Stroke 

 

40 

 

1.5.1 Whole Movement Trajectories 

The most well described effect of normal healthy ageing on motor performance is an 

increasing slowness of movement (Fradet et al., 2008; Seidler et al., 2002; Francis and 

Spirduso, 2000).  Older adults generally produce movement speeds that are 30 to 70% slower 

than younger adults across a range of motor tasks (Fradet et al., 2008).  They have an 

exacerbated speed accuracy trade-off compared to younger adults performing the same task 

(Krampe, 2002; Smith et al., 1999) and show higher performance variability between 

dominant and non-dominant limbs (Krehbiel et al., 2017; Chen et al., 2014; Voelcker-Rehage 

and Alberts, 2005).  Normal age-related increases in reaction times (Weiss, 1965; Singleton, 

1954; Leonard, 1953) and movement times (Morikiyo and Nishioka, 1966; Pierson and 

Montoye, 1958; Birren and Botwinick, 1951) were consistently demonstrated in the earliest 

studies.  Movement initiation appears to be qualitatively unaffected by increasing age, but it 

becomes more difficult to appropriately control the deceleration phase, particularly when 

demands for accuracy are increased, which leads to endpoint errors (Cooke et al., 1989; 

Soechting, 1984; Taylor and Birmingham, 1948).   

Movements across single and multiple joints in humans are characterised by bell-shaped 

curve velocity profiles with equal acceleration and deceleration phases (Ostry et al., 1987; 

Soechting, 1984) as this represents the most energy-efficient means of movement 

production (Nelson, 1983) and maximises trajectory predictability (Hogan, 1984).  In elderly 

adults, the velocity profile becomes positively skewed, with a prolonged deceleration phase 

relative to acceleration (Cooke et al., 1989).  Cooke et al. (1989) demonstrated this in a study 

of the arm movement kinematics of young (21 to 23 years) and elderly (68 to 95 years) adults 

performing a visually guided step tracking task at eight different movement amplitudes (10 

to 80 degrees) (Cooke et al., 1989).  Young adults made highly reproducible smooth 

transitions between targets with a single peak in velocity (Figure 1.2(a)).  The initial 

acceleration phase of the movement was reproduced reasonably well by elderly adults 

(Figure 1.2(b)), but there was considerable variation in the deceleration phase and 

movements were consistently asymmetrical, with more time spent in deceleration than 

acceleration.   

The age-related changes in characteristics of simple movements are therefore due to 

alterations in the temporal structure of the movement as opposed to specific movement 

parameters such as maximum speed (Cooke et al., 1989).  This also suggests that elderly 

adults may not produce movements of differing amplitudes by scaling a basic or underlying 
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movement in the way younger adults do.  If so, the size of the movement itself (regardless of 

any speed-accuracy demand) becomes an important factor determining the ease with which 

elderly but not younger adults can control movement trajectories (Cooke et al., 1989). 

 

 

Figure 1.2 Movements made by young and elderly subjects. 

 

 

 

 

There is some evidence that movement trajectories which are less smooth result in a greater 

degree of movement inaccuracy in older compared with younger adults (Christou et al., 

2003).  When younger (29.5 ± 4.3 years) and older (74.9 ± 6.2 years) adults performed 

concentric and eccentric contractions with the first dorsal interosseous muscle while lifting a 

submaximal load, fluctuations in acceleration increased with movement velocity for both 

concentric and eccentric contractions in both groups (Christou et al., 2003).  Movement 

accuracy was related to fluctuations in acceleration for both types of contractions across all 

ages, but for a given level of fluctuations in acceleration, older subjects were three times less 

accurate than young subjects (Christou et al., 2003).  Also, the rapid performance of any 

simple aiming movement requires a large activation signal, which increases the variability of 

the trajectory and reduces the accuracy of the final position (Kim et al., 1999; Fitts, 1954).   

(a) 

(b) 

Superimposed records of position and velocity are shown from "fast and accurate" movements of 
three different amplitudes (20⁰, 40⁰ and 60⁰) from (a) a young adult and (b) an elderly adult.  The 
initial acceleration phase of the movement was reproduced reasonably well by elderly adults, but 
there was considerable variation in the deceleration phase and movements were consistently 
asymmetrical.  Movements were aligned to the defined start of movement (vertical dashed lines) 
for plotting (Cooke et. al, 1989). 
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However, Poston et al. (2013) have more recently assessed the relationship between 

trajectory control and endpoint error in a study of rapid multi-joint arm movements in 

younger and older adults and reported that endpoint error and endpoint variance were not 

strongly associated with trajectory smoothness for either age group (Poston et al., 2013).  

Endpoint error and endpoint variance were greater in older compared to young adults, 

despite similar average movement velocities, and every measure of endpoint performance 

improved with practice for the two age groups, whereas the smoothness of the trial 

trajectories remained invariant (Poston et al., 2013).  The greater endpoint error and 

endpoint variance seen in older adults were mostly due to impairments in movement extent 

control and not movement direction control. 

There are greater amplitudes of force fluctuations during voluntary steady contractions of 

the arm and hand muscles in older compared with younger adults, due to variability in the 

force capacity of the muscles and differing patterns of motor unit activity in the agonist and 

antagonist muscles (Enoka et al., 2003).  This influences the ability of an individual to achieve 

a desired force during a voluntary contraction in order to produce and sustain a planned 

movement trajectory (Enoka et al., 2003; Kinoshita and Francis, 1996; Cole, 1991).  

Unpredictable fluctuations in muscle force during voluntary muscle contractions will mean 

the resultant exerted force and movement kinematics vary from trial to trial, with the effect 

compounded with repeat performances of a task (Christou et al., 2002; Christou and Carlton, 

2002; Christou and Carlton, 2001; Harris and Wolpert, 1998).  So the motor system must 

compensate for such force fluctuations to maintain accuracy and successful completion of 

goal-directed movements. 

1.5.2 Submovements  

Deconstructing whole movement trajectories into submovement components is important 

to the understanding of motor control processes as this provides more fine-grained detail 

about the ‘building blocks’ of movement execution and how these change with increasing 

age (Shmuelof et al., 2012; Ketcham et al., 2002; Pratt et al., 1994). 

Goal-directed aiming movements to visual targets consist of an initial impulse toward the 

target (primary submovement) and then a late adjustment (secondary submovement) near 

the target (Milner, 1992).  The primary submovement is a ballistic movement portion driven 

by the initial control plan and represented by a bell-shaped velocity profile (Elliott et al., 2001; 

Novak et al., 2000; Abrams and Pratt, 1993; Chua and Elliott, 1993; Meyer et al., 1988).  
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Secondary submovements are traditionally thought to reflect inaccuracies in the initial 

control plan and the magnitude of neuromuscular noise in the primary submovement – in 

other words, they are small, irregular corrective adjustments in the final movement portion 

to improve accuracy (Walker et al., 1997; Pratt et al., 1994; van Donkelaar and Franks, 1991; 

Meyer et al., 1988).   

Shortened primary submovements and the emergence of secondary submovements both 

contribute to movement slowness in elderly adults (Poston et al., 2013; Fradet et al., 2008).  

With ageing, neuromuscular noise increases while muscle force and the efficiency of sensory 

feedback decrease, which reduces accuracy of the primary submovement.  Older adults 

decrease the initial force pulse to improve accuracy at the target, which shortens the primary 

submovement, and generate subsequent compensatory or corrective secondary 

submovements.  The greater the accuracy requirement of the task (for example, the smaller 

the target size), the greater the shortening of the primary submovement and the more 

frequent the emergence of corrective secondary submovements (Ketcham et al., 2002; 

Seidler-Dobrin and Stelmach, 1998; Pratt et al., 1994; Goggin and Meeuwsen, 1992; Darling 

et al., 1989).  However, recent evidence suggests that secondary submovements might not 

all be corrective and instead represent irregular fluctuations in the velocity profile of the 

trajectory for other reasons (Fradet et al., 2008; Wisleder and Dounskaia, 2007; Dounskaia 

and Wisleder, 2005).   

Submovements can be classified in various ways:  Type 1 submovements are defined by zero-

crossings in the velocity profile, type 2 submovements by zero-crossings in the acceleration 

profile, and type 3 submovements by zero-crossings in the jerk profile (Fradet et al., 2008).  

When younger (average age 24.7 years) and older (average age 72.4 years) adults performed 

three reaching tasks involving stopping in, reversing direction in or passing through a target 

to allow definition of the three subtypes of submovement, the majority of type 1 

submovements and type 2 submovements under certain conditions corresponded to 

fluctuations during motion termination and stabilisation of the limb at the target (Fradet et 

al., 2008).  In line with earlier work in younger adults, type 1 and 2 submovements emerged 

more frequently during movements towards large targets at higher speeds (Fradet et al., 

2008; Wisleder and Dounskaia, 2007; Dounskaia and Wisleder, 2005).  Type 3 submovements 

emerged during movements towards small targets when movement speeds tended to be 

lower, and could therefore represent non-corrective velocity fluctuations that occur at low 
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movement speeds (Fradet et al., 2008; Wisleder and Dounskaia, 2007; Dounskaia and 

Wisleder, 2005).   

While the pattern of emergence of submovement subtypes was similar for younger and older 

adults, the primary submovement was shortened and the total incidence of secondary 

submovements was higher in older adults (Fradet et al., 2008).  As expected, older adults also 

achieved significantly lower peak velocities than younger adults and their movement speed 

decreased more with smaller target sizes (greater speed-accuracy trade-off) and increased 

less with larger target sizes than younger adults (Fradet et al., 2008; Heuer and Hegele, 2008; 

Bock, 2005; Buch et al., 2003; Seidler et al., 2002; Francis and Spirduso, 2000).  The higher 

submovement incidence in older compared with younger adults was mostly attributable to 

type 3 submovements.  Decreases in target size caused proportional decreases in peak 

velocity in both younger and older subjects, but the effect of target size on type 3 

submovement incidence was much greater in older than in younger adults (Fradet et al., 

2008).  Importantly therefore, movement speed alone does not account for the increased 

incidence of these submovements in older adults.   

Slow movements are characterised by low acceleration and therefore require steady 

production of low muscle force. The ability to generate smooth muscle force, especially at 

low force levels, is decreased with ageing (Enoka et al., 2003; Enoka et al., 1999; Kinoshita 

and Francis, 1996; Cole, 1991; Lexell et al., 1988; Campbell et al., 1973) and such changes 

could result in an increased incidence of type 3 and sometimes type 2 submovements in older 

adults.  Co-activation of antagonistic muscles causing random fluctuations in resultant 

muscle force might also contribute to the emergence of type 2 and 3 submovements in older 

adults (Seidler-Dobrin and Stelmach, 1998; Darling et al., 1989) and has been shown to 

increase with smaller target sizes (Gribble et al., 2003).  Regardless, the higher frequency of 

submovements seen in older adults are likely to be a consequence of movement slowness 

observed in ageing due to multiple underlying mechanisms, and not a cause of the movement 

slowness itself. 
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1.6 Changes in Strength with Healthy Ageing 

1.6.1 Muscle Mass, Power and Strength Decline with Increase in Age 

Muscle mass, force of contraction and overall strength all reduce with ageing.  Many people 

first notice skeletal muscle loss from 40 years of age, and almost all people by 50 years of age 

(Lexell et al., 1988).  A 30 to 50% decrease in skeletal muscle mass in male and female adults 

between the ages of 40 and 80 years with normal ageing is well documented (Akima et al., 

2001; Rodgers and Evans, 1993; Lexell at al., 1988; Young et al., 1985; Grimby et al., 1982; 

Larsson, 1978; Campbell et al., 1973).  Skeletal muscle mass is determined by the average 

volume of muscle (muscle fibre length multiplied by muscle fibre cross-sectional area (CSA)) 

and the number of muscle fibres present.  After skeletal maturity has occurred (i.e. in adults), 

muscle mass can only increase through hypertrophy of fibres already present, but a reduction 

in muscle mass with normal ageing can be due to muscle fibre atrophy, or a loss of muscle 

fibres, or both, depending on factors including genetics and level of physical activity (Faulkner 

et al., 2007; Kosek et al., 2006; Balagopal et al., 1997; Lexell et al., 1988).  Loss of muscle mass 

is accompanied by an increased infiltration of non-contractile tissues such as collagen and fat 

(Aagaard et al., 2010), and there can be as much as a two or three-fold increase in non-

contractile tissue in the anterolateral compartment of the thigh in elderly compared to 

younger adults (Kent-Braun et al., 2000). 

The decline in skeletal muscle mass with age is called sarcopenia, and is a major contributing 

factor to the loss of functional independence and frailty seen in many older individuals 

(Aagaard et al., 2010; Janssen et al., 2002; Doherty, 2001).  Sarcopenia in normal ageing is 

associated with a decrease in muscle strength and power, as well as an increase in muscle 

weakness (defined as strength per unit of muscle CSA) and fatigability (Goodpaster et al., 

2006; Brooks and Faulkner, 1994; Frontera et al., 1991; Lexell et al., 1988; Young et al., 1985).  

Sarcopenia occurs in both adult males and females, and although on average adult males are 

stronger than adult females at all ages, females show earlier losses of strength but the overall 

reduction is similar (Doherty, 2001; Frontera et al., 2000).  Sarcopenia seems to begin in some 

muscles (for example rectus abdominis) at an earlier age than others, but generally 

accelerates from the sixth decade onwards (Lexell et al., 1988; Lexell et al., 1983; Inokuchi et 

al., 1975). 

The age-related reduction in maximum muscle strength, power, and rate of force 

development is 1 to 3.5% per year between the ages of 69 and 85 years (Skelton et al., 1994), 
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and this reduction is evident even in chronically strength-trained elderly individuals (Pearson 

et al., 2002).  However, in absolute terms, an 85-year-old weightlifter is equivalent to a 65-

year-old control, suggesting that elderly adults can significantly compensate for 

approximately 20 years of decline in muscle power through life-long weight training (Pearson 

et al., 2002).   

Upper limb studies have revealed that healthy adults over 60 years of age have 

approximately half the number of motor units in the biceps-brachialis muscles than subjects 

under 60 years of age (Brown et al., 1988), and a progressive reduction in the number of 

functioning motor units in both the thenar and hypothenar muscle groups in the hand 

(Doherty and Brown 1993; Sica et al., 1974; Brown, 1972).  Distal upper limb muscles within 

the thenar and extensor digitorum brevis muscle groups seem to deteriorate more rapidly 

than the more proximal biceps brachii muscle in older adults (Galea, 1996; Grabiner and 

Enoka, 1995).  The maximum voluntary force of contraction has been shown to be 80% less 

for elbow flexors and 59% less for calf muscles in 71 year-old subjects compared to 26-year-

old subjects (McDonagh et al., 1983), and the time to peak tension following electrical 

stimulation of muscles increases considerably above the age of 65 to 70 years (Davies and 

White, 1983).   

 

1.6.2 Strength Training in Older Adults 

Sarcopenia can be compensated for to some extent by long-term (life-long) strength and 

conditioning exercise training.  Adaptive changes in muscle architecture representing 

qualitative improvement of ageing skeletal muscle are seen in elderly adults in response to 

heavy-resistance strength training, which are similar to changes seen in young adults but take 

longer to occur (Suetta et al., 2009; Aagaard et al., 2001).  Studies have shown that strength 

training for 10 to 14 weeks using heavy loads leads to increases of between 5 and 12% in 

muscle CSA and volume in elderly individuals (Reeves et al., 2004; Suetta et al., 2004a; Ferri 

et al., 2003; Esmarck et al., 2001; Häkkinen et al., 1998a; Häkkinen et al., 1998a; Frontera et 

al., 1988), while strength training for five months resulted in the same relative gains in muscle 

size for younger and older adults (Narici et al., 2004).  Training-induced increases of 20 to 

40% in single muscle fibre area in elderly individuals up to 80 years of age have been reported 

(Suetta et al., 2008; Kryger and Anderson, 2007; Kosek et al., 2006), although these increases 

are less in those aged over 80 years and there may be a limited capacity for skeletal muscle 
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growth in the very old (Raue et al., 2009; Slivka et al., 2008; Fiatarone Singh et al., 1999).  The 

mechanisms by which strength and muscle mass are increased following resistance training 

in older adults seem to involve the recruitment of satellite cells to support hypertrophy of 

mature muscle fibres, while the increase in muscle quality might result from an increased 

ability to activate motor units and increased high-energy phosphate availability (Hunter et 

al., 2004). 

Strength training-induced gains in muscle function are an effective way to increase functional 

capacity in frail elderly individuals (Caserotti et al., 2008; Beyer et al., 2007; Suetta et al., 

2004a; Suetta et al., 2004b; Fiatarone et al., 1994).  For instance, strength training in very old 

(average age 87.1 years) frail nursing home residents led to a 28% increase in stair walking 

speed and a 12% increase in maximal horizontal walking speed (Fiatarone et al., 1994).  

Strength training for 12 weeks in elderly post-operative hip replacement patients resulted in 

a significant 28 to 30% increase in maximal horizontal walking speed, timed sit-to-stand 

movements and maximal stair climbing speed, compared with a 0 to 19% increase following 

traditional rehabilitation methods (Suetta et al., 2004b).  A 9 to 16% improvement in 

performance in the chair rise test, 10m and 30m maximal walking speeds in elderly male 

subjects (average age 75 years) has been demonstrated following 36-weeks of 

multicomponent training, including strength exercises combined with balance, aerobic, 

flexibility, and coordination components (Caserotti et al., 2008).  Similarly, elderly women 

(average age 78 years) who had experienced previous falls, improved by 10 to 21% in their 

sit-to-stand test performance and speeds of maximal horizontal walking and stair climbing 

with 6 months of multicomponent strength training and retained this improvement in 

functional capacity at 6-month follow-up after cessation of training (Beyer et al., 2007).  

Strength training in the elderly can also lead to greater force steadiness and force accuracy 

and so to improvements in fine motor control tasks (Tracy and Enoka, 2006; Tracy et al., 

2004; Hortobagyi et al., 2001).  Given that older individuals can adapt to resistive and 

endurance exercise training in a similar way to younger people, sarcopenia should perhaps 

not be seen as an inevitable consequence of ageing:  Exercise training may help to prevent 

sarcopenia and enhance ability to perform ADLs (Rodgers and Evans, 1993). 
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1.7 Healthy Ageing, Loss of Function and Rehabilitation   

1.7.1 Loss of Function and Independence 

Very few studies have looked at the impact of age on the ability to perform important 

functional tasks such as ADLs, which are crucial to older adults being able to live 

independently.  As discussed above, the changes associated with normal ageing could 

particularly impact on the quality of upper limb movements in manipulative tasks that 

require the fingers to grip at the same time as keeping the arm steady, such as when drinking, 

writing, holding objects, and dressing (Shim et al., 2004; Zatsiorsky et al., 2000; Grabiner and 

Enoka, 1995).  Gulde and Hermsdörfer (2017) explored whether the age-related slowing of 

movement seen in experimental motor tasks demanding a peak speed and/or accuracy 

performance was also evident in self-paced ADLs, for example making a cup of tea.   

Tea-making was deconstructed into eight movement segments to allow comparative 

kinematic analyses of older (average age 75 years) and younger (average 26.5 years) adults 

performing the task.  Trial duration (TD) (time taken to perform a task/segment) and path 

length (PL) (the path travelled in three-dimensional space by the hand) were significantly 

longer in the older group compared to the younger group (Figure 1.3).  TD in the older group 

was almost 50% higher, and due not only to prolonged (slower) phases of activity but also to 

prolonged phases of inactivity.  Movement velocity was comparable between the two age 

groups, suggesting that the increased PL was the basis for both the prolongation of the active 

phase of the trial and for the whole TD for both age groups.  Both groups executed the task 

in a comparable number of steps, but the older group made more errors per trial, perhaps 

indicating an increased level of difficulty with the task (Gulde and Hermsdörfer, 2017).  The 

slowness seen in the older group was probably not dictated by motor capability alone, but 

by cognitive demands like motor planning and/or task sequencing, as older adults show 

amplified functional motor impairments with increasing task difficulty (Seidler et al., 2010; 

Seidler et al., 2002; Contreras-Vidal et al., 1998; Diggles-Buckles, 1993; Darling et al., 1989).  
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Figure 1.3 Movement kinematics of a tea-making task in elderly and younger adults. 

 

 

 

 

 

Everyday activities (including ADLs) rely on bimanual upper limb movements in both young 

and older adults (particularly in older adults), so age-related impairments in bilateral arm 

coordination leading to functional limitations can also have significant implications for 

independent living (Krehbiel et al., 2017; Bailey et al., 2015; Kilbreath and Heard, 2005; 

Hortobagyi et al., 2003).  A recent meta-analysis that included 27 studies of bimanual 

movement tasks found that older adults exhibited impaired bimanual movement 

performance compared to younger adults, with the greatest discrepancies in movement 

accuracy and variability, followed by movement time (Krehbiel et al., 2017).  Furthermore, 

older adults may also reinforce the decline in fine motor control/manual dexterity with age 

by finding ways to compensate for loss of function, such as using both hands together for a 

(a) Trial duration (TD) and its composition into activity and inactivity and path length (PL) traveled 
by both hands. TD and PL were significantly higher in the elderly group compared to the younger 
group. (b) Example of the travelled trajectories and (c) corresponding velocity profile during the 
tea-making task. The left is from a younger adult and the right is from an elderly adult. Red lines 
represent the left hand; blue lines represent the right hand. The durations of waiting for the 
water to boil are indicated in the velocity profiles and were excluded from the analysis.  In the 
elderly adult, both phases of activity and inactivity were prolonged. Movement velocity was 
comparable between the two age groups, therefore increased PL was the basis for both the 
prolongation of the active phase of the trial and for the whole TD for both age groups (Gulde and 
Hermsdörfer, 2017). 



1 Upper Limb Movement Control in Healthy Ageing and Chronic Stroke 

 

50 

 

single-handed task, employing supportive tools or equipment, or even avoiding the task 

altogether. 

 

1.7.2 Stroke in the Elderly Population  

Many people who have a stroke and suffer upper limb dysfunction requiring 

neurorehabilitation therapy are in the elderly population (Mayston et al., 2009).  Changes 

associated with normal ageing particularly impact on quality of upper limb movements in the 

elderly population (Grabiner and Enoka, 1995), and may already be compromising their 

function and ability to live independently, prior to any additional upper limb motor 

impairment acquired due to a stroke.  However, elderly individuals can still show substantial 

adaptive neuromuscular plasticity in response to strength training, which can compensate 

for age-related declines in muscle size and neuronal function and lead to improved functional 

capacity, even at a very old age (Aagaard et al., 2010).  Elderly individuals can also experience 

considerable gains in the learning and performance of fine and gross motor skills, although 

motor performance will be limited by the complexity of the task to some extent (Voelcker-

Rehage, 2008).  Elderly individuals can therefore benefit from complex high dose, high 

intensity rehabilitation programmes following a stroke, but the aim needs to be re-gaining 

their pre-stroke levels of motor performance and function, which will by definition be lower 

than younger stroke patients.  Rehabilitation will also have to take into account the reduced 

capacity for cortical adaptability and decreased motor network activity that comes with 

increasing age (Ward and Frackowiak, 2003).  Treatment should ideally therefore be 

individualised, to ensure age-appropriate goal-setting, but with the assumption that elderly 

patients can recover.   

Upper limb motor impairment following stroke, and the subsequent recovery and 

rehabilitation of movement control will be addressed in the remainder of this Chapter.  

  



1 Upper Limb Movement Control in Healthy Ageing and Chronic Stroke 

 

51 

 

1.8 Stroke and Upper Limb Motor Impairment 

1.8.1 An Overview of Stroke    

Stroke remains the second-leading cause of death and the third-leading cause of long-term 

neurological disability in the world, with an annual global prevalence of 101 million cases and 

an incidence of over 12.2 million cases in 2022 (Feigin et al., 2022; Licher et al., 2019).  One 

in four people over the age of 25 years will suffer a stroke during their lifetime, 62% of these 

people will be under the age of 70 years, and 16% of all strokes will occur in people aged 

between 15 and 49 years (Feigin et al., 2022).  Upper limb dysfunction is a major contributor 

to disability after a stroke and occurs in approximately 75% of all stroke patients (Lawrence 

et al., 2001; Broeks et al., 1999; Nakayama et al., 1994).  Two-thirds of stroke patients who 

have no useful upper limb function one-week after their stroke will have made no further 

recovery six months later (Wade et al., 1983), and as few as 5-20% of patients will achieve 

full recovery of upper limb function (Langhorne et al., 2011).  Many patients who survive a 

stroke are therefore unable to return to their former roles, occupations, hobbies or even 

independent living, which significantly impacts on subjective well-being, quality of life and 

society as a whole (Pollock et al., 2014; Morris et al., 2013; Stewart and Cramer, 2013; Teasell, 

2003). 

There are over 1.3 million stroke survivors in the UK, which amounts to almost 2% of the UK 

population (Stroke Association, 2023).  39% of stroke survivors describe the physical impact 

of their stroke as “the hardest [thing] to deal with” (Stroke Association, 2016), yet 38% of 

stroke survivors with a severe physical disability, and 27% of stroke survivors with a moderate 

to mild disability, thought the therapy they had received after their stroke was “poor” or 

“very poor” (Stroke Association, 2016).  Access to neurorehabilitation and support across the 

UK is variable and inadequate (RCP, 2015), and stroke survivors feel that their weak upper 

limb is relatively neglected by health care professionals, even though it is of critical 

importance to their quality of life (Barker and Brauer, 2005). 

 

1.8.2 Upper Limb Motor Impairment after Stroke  

A stroke damages neural structures and directly alters neurological function, which changes 

behavioural activity.  The typical pattern of motor impairment caused by a stroke is referred 

to as hemiparesis (‘weakness of one side of the body’) and comprises a collection of negative 

and positive signs.  Negative signs include loss of motor control and loss of strength (i.e. 



1 Upper Limb Movement Control in Healthy Ageing and Chronic Stroke 

 

52 

 

weakness); positive signs include the emergence of intrusive motor flexor synergies 

(abnormal flexor muscle co-activations during voluntary movement) and spasticity 

(increased resting muscle tone) (Hadjiosif et al., 2022; Levin et al., 2002). 

1.8.2.1 Emergence of Flexor Synergies 

The early pattern of recovery from hemiparesis after stroke was described in detail in a 

classical paper by Thomas E. Twitchell in 1951, with improvements in strength and limb 

dexterity (i.e. motor control) accompanying reductions in abnormal muscle synergies and 

spasticity (Twitchell, 1951).  Flexor motor synergies are a major (positive) component of 

hemiparesis after a stroke (Hadjiosif et al., 2022) and contribute to the emergence of 

compensatory motor patterns by mandating joint coordination patterns within the 

biomechanical constraints and residual capacity of the damaged nervous system (Krakauer 

and Carmichael, 2017a).  In other words, flexor synergies allow some degree of upper limb 

strength and movement to occur, but this is highly suboptimal and can even be obstructive 

to the re-emergence of more normal movement patterns with time. 

There is some evidence that hand muscles are weakly activated by the reticulospinal tract 

(RST) in healthy individuals, although the corticospinal tract (CST) normally controls the 

selective muscle activation required for finger individuation (Dewald et al., 1995).  When 

contralateral CST function is lost following a stroke, ipsilateral RST output increases to 

compensate and facilitate basic functional hand movements (Baker, 2011), providing some 

strength and basic function at the expense of abnormal synergies (McPherson et al., 2018).  

CST lesions in macaque monkeys lead to increased responsiveness in RST pathways 

innervating forearm flexor muscles (Zaaimi et al., 2012), and strength training in these 

monkeys involves adaptations in the RST, but not the CST (Glover and Baker, 2020).  These 

observations suggest that an anatomical and physiological dissociation between the CST and 

RST may therefore map onto the behavioural dissociation seen in hemiparetic motor 

impairment in humans in terms of negative signs (weakness and loss of motor control due to 

the damaged CST) compared with positive signs (flexor synergies due to upregulated RST).   

1.8.2.2 Loss of Motor Control 

Hemiparesis is primarily a deficit of motor control.  Skilful movements require precisely-

coordinated contractions of various muscle groups to make accurate goal-directed 

movements, without the use of compensatory or corrective movements (Kitago et al., 2013), 

or a reduction in movement speed (Shmuelof et al., 2012; Reis et al., 2009).  The term ‘motor 
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control’ (also referred to as ‘dexterity’) describes the ability to do this, and a deficit of motor 

control is therefore the partial or complete loss of this ability.   

When a stroke occurs and a patient suddenly loses the ability to use their arm, this is due to 

the immediate disruption of normal motor control pathways resulting from structural 

damage caused by the stroke injury itself (Krakauer, 2006; Winstein et al., 1999).  The other 

components of hemiparesis such as muscle weakness, the emergence of flexor synergies and 

spasticity, will also contribute to the typical chronic stroke hemiparetic phenotype over time.  

But recovery from hemiparesis is as much about regaining motor control as it is about 

regaining strength (Twitchell, 1951). 

It is worth explicitly noting at this point that motor impairment after a stroke does not by 

definition include the impairment of motor learning mechanisms.  In most cases, motor 

control and the processes underlying the execution of motor skills are damaged, but not the 

learning of those motor skills (Krakauer, 2006; Winstein et al., 1999).  In other words, strokes 

in the motor cortex and/or motor output pathways do not in themselves cause a motor 

learning deficit, although learning might be impaired following stroke lesions which also 

affect wider cortical areas.  In both healthy and post-stroke brains, motor training can lead 

to motor learning, defined as the better selection of actions and the improved execution of 

these actions for a particular task (Zeiler and Krakauer, 2013).  Thus, motor learning occurs 

when there is: (i) acquisition of a new aspect or improvement in an existing aspect of motor 

control; (ii) retention of this improvement (i.e. the ability to demonstrate the same 

improvement following a time delay with no practice); (iii) a degree of transferability of the 

improvement to similar but non-identical movements (Kitago et al., 2015; Muratori et al., 

2013).  Motor training is therefore externally imposed, and motor learning occurs as a 

consequence, leading to an improvement in motor performance (Zeiler and Krakauer, 2013).    

1.8.2.3 Re-acquisition of Lost Motor Control 

Regaining motor control is a re-learning process, and motor training to re-establish lost 

motor abilities forms the essence of neurorehabilitation.  Motor learning encompasses 

action selection guided by instruction, imitation, reward and/or punishment, and subsequent 

practice-dependent improvement in the execution of selected actions.  When practice has 

resulted in a motor task being performed better than it was at baseline, because of selection 

of optimal mean actions that are reliably executed with high precision at high speed and 

short latency, a person is said to be ‘skilled’ at this motor task.  There are several forms of 

motor learning:  Instruction and imitation are fundamental to the acquisition of complex 
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motor skills such as driving or playing a musical instrument; reinforcement learning occurs 

when actions are selected with increased or decreased frequency according to a schedule of 

intrinsic or extrinsic rewards and punishments respectively; sensorimotor adaptation refers 

to the reduction of movement errors in response to a perturbation (Krakauer, 2015; Zeiler 

and Krakauer, 2013; Kleim, 2011).  All of these forms of motor learning might be occurring 

during neurorehabilitation, and the recovery mechanisms which underlie them will be 

explored in detail later in Chapters 1.9 and 1.11.  In general, for all types of motor learning, 

when skill at any particular motor task is acquired through learning, continued practice is 

then required to maintain full retention of this skill, and generalisation beyond the trained 

task is limited (Krakauer and Carmichael, 2017b).   Motor learning is the driving principle 

behind traditional task-based approaches to neurorehabilitation, which will be described in 

detail in Chapter 1.10.  Motor control processes were also discussed in the context of healthy 

ageing in Chapter 1.4.1. 

Studies of stroke patients with chronic hemiparesis have demonstrated that the processes 

underlying a recognisable limitation in function such as hand grip are complex, as movement 

throughout all upper limb segments is related to hand function and motor control is impaired 

across the entire upper limb (Greenwood et al., 2009; Lang and Beebe, 2007).  Similarly, a 

diverse range of residual motor impairments are seen between individual stroke patients 

who have suffered a stroke in the same region of the brain (Kleim, 2011).  Stroke recovery is 

therefore a complex process and successful post-stroke neurorehabilitation is, by the same 

token, a complex intervention in which progress towards better treatments has been 

frustratingly slow (Kwakkel et al., 2017).  Behavioural interventions which promote the re-

acquisition of lost motor functions are the most effective treatments available for reducing 

impairment and disability after stroke, (Kwakkel et al., 2017; Ward, 2008) but recovery of 

upper limb function and particularly hand dexterity remain poor (Pollock et al., 2014; Kwakkel 

et al., 2003; Teasell, 2003).  Many factors contribute to this problem, all of which influence 

one another and all of which will be explored in detail as this Chapter unfolds.  They include 

a lack of attention to underlying biological recovery mechanisms after stroke and the quality 

of movement patterns, the promotion of adaptive compensatory strategies rather than 

behavioural repair, inadequate doses and intensity of treatments provided, and an overall 

lack of consensus about how to effectively research, develop and assess new treatments.  

Chapter 1.9 will therefore address stroke recovery mechanisms, Chapter 1.10 will describe 

current key neurorehabilitation interventions for stroke patients, and Chapter 1.11 will 

explore the current state of stroke recovery and rehabilitation research. 
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1.9 Mechanisms of Recovery from Upper Limb Motor 

Impairment 

1.9.1 The Biology of Motor Recovery  

Work in rodent models has demonstrated that there is a ‘sensitive period’ of spontaneous 

biological recovery (SBR) during the first four weeks after a stroke, in which unique molecular, 

structural and physiological changes in the peri-infarct cortex lead to increased brain 

plasticity (Zeiler et al., 2016; Zeiler et al., 2013; Zeiler and Krakauer, 2013; Krakauer et al., 

2012; Carmichael, 2006).  During this period, spontaneous motor recovery can occur in the 

absence of any motor training at all, while motor training leads to heightened recovery 

(Nudo, 2011; Cramer, 2008; Biernaskie et al., 2004; Dijkhuizen et al., 2003).  Many of these 

peri-infarct changes peak within the first seven days in rodent models and then begin to 

normalise (Zeiler et al., 2016; Zeiler et al., 2013; Carmichael, 2006).       

In humans, natural recovery processes begin immediately after a stroke and include 

improvements in arm strength and motor control in most patients over the first two to three 

months, with movement patterns returning towards pre-stroke healthy ones but not fully 

(i.e. partial behavioural restitution) (van der Vliet et al., 2020; Kwakkel et al., 2019; Kwakkel 

et al., 2017; Cortes et al., 2017; Duff et al., 2013; Kitago et al., 2013; Zeiler and Krakauer, 

2013; Levin et al., 2009).  Similar to SBR in animal models, this corresponds to a short-lived 

window of increased brain plasticity during which spontaneous recovery occurs (Zeiler and 

Krakauer, 2013; Hankey et al., 2007; Duncan et al., 2000; Jorgensen et al., 1999).  Increased 

plasticity during the sensitive period also makes the brain particularly sensitive to 

behavioural interventions leading to maximal functional gains from rehabilitation therapy for 

the first three months after a stroke (Zeiler and Krakauer, 2013; Biernaskie and Corbett, 

2001).  In other words, the same amount of treatment delivered during this sensitive period 

can achieve greater behavioural changes than if it were delivered after it (Zeiler and 

Krakauer, 2013; Krakauer et al., 2012).  Recovery after stroke is most rapid in the first few 

weeks and months, and most training-associated recovery takes place during the first month 

alone, after which recovery slows until a ‘plateau’ phase is reached between three to six 

months and only further compensatory changes are thought to occur (Zeiler and Krakauer, 

2013; Zeiler et al., 2013; Krakauer et al., 2012; Hankey et al., 2007; Biernaskie et al., 2004; 

Duncan et al., 2000; Jorgensen et al., 1999).   
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Figure 1.4 Definitions of the phases of recovery after a stroke. 

 

 

 

 

Chronic stroke is defined as the period from six-months post-stroke onwards (Figure 1.4) 

(Bernhardt et al., 2017a), by which stage any further meaningful recovery is thought to be 

unlikely and rehabilitation therapy is stopped in most healthcare settings worldwide 

(Krakauer et al., 2012; Bernhardt et al., 2017a).  

 

1.9.2 The Extent of Biological Motor Recovery  

1.9.2.1 Proportional Recovery 

Clinical experience and recovery research suggest that patients with worse motor 

impairment in the immediate aftermath of a stroke will also typically see the largest absolute 

reductions in impairment during the first 3-6 months of recovery (Goldsmith et al., 2022).  

The Proportional Recovery Rule (PRR) was an early attempt to describe this relationship 

between initial impairment and recovery, through the investigation of the Fugl-Meyer 

Assessment of the upper limb (FMA-UL)2  (with a maximum score of 66 points) at baseline 

and subsequent follow-up visits, with recovery defined as the change over time (Krakauer 

                                                           
2 The Fugl-Meyer Assessment of the upper limb (FMA-UL) is the most widely used and reliable 
clinical assessment of post stroke motor impairment in clinical and research settings, generally 
accepted to be largely uncontaminated by compensation (Bushnell et al., 2015; Woodbury et al., 
2007; van Wijck et al., 2001).   

Stroke Recovery and Rehabilitation Roundtable (SRRR) taskforce-agreed framework that 
encapsulates current definitions of critical timepoints post stroke, based on current knowledge of 
the biology of recovery.  Chronic stroke is defined as the period from 6-months post-stroke 
onwards, when endogenous plasticity has plateaued and only slight further improvements in 
impairment and function are possible, through compensatory mechanisms and improvements in 
strength and range (Bernhardt et al., 2017a).   
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and Marshall, 2015; Winters et al., 2015; Prabhakaran et al., 2008).  On average, the majority 

of patients recovered approximately 70% of their maximum potential recovery from 

impairment, during the first three months following their stroke.  The reproducibility of this 

rule suggested that it reflected underlying spontaneous biological recovery mechanisms, 

operating within the acute and subacute phase of stroke.  The PRR also allowed prediction 

of FMA-UL (and therefore level of motor impairment/degree of motor recovery) at six 

months, based on the initial post-stroke FMA-UL score within the first 24 to 72 hours of the 

stroke occurring (FMAinitial), and the FMA-UL score at three months (FMA3 month), with initial 

impairment (FMAinitial impairment) = 66 – FMAintial, where 66 is the maximum score for FMA-UL 

and β = 0.70  

∆FMA = FMA3 month – FMAinitial = βFMAinitial impairment 

However, while patients with an initial mild to moderate hemiparesis (FMA-UL score ≥ 20 

points) always seemed to follow the PRR and recovered to a similar extent during the first 

three months after their stroke, patients with severe hemiparesis (FMA-UL score < 20 points) 

fell into two groups:  those who followed the PRR and those who didn’t recover at all 

(Krakauer and Marshall, 2015; Prabhakaran et al., 2008).  This therefore pointed to a 

biologically distinct and smaller subgroup of patients who did not benefit from the same 

spontaneous recovery mechanism apparently present in all patients with mild-to-moderate 

paresis who followed the PRR, such that stroke patients with hemiparesis can be divided into 

‘recoverers’ and ‘non-recoverers’.   

The PRR was originally described as a linear regression model for population-level upper limb 

motor recovery in patients in the subacute phase of stroke (Kundert et al., 2019), but has 

since been applied in various ways to other aspects of stroke recovery, leading to 

inconsistencies in its formulation and interpretation, and variable conclusions about its 

reliability (Goldsmith et al., 2022; Bonkhoff et al., 2022; Kundert et al., 2019).  Questions 

about the validity of the PRR have centred on statistical problems inherent with explicitly 

relating change scores to baseline values, when mathematical coupling is inevitable and 

there is the potential for the introduction of artefacts and flawed conclusions, but have also 

cited the ceiling effect of the FMA-UL and its failure to detect subtle residual deficits at the 

higher end of the scale (Hawe et al., 2018; Hope et al., 2018).  Much criticism of the PRR also 

arose in the context of its use as a predictive model at an individual patient level, for which 

it was not designed (Kundert et al., 2019).  All of these issues were addressed in a recent 

comprehensive examination of the statistical properties of the analysis of change and 
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baseline values, which underlie the PRR, comparing a range of models using large data sets 

to demonstrate its validity (Goldsmith et al., 2022).  These analyses have shown that the 

association between initial motor impairment following a stroke and subsequent change is 

not an artefact, and that the PRR is a better biological and predictive model of stroke recovery 

than several competing models, including constant recovery with a ceiling effect (Goldsmith 

et al., 2022).  The severe/non-severe subdivision in recovery modelling is also not an artefact, 

and a biologically distinct group of non-recoverers does exist (Goldsmith et al., 2022).  This 

finding has also been corroborated using a separate Bayesian hierarchical model based on 

severe and non-severely impaired patients to estimate recovery from stroke, which 

demonstrated that severely affected patients recovered more the smaller their impairment, 

while non-severely affected patients recovered more the larger their initial impairment 

(Bonkhoff et al., 2022; Bonkhoff et al., 2020).  

The PRR is therefore a relevant model for biological recovery at a population level, but 

individual recovery depends on many other factors in addition to initial impairment, some of 

which are yet to be identified and understood.  Furthermore, the PRR demonstrates an 

average recovery proportion, but individual patients will recover more or less than average, 

and the PRR does not provide any information about the particular recovery trajectory an 

individual patient will follow, and whether or not they will be a ‘non-recoverer’.  

The existence of the PRR raises two important points relevant to this study.  The first is that 

the high correlation between ∆FMA and FMAii implies that any additional rehabilitation 

received during the initial 3 months after stroke has no additional effect on recovery from 

motor impairment.  In other words, the PRR captures spontaneous biological recovery 

processes that are not impacted by treatment (Krakauer and Carmichael, 2017c; Byblow et 

al., 2015).  For recovery treatment to be deemed effective, it would therefore have to result 

in improvement surpassing that expected according to the PRR.  The second is that there 

must be something fundamentally different about patients with severe hemiparesis who 

don’t follow the PRR, probably at the level of spontaneous biological recovery mechanisms, 

which will make them unlikely to respond to any treatment.  There is some evidence that in 

patients with initial severe impairments, non-recoverers can be identified by examining the 

integrity of the CST, which has valuable implications for patient care (Byblow et al., 2015).  

But the lack of existence of any residual descending pathways such as the CST and/or RST, 

and/or re-organisation of cortical and subcortical areas to facilitate the use of these pathways 

in the aftermath of the stroke, and/or failure of other recovery mechanisms are all possible 

explanatory factors and work continues to find reliable biomarkers which could potentially 
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be used to identify these patients from the outset (Boyd et al., 2017; Krakauer and 

Carmichael, 2017b; Krakauer and Carmichael, 2017c; Cramer, 2010).  It would be important 

to know if there are factors which preclude recovery and/or pre-determine recovery 

potential prior to patients receiving any rehabilitation, and particularly in the chronic phase 

of stroke when the potential for further recovery is in doubt, as this may negatively impact 

on the outcomes of treatment both in clinical service and research settings. 

1.9.2.2 Clinically Predicting Future Motor Recovery Potential  

Following on from the proportional recovery rule, several studies have looked at ways to 

clinically predict the likelihood of future motor recovery potential in the upper limb to better 

guide treatment.  The early return of finger extension, thumb extension, shoulder shrug, 

shoulder abduction and active range of motion within the first 72 hours following a stroke 

are all important prognostic determinants of good upper limb functional outcomes six 

months later (Winters et al., 2016; Winters et al., 2015; Nijland et at al., 2010).  Active finger 

extension and shoulder abduction at day seven post-stroke ultimately predict a degree of 

upper limb functional recovery compatible with independence for ADLs (Smania et al., 2009; 

Smania et al., 2007), while active shoulder abduction at day 11 post-stroke predicts good 

hand function two months later (Katrak et al., 1998).  An increase in FMA-UL score from 11 

points during the second week post-stroke to 19 points in the fourth week post-stroke 

increases the probability of eventually regaining hand dexterity from 74 to 94% (Kwakkel et 

al., 2003).  In addition, evidence from transcranial magnetic stimulation (TMS) studies with 

stroke patients has shown that the presence or absence of a motor-evoked potential (MEP) 

in abductor digiti minimi (an intrinsic hand muscle) one week after a stroke is highly 

predictive for recovery of hand dexterity at 6 months (van Kuijk et al., 2009).  Together, all 

these observations indicate that some CST fibres are still intact following the stroke, which 

might be the critical factor that determines subsequent recovery of hand dexterity. 

1.9.2.3 Biomarkers for Predicting Future Motor Recovery Potential 

An ongoing and important challenge is to examine whether these differences in capacity for 

recovery can be reliably determined with biomarkers, so that chronic stroke patients can be 

stratified according to their likelihood of response to treatment and triaged to different 

types, doses and intensities of therapy (Krakauer and Carmichael, 2017b)).  Furthermore, 

unpredictable outcomes after stroke, particularly in patients who present with the most 

severe impairment, mean that clinical trials of behavioural interventions need hundreds of 

patients to be appropriately powered (Boyd et al., 2017).  The use of biomarkers would allow 
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incorporation of accurate information about underlying impairment into study designs, so 

that the size of intervention trials could be considerably reduced (Boyd et al., 2017; Winters 

et al., 2016).  However, there is no current consensus about which biomarker(s) have the 

highest predictive value for motor recovery after stroke (Kim and Winstein, 2017) although 

possibilities include the presence of an MEP (indexed by TMS) at rest (Hayward et al., 2016), 

conventional structural MRI (sMRI) alone, and a combination of diffusion tensor imaging 

(DTI), TMS, functional magnetic resonance imaging (fMRI) and sMRI (Kim and Winstein, 

2017).  It will also be important to further investigate and validate stratification by clinical 

features, as described above.  Clinical measures and biomarkers have been combined in a 

‘Predict Recovery Potential’ (PREP) algorithm to predict upper limb outcome and guide 

neurorehabilitation for individual patients, and this has successfully increased 

neurorehabilitation efficiency (shorter lengths of stay) without compromising clinical 

outcomes (Stinear et al., 2017). 

 

1.9.3 Behavioural Restitution and Compensation  

The term ‘stroke recovery’ is used in the general, medical and scientific literature to describe 

both the restitution of damaged structures and/or functions and/or detectable clinical 

improvements, regardless of the underlying mechanisms by which these may have occurred.  

But the restitution of motor deficit and the adaptation to or compensation for motor deficit 

are mechanistically distinct processes and these terms are not interchangeable (Levin et al., 

2009).   

Behavioural restitution (or behavioural repair – these terms are interchangeable) is the 

return towards normal patterns of motor control with the impaired effector and requires 

neural repair and motor learning – in other words, it is the full or partial restitution of lost 

motor behaviours (Duff et al., 2013; Kitago et al., 2013; Levin et al., 2009).  Behavioural 

restitution is time limited, and while some degree is usually achieved after a stroke during 

the three-month window of heightened brain plasticity, with and/or without motor training 

as described above, it is rarely complete (Duff et al., 2013; Kitago et al., 2013; Zeiler and 

Krakauer, 2013; Levin et al., 2009). 

In contrast, compensation can take place at any time following a stroke.  Compensatory 

behaviour occurs when a different behavioural approach is used to accomplish a desired goal 

rather than the normal pre-stroke behavioural repertoire (Figure 1.5).  It therefore does not  
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Figure 1.5 Compensatory movement patterns allow task accomplishment. 

 

 

 

 

 

require neural repair but it may require learning.  Compensatory strategies achieve 

immediate functional gains which are beneficial to a patient in the short-term, but in the  

long-term may prove detrimental to overall motor recovery if a patient continues to employ 

suboptimal compensatory strategies and does not return to a level of motor performance 

potentially available to them (Izawa et al., 2022; Kitago et al., 2013; Zeiler and Krakauer, 

2013; Levin et al., 2009; Michaelsen et al., 2004; Roby-Brami et al., 2003; Levin et al., 2002; 

Cirstea and Levin, 2000).   

 

Recovery from upper limb motor impairment after a stroke can therefore take place through 

full or partial restitution of lost motor behaviours (behavioural repair), and/or through the 

adoption of new motor strategies (behavioural compensation) (Bernhardt et al., 2017a), and 

when used in the literature, the term ‘recovery’ may refer to behavioural restitution or 

compensation or both.  The World Health Organisation (WHO) International Classification of 

Functioning, Disability and Health (ICF) model (WHO, 2002) provides unambiguous 

definitions of recovery mechanisms and distinguishes between the underlying 

pathophysiology of the health condition or disease; resulting impairments at the body 

function and/or structure level; disability at the activity level and handicaps at the 

participation level.  Without detailed attention to and knowledge of movement quality during 

Illustrative examples of possible compensatory movement patterns which can be employed when 
tasked with drawing a circle on a wall using a laser pointer (there are many more possibilities). The 
goal can be successfully accomplished using rotation at the (a) wrist, (b) elbow or (c) shoulder.  A 
chronic stroke patient with a motor control deficit limiting wrist rotation might complete the task 
successfully using shoulder rotation, and it would be impossible to determine which movement 
pattern had been employed by examination of the accomplished goal alone (i.e. the circle on the 
wall) – knowledge of movement quality during task performance would be required to do so.  
Compensatory movement patterns cannot be determined at the level of task accomplishment. 
(Figure adapted from Krakauer and Carmichael, 2017a).  
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task performance, it is impossible to determine whether restitution or compensatory 

mechanisms are being employed at the level of the underlying basic motor patterns (Figure 

1.5) (Bernhardt et al., 2017a; Levin et al., 2009).   

 

1.9.4 Stroke Rehabilitation Expedites Stroke Recovery  

There is also an important distinction between the terms ‘stroke recovery’ and ‘stroke 

rehabilitation’.  As discussed above, recovery reflects the extent to which body structures, 

functions and activities have returned to their pre-stroke state (Bernhardt et al., 2017a).  

Recovery can be defined as: (i) The change (mostly improvement) in a chosen outcome 

achieved by an individual between two or more time points; (ii) The mechanism underlying 

this change (mostly improvement) in terms of behavioural restitution or compensatory 

strategies. 

The Stroke Recovery and Rehabilitation Roundtable (SRRR) taskforce3 and The British Society 

for Rehabilitation Medicine (BSRM) define rehabilitation as ‘a process of active change by 

which a person who has become disabled acquires the knowledge and skills required for 

optimum physical, psychological and social function’ (Bernhardt et al., 2017a; British Society 

of Rehabilitation Medicine, 2003).  Rehabilitation addresses factors that limit a patient’s 

behaviour and their interaction with the environment, and alters behavioural activity to 

increase the range of activities they can undertake and optimise their social participation 

(Bernhardt et al., 2017b; Wade, 2009; Greenwood et al., 2009).  Behavioural interventions 

delivered during rehabilitation are the most effective treatments available for facilitating 

recovery and reducing impairment and disability after a stroke (Kwakkel et al., 2017; Ward, 

2008), yet remain suboptimal. 

 

                                                           
3 The Stroke Recovery and Rehabilitation Roundtable (SRRR) taskforce is an international partnership 
of stroke recovery and rehabilitation experts committed to advancing the stroke recovery research 
agenda. 
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1.10  Current Upper Limb Neurorehabilitation for Stroke  

Patients  

1.10.1 Upper Limb Neurorehabilitation Therapy is Inadequate  

The current reported provision of upper limb neurorehabilitation therapy after a stroke in 

the UK is highly variable in terms of evidence-based treatments offered, and markedly lacking 

in terms of amount, compared with what is likely to be effective (Stockley et al., 2019).  A 

fundamental issue with the delivery of current standard upper limb neurorehabilitation 

worldwide is that most therapy delivered during the acute to subacute phase of stroke (i.e. 

during the first three months) is too low in dose and intensity to take advantage of the unique 

potential for behavioural restitution, and patients prematurely learn compensatory 

strategies instead of focusing on the return to more normal movement patterns before this 

sensitive period for recovery ends (Krakauer, 2015; Kitago et al., 2013; Krakauer et al., 2012; 

Lang et al., 2009; Murphy and Corbett, 2009; Bernhardt et al., 2004).   

A widely-reported multicentre study of physical activity within the first 14 days after a stroke 

found that patients were alone for over 60% of the hospital day (Bernhardt et al, 2004) and 

during working hours, spent more than 50% of their time resting in bed, 28% of their time 

sitting out of bed and only 13% engaged in activities with the potential to prevent 

complications and improve recovery of mobility (Bernhardt et al, 2004).  Within these clinical 

service constraints, upper limb rehabilitation is often overlooked, and a greater emphasis is 

placed on lower limb rehabilitation and retraining gait and mobility in order to mobilise 

patients as quickly as possible and facilitate their discharges from hospital, reducing lengths 

of stay and costs of hospital admissions (Harris et al., 2009; Levin et al., 2009).  Lang et al. 

(2009) found that practice of task-specific upper limb movements occurred in just 51% of 

therapy sessions dedicated to upper limb rehabilitation, and that patients performed only 32 

repetitions on average per session.  In comparison, practice of gait occurred in 84% of therapy 

sessions dedicated to lower limb rehabilitation and patients performed 357 steps on average 

per session (Lang et al., 2009).  Unsurprisingly, within the limits of current standard stroke 

rehabilitation services, fewer than 50% of patients will regain ‘some functional use’ of their 

upper limb, while 82% of patients will reasonably expect to be able to walk again (Barker and 

Brauer, 2005).   

Another factor may be that upper limb movements are less stereotypical and involve a wider 

range of coordinated trunk and multi-joint movements to manipulate objects in the 
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environment, than lower limb movements.  This requires greater recovery of motor control 

to achieve function, which takes time, so the motor recovery process in the upper limb is 

inherently slower than in the lower limb (Harris et al., 2009; Levin et al., 2009).  For this 

reason, a lack of spontaneous arm use for function is also likely to contribute, as it is often 

quicker and easier for a patient to learn to use their non-impaired arm to complete a task, 

and ignore the impaired arm.  This does not happen to the same extent in the lower limb, 

because two legs are required for standing and walking.   

Occupational therapists and physiotherapists currently working clinically with stroke patients 

in the UK report treating the upper limb for an average of 29 minutes three times per week, 

with therapy supplemented by rehabilitation assistants, family and/or carers due to lack of 

therapist hours (Stockley et al. 2019).  Meanwhile, inpatient studies have evaluated upper 

limb recovery using repetitive goal-oriented treatment and found that an additional 30 to 60 

minutes of therapist time per day is required to improve upper limb performance (Platz et 

al., 2005; Winstein et al., 2004), which cannot feasibly be delivered within the constraints of 

most inpatient facilities (Harris et al., 2009). 

 

1.10.2 Therapy Focuses on Compensation and Not Behavioural Restitution 

The second fundamental issue compounds the first, in that the primary focus of therapy 

sessions is on maximising functional motor ability and patients’ safety, independence and 

quality of life in the minimal amount of time available (Levin et al., 2009). In other words, the 

focus is on task accomplishment with no time for attention to the qualitative aspects of the 

movement and whether the underlying mechanism is one of behavioural restitution or 

compensation (Figure 1.5).  Chosen functional clinical outcome measures such as the Action 

Research Arm Test (ARAT)4 and the Chedoke Arm and Hand Inventory (CAHAI)5 usually also 

focus on task accomplishment and are not qualitatively sensitive enough to discriminate 

between behavioural restitution or compensation, which reinforces the issue (Bernhardt et 

al., 2017a; Levin et al. 2009).  As such, therapy interventions tend to encourage compensation 

to occur right from the acute phase of stroke, in the interests of immediate functional gains 

                                                           
4 The Action Research Arm Test (ARAT) measures the ability of the impaired upper limb to complete 
functional tasks requiring coordination and dexterity, and assesses grasp, grip, pinch and gross arm 
movements (Carroll, 1965). 
5 The Chedoke Arm and Hand Inventory (CAHAI) also assesses functional ability of the impaired 
upper limb, but also assess ability to perform activities for which both arms are required (Gustafsson 
et al., 2010). 
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which are beneficial to patients in the short-term because they can accomplish tasks that 

would otherwise not be possible.   

The problem with this approach is that a preference for behavioural compensation has a 

detrimental effect on the long-term ability of stroke patients to achieve more normal 

patterns of movement through improved motor control.  Specifically training motor control 

takes more time and practice, but is crucial to the ultimate recovery of ‘best quality’ motor 

performance (Izawa et al., 2022; Levin et al., 2009).  This has been demonstrated in a recent 

study of macaque monkeys following a stroke lesion to the grasping region of the motor 

cortex (M1).  The monkeys preferentially selected compensatory grip in the early post-stroke 

phase to retrieve food pellets from wells, and switched to precision grip some time later and 

only after they had received a period of precision grip training (Izawa et al., 2022; Murata et 

al., 2008).  Motor performance dipped around the time of transition from compensatory to 

precision grip (the ‘recovery valley’), which indicates the higher motor control demands of 

the precision movement, but performance then improved to higher levels than could 

previously be achieved whilst compensatory grip was employed and the monkeys were able 

to retrieve pellets from smaller wells than they could when using only compensatory grip 

(Izawa et al., 2022).  This demonstrates exactly why targeted training of motor control 

recovery is so important:  Without it, and a subsequent shift to more difficult but normal 

movement patterns which are initially less successful than compensatory ones, the danger is 

that the upper limb will never return to a motor performance level potentially available to it.  

Treatments which are specifically aimed at motor control recovery are therefore far superior 

to those aimed at functional task accomplishment in itself, for this reason (Izawa et al., 2022; 

Kitago et al., 2013; Levin et al., 2009; Michaelsen et al., 2004; Roby-Brami et al., 2003; Levin 

et al., 2002; Cirstea and Levin, 2000).  

 

1.10.3 Current Upper Limb Behavioural Interventions 

Given the inadequacies in the provision of current upper limb rehabilitation treatment after 

a stroke, one simple option for finding a more effective way to treat patients with persistent 

upper limb impairment in the chronic phase of stroke is to increase the dose and intensity of 

current therapy methods.  A second option might be to modulate these interventions with 

adjuncts (for example, brain stimulation, electrical stimulation, drugs, virtual reality and so 

on) to enhance the effects of training, while a third option is to develop new treatments.  

Current key evidence-based behavioural interventions used in upper limb 
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neurorehabilitation for chronic stroke patients, and the results of studies which have 

explored increasing the dose and/or intensity of these treatments, will be discussed in more 

detail below, and include: (1) repetitive task-orientated training (RTT); (2) constraint induced 

movement therapy (CIMT); (3) Robotics; (4) Neurophysiological and/or motor learning 

methods and strength training i.e. ‘complex therapy’ in which treatment is not restricted to 

a single element (Table 1.1).   

1.10.3.1 Task-Orientated Training (RTT) 

Repetitive Task-Orientated Training (RTT) employs a variety of empirically derived motor 

learning rules (for example, varying tasks, feedback, and scheduling) but the underlying 

conceptual framework for how it improves motor performance is simply that ‘practice makes 

perfect’ and leads to beneficial plasticity in the brain (Krakauer and Carmichael, 2017b).  A 

task suitable for RTT should be challenging enough to mandate new learning, progress in 

difficulty, and be iteratively adaptable to real world relevance – it should not lead to rote 

repetition, but repeated attempts to solve a problem (Winstein et al., 2015).  There is low 

quality evidence from a meta-analysis including 33 randomised controlled trials (RCTs) and 

1853 patients that RTT improves arm and hand function immediately following treatment, 

but not 6-months after treatment has ended (French et al., 2016).  However, in these RCTs, 

RTT was usually compared to non-dose-matched standard care and the effects of RTT were 

not modified by intervention type, dose of task practice or time since stroke (French et al., 

2016) (Table 1.1).   

Lang et al. (2016) examined different doses of RTT in chronic stroke patients performing 

supervised repetitive practice of four essential movements that are required for most 

functional upper limb tasks: reach, grasp, move/manipulate, and release.  Patients were 

randomly allocated to perform 3200, 6400, 9600 repetitions or Individualised Maximum (IM) 

repetitions (i.e. the most they could do, median 10,800 repetitions).  These component 

movements were then strung together in different combinations to create a multitude of 

functional upper limb tasks that could be graded and progressed.  There were small mean 

changes on ARAT across all four groups, but no difference between groups, suggesting no 

dose effect (Lang et al., 2016).   

Harris et al. (2009) randomised patients to a four-week self-administered graded repetitive 

upper limb supplementary program (GRASP) during the first 7-weeks post-stroke.  Patients 

performed repetitive goal and task-oriented activities, based on skill sets required to perform 

ADLs, for 60 minutes per day, six days per week (Harris et al., 2009).  This also produced small  
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Table 1.1 Key studies in current upper limb neurorehabilitation behavioural interventions for stroke patients  

Repetitive task-orientated training (RTT) 
Authors Type of Study  Time Poststroke n Intervention Primary outcome measures Outcome  

French et 
al., 2016 

Meta-analysis 
including 33 
RCTs 

Hyperacute, 
acute, subacute, 
chronic 

1853 Active motor sequence performed repetitively 
within a single training session, aimed towards a 
clear functional goal 

Numerous clinical scores of 
arm function and hand 
function 

Low‐quality evidence that RTT improves arm function and 
hand function; sig. differences between groups on outcomes 
up to 6 weeks post treatment, but not after 6 months. 
Intervention type and dosage made no difference. 

Lang et al., 
2016 

Single-blind, 
parallel RCT 

Chronic  85 An individualised, progressive, task-specific upper 
limb training program designed to improve 
functional motor capacity, with manipulation of 
dosing parameter (as test variable) 

ARAT 
(Effects of dose and 
potential modifiers of the 
dose-response relationship 
were evaluated with 
hierarchical linear models) 

Small mean changes on ARAT across all four groups, but no 
difference between groups, suggesting no dose effect of RTT 

Harris et 
al., 2009 

Multi-site 
single blind 
RCT 

Acute, subacute  103 A self-administered Graded Repetitive Arm 
Supplementary Program (GRASP) for 4 weeks 

CAHAI The GRASP group showed sig. greater improvement in CAHAI 
scores than the control group (mean difference 6.2, p < 
0.001) and maintained this sig. gain at 5 months poststroke 

Winstein et 
al., 2016 

Phase 3, 
pragmatic, 
single-blind 
RCT (ICARE) 

Acute, subacute  361 A structured, task-oriented upper limb training 
Accelerated Skill Acquisition Program (ASAP) 

12-month change in log-
transformed Wolf Motor 
Function Test (WMFT) time 
score  

The ASAP group did not sig. improve motor function or 
recovery beyond usual care rehabilitation 

Constraint induced movement therapy (CIMT) 
Authors Type of Study  Time Poststroke n Intervention Primary outcome measures Outcome  

Corbetta et 
al., 2015 

Meta-analysis 
of 42 RCTs 

Hyperacute, 
acute, subacute, 
chronic 

1453 A wide range of CIMT protocols  All studies assessed different 
aspects of functional upper 
limb recovery from stroke 
and ADLs. 

Low-quality evidence that CIMT was associated with limited 
improvements in motor impairment and motor function, but 
these benefits did not convincingly reduce disability. 

Etoom et 
al., 2016 

Meta-analysis 
of 36 trials 

Hyperacute, 
acute, subacute, 
chronic 

1561 A wide range of CIMT protocols Upper limb function scores 
(not FMA-UL) 

Weak evidence that CIMT had a sig. beneficial effect 
compared with the control intervention upon completion of 
treatment (SMD = 0.557, 95% CI, 0.301–0.813, p < 0.001) but 
no sig. effect CIMT at 1–3 or 4–6 months of follow-up 

Dromerick 
et al., 2009 

Single-blind 
phase II trial 
(VECTORS) 

Acute, subacute 
 

52 2-week dose-matched and high-intensity CIMT 
protocols compared with traditional UL therapy 
 

ARAT CIMT was equally as effective but not superior to an equal 
dose of traditional therapy during inpatient stroke 
rehabilitation.  High-intensity CIMT resulted in less motor 
improvement at 90 days 

Wolf et al., 
2010 

Masked 
cross-over 
design study 
(EXCITE)  

Subacute, chronic 192 2-weeks of traditional CIMT 
delivered earlier (3-9 months) vs. later (15-21 
months) poststroke 

WMFT Both CIMT groups showed sig. improvements from pre-
treatment to 12 months post-treatment; earlier CIMT group 
showed greater improvement than delayed CIMT group.  At 
24 months post-treatment no sig. difference between 
groups. 
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Kwakkel et 
al., 2016 

Stratified, 
multicentre, 
observer-
blinded  
RCT 
(EXPLICIT) 

Acute 159 3-weeks of CIMT beginning in the acute phase of 
stroke 

ARAT Clinically sig. improvement on ARAT in the CIMT group after 
5, 8, and 12 weeks poststroke but not after 26 weeks. (But no 
statistically sig. differences between groups on FMA-UL). 
Type of CIMT, intensity of practice or timing of sessions did 
not affect this outcome. 

Robot-assisted training / robotics (RT) 
Authors Type of Study  Time Poststroke n Intervention Primary outcome measures Outcome  

Lo et al., 
2010 

Multicentre, 
randomised, 
controlled 
trial (VA 
ROBOTICS) 

Chronic 127 
 

36 x 1-hour sessions of robotic therapy over a 12-
week period 

FMA-UL At 12 weeks, the mean FMA-UL score in the RT group was 
better than the usual care group (difference 2.17 points; 95% 
CI -0.23 to 4.58) and worse than the intensive comparison 
therapy group (difference -0.14 points; 95% CI, -2.94 to 2.65) 
(all p values ≥ 0.05) 

Veerbeek 
et al., 2017 

Meta-analysis 
including 38 
RCTs 

Acute, subacute, 
chronic 

1206 
 

Various robotics protocols, duration of 
intervention 2-12 weeks, total therapy time 0.5-90 
hours, number of repetitions per session 38-3600 

FMA-UL Effects on motor control are small and specific to the joints 
targeted by RT with no generalisation to improvements in 
upper limb capacity 

Rodgers et 
al., 2019 

Pragmatic, 
multi-centre 
RCT (RATULS) 

Hyperacute, 
acute, subacute, 
chronic 

770 
 

RT was provided for 45 min, three times per week 
for 12 weeks (2.25 hours per week; total 27 hours 
over 12 weeks). 

ARAT Compared with usual care, RT did not improve upper limb 
function (adjusted odds ratio 1·17, 98·3% CI 0·70–1·96); 
compared with enhanced UL training, RT did not improve 
upper limb function (aOR 1·51 (0·90–2·51)) 

Complex therapy – treatment is not restricted to one element and focuses on motor learning 
Authors Type of Study  Time Poststroke  n Intervention Primary outcome measures Outcome  

McCabe et 
al., 2015 

RCT Chronic 39 Treatment groups: - RT plus motor learning, 
functional electrical stimulation (FES) plus motor 
learning, motor learning only.  All groups received 
treatment for 5 hours per day, 5 days per week for 
12 weeks (total 300 hours). Motor learning 
combined neurophysiological principles and task-
orientated training 

Arm Motor Ability Test 
(AMAT) and FMA-UL 
 

All groups demonstrated clinically and statistically sig. 
improvements in response to treatment (FMA-UL improved 
by 8 to 11 points), but there were no sig. differences in the 
responses to treatment between the groups 

Daly et al., 
2019 

RCT Chronic 36 3 applied technology treatment groups combined 
with motor learning for 300 hours of treatment in 
total 

AMAT and FMA-UL 
 

Over 150 hours of therapy were necessary to achieve 
clinically and statistically sig. recovery measured by the FMA-
UL (twice the MCID).  Gains were maintained 3 months after 
therapy had ended  

Ward et al., 
2019  

Observational 
single-centre 
study  

Chronic 24 Patients receive therapy targeting the UL for 6 
hours per day, 5 days per week for 3 weeks (total 
90 hours).  Treatment aims to reduce impairment 
and promote re-education of motor control within 
ADLs, focusing on quality of movement 

FMA-UL, ARAT, CAHAI 
 

Statistically sig. improvements on FMA-UL, ARAT and CAHAI 
which exceed MCID for each evident upon completion of 
treatment and gains maintained at 6-week and 6-month 
follow-up 
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changes on ARAT, which were maintained five months after the GRASP intervention had 

finished.   

ICARE was a single-blind RCT that compared the efficacy of a structured, task-oriented motor 

training programme, called the Accelerated Skill Acquisition Program (ASAP), with usual care 

beginning around 46-days post-stroke in 361 patients with mild to moderate motor 

impairment (Winstein et al., 2016).  ASAP was impairment-focused, task-specific, intense, 

engaging, collaborative, self-directed, and patient-centred, with an emphasis on purposeful 

and skilled movement.  It involved three, one-hour treatment sessions per week, for 10 

weeks and so a total of 30 hours.  The results of ICARE were disappointing, in that ASAP made 

no difference to the study outcome measures (Wolf Motor Function Test (WMFT) and Stroke 

Impact Score (SIS) for the hand) (Winstein et al., 2016).  However, the doses of therapy 

involved (30 hours over 10 weeks) were probably too low to be able to conclude that the 

elements of treatment used were not effective.   

Overall, RTT may not provide the solution to treating chronic upper limb impairment post 

stroke, but evidence does suggest that higher doses of task-oriented training are superior to 

current clinical practice and the possibility remains that a substantial increase in dose and 

intensity could lead to meaningful clinical gains at the level of impairment and activity in 

some patients (Table 1.1). 

1.10.3.2 Constraint Induced Movement Therapy (CIMT) 

Constraint induced movement therapy (CIMT) is probably the most investigated behavioural 

intervention for treating stroke patients (Table 1.1).  It originated from observations in 

monkeys with a single deafferented forelimb following dorsal rhizotomoy (Taub et al., 1994).  

The monkeys did not use this forelimb again, even when some degree of use became possible 

through resolution of spinal shock, until the unaffected upper limb was restrained, and they 

were forced to do so.  The explanation for this was that early on when the forelimb was 

severely impaired, the monkeys had learned that it was useless through negative 

reinforcement.  This subsequently became a ‘habit of nonuse’ to the extent that the return 

of latent capacity went unexplored (Taub et al., 1994).  However, the concept of ‘learned 

non-use’ has never been demonstrated in humans and the transfer of the principle of 

constraint-induced training to human patients has never been fully explained (Krakauer and 

Carmichael, 2017b), but CIMT is likely to be a form of RTT with the addition of the restraint 

element.  The key components of CIMT are restraint of the less affected arm/hand with a 

mitten for a defined proportion of waking hours and task-orientated practice with the 
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affected arm/hand using a form of training called ‘shaping’ (rewarding successive 

approximations to a desired behaviour) (Kwakkel et al., 2015).  

There is some evidence that CIMT leads to limited improvements in motor impairment and 

function, which are not sustained in the long term and do not result in reduction of disability 

(Corbetta et al., 2015; Castellini et al., 2014).  But on the other hand, a recent meta-analysis 

of 36 trials, in which the CIMT protocols differed in terms of duration and frequency of 

treatment, and patients differed in terms of time since stroke, reported only weak evidence 

for the benefit of CIMT compared with other behavioural interventions (Etoom et al., 2016).   

Key CIMT trials such as Very Early Constraint-Induced Movement during Stroke Rehabilitation 

(VECTORS), a single-blind phase II trial that compared traditional upper limb therapy with 

dose-matched and high-intensity CIMT protocols during acute inpatient neurorehabilitation, 

demonstrated CIMT to be only as effective as usual therapy measured by change on ARAT 

(Dromerick et al., 2009).  But the Extremity Constraint Induced Therapy Evaluation (EXCITE) 

trial, for patients between three and 9-months post-stroke, found statistically significant and 

clinically relevant improvements in arm motor function (WMFT and self-reported 

performance quality in common daily activities) that persisted for at least one year following 

a two-week CIMT intervention, although motor impairment was not measured (Wolf et al., 

2010).  Kwakkel at al. (2016) suggested that motor function, arm-hand activities and self-

reported arm-hand functioning in daily life all improved immediately after CIMT and at long-

term follow-up, but the type of CIMT, intensity of practice or timing of sessions did not affect 

this outcome (Kwakkel at al., 2016).  A caveat to both these CIMT studies is that they included 

patients in the acute phase of stroke when an interaction with SBR is likely to have 

contributed to these reported outcomes (Krakauer and Carmichael, 2017b; Kwakkel et al., 

2015).  

EXPLICIT was another clinical trial which compared three-weeks of modified CIMT (mCIMT) 

with usual care beginning within 14 days of stroke onset, and demonstrated clinically 

relevant differences in ARAT after five, eight and 12 weeks in the mCIMT group, but no 

difference between groups on impairment measures at any time point (Kwakkel at al., 2016).  

These results again should be interpreted with caution, because patients were required to 

have at least 10° of finger extension at baseline to enter the study, thus not only does 

EXPLICIT overlap with the SBR, but it may also have selected patients with a favourable 

prognosis (Kwakkel at al., 2016; Krakauer, 2015; Levin et al., 2009).   
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On balance, CIMT is a form of RTT that has the expected efficacy at the level of activity but 

not at the level of motor impairment or motor control in the chronic phase of stroke.  It 

probably relies on compensatory strategies being performed with capacities that were 

present from the time of stroke or recovered during the period of SBR, but which had not yet 

been incorporated into functional tasks through practice (Kwakkel et al., 2015; Kitago et al., 

2013). 

1.10.3.3 Robot-Assisted Therapy (RT) 

Robotics in stroke rehabilitation tend to be regarded as motor learning devices with the 

potential to provide a larger number of (‘non-functional’) movement repetitions at a higher 

frequency than a therapist can facilitate, which might help patients to practice (Krakauer and 

Carmichael, 2017b; Veerbeek et al., 2017).  Movement repetitions can be made with varying 

degrees of assistance or resistance, either with respect to gravity or along the movement 

trajectory.  Robotics might also be useful in ‘de-weighting’ the arm to increase the planar 

reaching workspace by mitigating flexor synergy, possibly allowing for the practice of motor 

control before strength has improved (Krakauer and Carmichael, 2017b).   

 

The Veteran Affairs (VA) Robotic-Assisted Upper-Limb Neurorehabilitation in Stroke Patients 

study (VA ROBOTICS) gave 49 chronic stroke patients with severe upper limb impairment 

robot-assisted therapy (RT) and compared them to patients receiving intensive comparison 

therapy (ICT), or usual care (UC). RT and ICT consisted of three, one-hour treatment sessions 

per week for 12 weeks (total of 36 hours over 12 weeks) (Lo et al., 2010) (Table 1.1). The 

primary outcome measure was change in FMA-UL at 12 weeks relative to baseline, and the 

results were negative, with patients receiving RT gaining only 2.17 points on FMA-UL over 

the UC group at 12 weeks, and 2.88 points at 36 weeks (not clinically significant) (Lo et al., 

2010).  Meta-analysis data including 38 trials (1206 patients) suggest that the effects of RT 

on motor control are small and specific to the joints targeted, with no generalisation to 

improvements in overall upper limb function (Veerbeek et al., 2017).  The largest robotics 

RCT to date was RATULS, which enrolled 770 patients with moderate or severe upper limb 

impairment who were between one week and five-years post-stroke, and also reported 

negative results (Rodgers et al., 2019).  Patients were randomly assigned to either RT (n=257), 

enhanced upper limb therapy (EULT) (n=259), or usual care (n=254).  RT and EULT were 

provided for 45 minutes, three times per week for 12 weeks (2.25 hours per week so a total 

of 27 hours over 12 weeks).  But there were no differences between treatment groups on 

the primary outcome measure (ARAT) and motor impairment was not measured.  This is not 
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altogether surprising, as evidence suggests that much higher doses of RT would be required 

to significantly change outcomes (Lohse et al., 2014).     

A 2018 Cochrane systematic review of RT for arm training included 45 trials with 1619 

participants and reported significantly improved ADL scores and arm function at the end of 

training (Mehrholz et al., 2018), but variations in the intensity, duration, amount, type of 

training, type of device, participant characteristics, and measurements used across the range 

of trials added considerable variability and lowered the quality of the evidence (Mehrholz et 

al., 2018). In contrast, RATULS controlled many of these variables and did not show similar 

benefits in ADL or function over usual care (Bernhardt and Mehrholz, 2019).   

Overall, the empirical evidence for robotics in the treatment of upper limb impairment in 

chronic stroke is disappointing, although confounded by the low doses of therapy employed. 

1.10.3.4 Complex Therapies and Motor Learning  

In a pivotal study in 2015, McCabe et al. (2015) compared response to upper limb therapy 

across three different treatment groups in a RCT of 39 patients with severe upper limb 

impairment who were more than 12-months post-stroke (i.e. chronic stroke patients).  The 

treatment groups were robotics plus motor learning, functional electrical stimulation (FES) 

plus motor learning and motor learning only.  Patients in all groups received treatment for 

five hours per day, five days per week for 12 weeks in total, which equates to 300 hours of 

therapy over 60 treatment visits and a much higher dose than any previously tested.  

Outcome measures included the Arm Motor Ability Test (AMAT) and FMA-UL.  All three 

treatment groups demonstrated clinically and statistically significant improvements in 

response to treatment (FMA-UL improved by 8 to 11 points), but there were no significant 

differences in the responses to treatment between the groups (McCabe et al., 2015).  The 

common treatment approach across all three groups was ‘motor learning’, which combined 

neurophysiological principles and task-orientated training to produce this large effect.  

Crucially, the goal of training was the recovery of movement components comprising 

functional tasks, with subsequent recovery of performance of the whole functional task.  

Patients with moderate to severe upper limb impairment were not able to practice complex 

functional tasks at the beginning of therapy, so treatment began at the level of isolated joint 

movement coordination (i.e. motor impairment) in line with the early principles of 

Brunnstrom (1966) and Twitchell (1951) (Table 1.1).   
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The emphasis here on treating at the level of motor impairment as well as at the level of 

activity, with treatment focusing on movement quality as well as goal accomplishment, 

distinguishes this approach from RTT, CIMT or task component practice (Krakauer and 

Carmichael, 2017b).  Practicing a whole task and practicing a particular joint movement are 

both forms of practice-dependent learning, which can be selected, trained and rewarded.  As 

such, both can be considered to be forms of motor learning.  Motor learning principles 

employed in the McCabe et al. (2015) treatment approach included movement practice as 

close to normative movement as possible, a high number of movement repetitions, attention 

focused on the quality of the motor task and training specificity (McCabe et al., 2015).  This 

important study was the first to demonstrate that severely impaired chronic stroke patients 

can make significant improvements on the FMA-UL, indicating a reduction in motor 

impairment, and subsequent improvements on functional task performance through many 

hours of specifically formulated practice based on the fundamental principles of motor 

learning and treatment at the level of motor impairment.   

 

Daly et al. (2019) have since replicated this work and demonstrated continuing gains on 

measures of function and impairment during a 12-week study period, with maintenance of 

these gains three months after the end of the intervention (Daly et al., 2019).  Patients were 

randomised to three applied technology treatment groups combined with motor learning for 

300 hours of treatment in total.  Functional and impairment outcome measures were 

acquired at mid-treatment (150 hours) and at the end of treatment.  The study found that 

over 150 hours of therapy were necessary to achieve clinically and statistically significant 

recovery measured by the FMA-UL (twice the minimum clinically important difference 

(MCID)6) and that these gains were maintained after therapy had ended (Daly et al., 2019). 

Impairment improved for as long as treatment was administered, supporting the benefit of 

a longer duration, intensive intervention, for the most efficacious outcome.  But although 

gains were maintained after treatment ended, the lack of any further improvement suggests 

that additional neurorehabilitation would be required for any further reduction in 

impairment to be made (Daly et al., 2019). 

 

In summary, although better than ‘standard therapy’ (which may well be nothing in the 

chronic phase of stroke), these key evidence-based interventions have been disappointing.  

                                                           
6 The minimum clinically important difference (MCID) represents the smallest improvement 
considered worthwhile by a patient, and is used for determining the effectiveness of a given 
treatment and describing patient satisfaction in reference to that treatment (Copay et al., 2007). 
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At best, RTT produces gains which are task-specific and lead to small changes on activity 

scores, which may or may not be retained beyond the end of treatment.  Similarly, CIMT also 

produces small gains at the level of activity, but not at the level of motor impairment, and 

there is conflicting evidence in terms of whether or not these gains are retained beyond the 

end of treatment. Both RTT and CIMT promote compensatory strategies.  In addition, key 

CIMT clinical trials have been confounded by the inclusion of patients in the subacute phase 

of stroke, when SBR is still occurring, and the selection of patients with optimal recovery 

potential.  In contrast, RT has a real but negligible effect on motor impairment, but this has 

not yet translated into meaningful clinical gains although only low doses of RT have been 

trialled to date.  With all these treatments, the possibility remains that substantially larger 

doses and intensities of treatment might be more beneficial, but only RT has demonstrated 

any potential for reversing underlying motor impairment.  The most exciting interventions to 

date are those which have delivered a range of high dose, high intensity interventions which 

are not restricted to a single treatment element, and reported unprecedented gains on 

clinical scores of motor impairment, function and activity which are retained beyond the end 

of treatment (Daly et al., 2019; Mc Cabe et al., 2015).  The emphasis on treating at the level 

of motor impairment as well as at the level of activity, with treatment focusing on movement 

quality as well as goal accomplishment and incorporating numerous elements, distinguishes 

these approaches from RTT, CIMT and RT.  One such high dose, high intensity, complex 

treatment programme will next be explored more closely. 

 

1.10.4 The Queen Square Upper Limb programme (QSUL)  

The QSUL programme is a single centre clinical service that provides 90 hours of timetabled 

treatment focusing on the post-stroke upper limb in the chronic phase (Ward et al., 2019).  It 

is unique in terms of the high dose of treatment delivered and bespoke therapeutic 

approach.  Over a three-week intensive inpatient programme, patients receive six hours per 

day, five days per week of therapy targeting the upper limb.  Treatment aims to reduce 

impairment and promote re-education of motor control within ADLs.  Individualised 

meaningful tasks are practiced repeatedly to facilitate task mastery with a focus on quality 

of movement.  Education, self-efficacy and goal setting are integral components of the  

programme and coaching is used throughout to embed new skills and knowledge into 

individual daily routines.  Individuals consequently increase their participation and 

confidence in desired goals, which enhances their self-efficacy and motivation to sustain 

behavioural change beyond the end of the active treatment period (Ward et al., 2019).   
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Table 1.2 Upper limb clinical scores before and after admission to QSUL. 

 

 

Upper limb impairment and activity are assessed at admission, discharge, six weeks and six 

months after treatment.  The first 224 chronic stroke patients to complete the programme 

demonstrated significant changes on FMA-UL, ARAT, CAHAI and patient-reported outcome 

scores above MCID at six weeks and six months follow up (Table 1.2).  Crucially, these changes 

continued to increase beyond the end of the treatment period, which is something not 

routinely reported or observed (Ward et al., 2019).  In line with the studies by McCabe et al. 

(2015) and Daly et al. (2019), this suggests that chronic stroke patients can change by 

clinically important differences on measures of impairment and activity with intensive upper 

limb neurorehabilitation, and challenge the general view that behavioural interventions 

cannot produce large changes, especially in impairment, in the chronic post-stroke upper 

limb (Krakauer et al., 2012).  Furthermore, the magnitude and maintenance of change (unlike 

with RTT or CIMT) implies the presence of important ‘active ingredients’ within this 

treatment approach which need to be understood and replicated.  These are likely to include 

an emphasis on the quality of the movement in addition to the final goal of the movement.  

While there are some reports of late improvement up to 12 months after lacunar stroke 

(Ganesh et al., 2018), chronic stroke patients who are often several years on from their stroke 

are unlikely to change across this range of outcome scores without treatment.   

 

 

Score* Admission Discharge 6 weeks 6 months 

FMA-UL 26 (16–37) 34 (23–44) 35 (23–46) 37 (24–48) 

ARAT 18 (7–33) 25 (10–42) 26 (11–44) 27 (11–45) 

CAHAI 40 (28–55) 49 (36–70) 50 (35–73) 52 (35–77) 

ArmA-A 8 (4.5–12) 5 (2–8) 4 (2–7) 3 (1–6.5) 

ArmA-B 38 (24–46) 26 (13–37) 21 (11–35) 19 (8.5–32) 

*All scores given as median (IQR). ARAT: Action Research Arm Test; ArmA-A: Arm Activity 
Measure A; ArmA-B: Arm Activity Measure B; CAHAI: Chedoke Arm and Hand Activity Inventory; 
FM-UL, Fugl-Meyer (upper limb) (n = 224) (Ward et al., 2019) 
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1.11  Chronic Stroke and Stroke Recovery and Rehabilitation 

Research  

1.11.1 Stroke Recovery Research Focuses on Compensation   

The motor system has been studied more than any other system in stroke recovery research, 

but progress has been slow, and the results are universally disappointing with low to 

moderate impact on tests of function and self-report, and clinically negligent effects at the 

level of impairment (Krakauer and Carmichael, 2017b; Kwakkel et al., 2017; Lang et al., 2016; 

Klamroth-Marganska et al., 2014; Lo et al., 2010).  As described above, the greatest potential 

for improvement following a stroke is during the first three-months, which makes this period 

an important treatment target to maximise the potential of any restorative interventions.  

But the majority of stroke recovery research studies are based on chronic stroke patients 

because they are easier to recruit and test, even though chronic stroke patients are 

considered to lack recovery potential in reality and do not receive any standard therapy 

(Krakauer and Carmichael, 2017b; Zeiler et al., 2013; Krakauer et al., 2012).  While some of 

these studies have employed training at doses and intensities that would potentially be 

beneficial to patients in the acute/subacute period, it is thought to be too late for such 

training strategies to have an effect on motor impairment in the chronic phase of stroke, and 

results are uniformly negative  (Zeiler et al., 2016; Zeiler and Krakauer, 2013; Zeiler et al., 

2013; Krakauer et al., 2012; Hankey et al., 2007; Carmichael, 2006; Biernaskie et al., 2004; 

Biernaskie and Corbett, 2001; Duncan et al., 2000; Jorgensen et al., 1999).  Most studies in 

chronic stroke patients have delivered doses of task-specific training which have been far too 

low to drive neural reorganisation and optimisation of function, compared with the 

treatment doses used in animal studies (Krakauer and Carmichael, 2017b; Lang et al., 2016; 

Kitago et al., 2013; Krakauer et al., 2012; Nudo, 2011; Lang et al., 2009; Murphy and Corbett, 

2009; Bernhardt et al., 2004).    

Chronic stroke patients are probably similar to healthy adults in terms of brain plasticity and 

response to behavioural training, so treatment effects on motor impairment are minimal and 

the current view is that only compensatory responses can be expected to lead to meaningful 

improvements in function, within the context of endogenous plasticity (Bernhardt et al., 

2017a; Krakauer and Carmichael, 2017b; Krakauer, 2015).  Compensatory strategies in the 

chronic phase are probably performed with motor capacities present from the time of stroke, 

or recovered during the acute to subacute post-stroke sensitive period but not previously 

incorporated into functional tasks through practice (Kwakkel et al., 2015; Kitago et al., 2013), 
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so if a patient has greater latent capacity than they realise, training may be able to unmask 

and retrain it into new function (Krakauer and Carmichael, 2017b).  The possibility for 

behavioural restitution to occur in the chronic phase is now acknowledged, but not widely 

accepted and mostly overlooked (Bernhardt et al., 2017a; Krakauer and Carmichael, 2017b).   

Generally, the focus of stroke recovery research is on treatment interventions that improve 

a patient’s safety and quality of life in a minimal amount of time through the use of 

compensatory behaviour rather than behavioural restitution (Kitago et al., 2013).  Most 

clinical trials that assess the efficacy of rehabilitation interventions also use functional clinical 

outcome measures which focus on task accomplishment and are not qualitatively sensitive 

enough to discriminate between behavioural restitution and compensatory recovery 

mechanisms (Bernhardt et al., 2017a; Levin et al. 2009).   

 

1.11.2 Distinguishing Between Behavioural Restitution and Compensation 

Clinical outcome measures are widely used in stroke recovery and rehabilitation research, 

yet cannot distinguish between underlying recovery mechanisms of behavioural restitution 

and compensation.  The Fugl-Meyer Assessment of the upper limb (FMA-UL) is the most 

widely used clinical assessment of post stroke motor impairment in clinical and research 

settings and is generally accepted to be largely uncontaminated by compensatory 

movements (Bushnell et al., 2015; Woodbury et al., 2007; van Wijck et al., 2001).  However, 

a large part of the FMA-UL assessment requires the patient to make multi-joint arm 

movements in 3D-space without arm support, which primarily captures motor synergies and 

weakness and is likely to mask changes in motor control as weakness will be the primary 

factor limiting movement (Hadjiosif et al., 2022; Saes et al., 2022).  Clinical scores of activity 

limitations such as the Action Research Arm Test (ARAT) (Carroll, 1965) or Chedoke Arm and 

Hand Inventory-13 (CAHAI-13) (Gustafsson et al., 2010) measure change in function, but may 

capture both behavioural restitution and compensation in addition to changes in other 

factors such as strength, joint range of motion and muscle tone since all can result in 

improved functional use of the arm (Kwakkel et al., 2017).  Behavioural restitution should be 

measured using movement kinematics and/or kinetics (Saes et al., 2022; Kwakkel et al., 2019; 

Kwakkel et al., 2017).   

When the impaired upper limb performs a task that requires both strength and control, 

compensatory movement partly results from reliance on a flexor synergy which is probably 

mediated by the RST and only partially compensates for loss of the CST (Ellis et al., 2012; Ellis 
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et al., 2009).  During reaching movements with the impaired arm, the majority of biceps 

activation opposing elbow extension is generated by the flexor synergy itself (Ellis et al, 

2017), so that tasks requiring movement out of flexor synergy, such as elbow extension, are 

less successful than tasks which are congruent with flexor synergy (Zackowski et al., 2004).  

Abnormal flexor synergies are mitigated when weakness itself is mitigated through arm 

support (Beer et al., 2007; Sukal et al., 2007; Beer et al., 2004).  De-weighting the arm (for 

example when assessing motor control using a purpose-built 2D-robotic reaching task) 

therefore enables a greater range and speed of elbow extension to occur, independent of 

elbow and/or shoulder strength (Beer et al., 2007).  In other words, removal of the strength 

requirement might allow a greater degree of motor control. 

If strength itself has improved, then changes measured on composite scores of upper limb 

function such as the FMA-UL might represent compensatory gain that results from this 

increase in strength, rather than an actual improvement in motor control (Krakauer and 

Carmichael, 2017b).  In this way for example, a proximal gain in strength might allow flexor 

synergy patterns to change so that distal control of the upper limb improves and returns to 

a more normal movement pattern (Prof John Krakauer, 2020, personal communication).  But 

increases in strength may also unmask motor control processes which were already present 

but inaccessible to the patient due to insufficient muscle power.  Functional recovery and 

improvement on the FMA-UL could therefore be mediated by the strengthening of pre-

existing connections as opposed to the development of a new network of connections or 

repair of original connections (Zaaimi et al., 2012; Baker, 2011).   

There is no clinically validated measure for assessing reaching dexterity that controls for 

weakness/strength, synergies and compensation, hence the need for a kinematic approach 

(Hadjiosif et al., 2022; Saes et al., 2022).  Continuous 2D-kinematic data are more sensitive 

to small differences in motor behaviour than standard clinical measures (Kitago et al., 2015; 

Krebs et al., 2014), and a 2D-robotic reaching task dissociates motor control from anti-gravity 

strength and compensation which increases its specificity and sensitivity to actual changes in 

motor control (Kitago et al., 2015; Kitago et al., 2013; Rohrer et al., 2002; Krebs et al., 1999).   

Measuring motor control is vital to understanding neural repair processes and their 

interaction with behavioural training during stroke recovery (Kwakkel et al., 2019; Kwakkel 

et al., 2017).  Further investigation of the key elements of treatment approaches should be 

informative and will need to be done by careful assessment of the input (nature of the 

behavioural intervention) and the output (resulting behavioural change) at a level of detail 
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that is not currently achieved on a regular basis when studies use functional outcome 

measures such as clinical scores alone (Bernhardt et al., 2017a).  Only kinematic and/or 

kinetic measures can provide the fine-grained analysis of motor control required to 

discriminate between functional improvement resulting from behavioural restitution or 

compensation (Kwakkel et al., 2019; Kwakkel et al., 2017).   

 

1.11.3 Movement Kinematics Measure Behavioural Restitution  

Since 2017 (and the inception of this study), the SRRR has strongly advocated for the use of 

kinematic and kinetic measures in future stroke recovery trials to distinguish behavioural 

restitution from compensation (Kwakkel et al., 2017).  The recommendation of the first SRRR 

working party was to consider movement endpoint, whole trajectories, joint angles and 

correlations between key events in the transport and grasp phases of reaching, in order to 

address questions about movement quality after stroke.  For example, these measures would 

reveal whether patients were becoming more accurate or less variable, if movement 

trajectories were becoming smoother and straighter, and movements controlled out of 

synergy (Kwakkel et al., 2017; Kitago et al., 2015).  

Kinematic data obtained during the performance of a specific functional task, (for example, 

attempting to pick up a glass), or with specially designed non-functional assays, (for example, 

a 2D-planar reaching task), can be analysed to determine whether a given movement is 

compensatory and incorporating for example, excessive trunk movement or scapular 

elevation, or becoming more similar to a normal movement.  It is then possible to 

mathematically compute a distance between a global measure of a patient’s movement 

trajectory and a control data set, to determine the degree to which motor control is impaired 

and to track motor control recovery (Cortes et al., 2017).  In due course, technological 

developments in wearable miniature sensors, robots and force sensors may make the 

monitoring of 3D-kinematics and kinetics increasingly feasible to provide additional outcome 

measures which objectively measure improvement in stroke recovery trials (Hankey, 2016; 

Kwakkel et al., 2004).  

However, the use of kinetic and kinematic measures (also referred to as metrics) for motor 

recovery studies are typically highly variable, which presents a challenge when interpreting 

and comparing results (Saes et al., 2022; Kwakkel et al., 2019; Schwarz et al., 2019).  A 

systematic review of 225 studies reported that 151 different metrics were used for measuring 



 

80 

 

upper limb movements and in most studies, the functional task was not standardised and the 

device and equipment were not validated for psychometric properties (Schwarz et al., 2019).  

In addition, some kinematic measures are easily contaminated by compensation if 

experiments are not set up to prevent this (Krakauer and Carmichael, 2017b).  To date, 

longitudinal studies that track the recovery of quality of upper limb movement early post-

stroke remain scarce.  A recent literature review found that while 32 longitudinal post-stroke 

studies had measured kinematic metrics during a reaching task, only a few had addressed 

the need to distinguish between behavioural restitution and compensation (Saes et al., 

2022).   

The second SRRR consensus meeting therefore made specific recommendations for the 

measurement of movement quality in the paretic upper limb, which include: (1) Using the 

principles derived from motor control as a framework; (2) Measuring a standardised 2D-

reaching assay, finger individuation, pinch- and grip-strength for assessing behavioural 

restitution; (3) Using a standardised 3D-reach-to-grasp drinking task for measuring recovery 

of upper limb capacity (4) Measuring the recommended 2D-reaching assays and 3D-drinking 

task repeatedly at fixed times post-stroke, concomitant with the recommended clinical 

measurements of outcome (Kwakkel et al., 2019).  The development of these 

recommendations will help to standardise measurement of movement quality and improve 

the design and interpretation of future stroke recovery trials.  Future studies should measure 

kinematics and/or kinetics during performance assays to isolate restitution and during a 

standardised functional task to determine the contributions of restitution and compensation 

(Saes et al., 2022).  

 

1.11.4 Increasing the Dose of Upper Limb Neurorehabilitation 

Future studies will also need to address the question of how much therapy to give stroke 

patients, which has been debated for years.  More seems to be better, and clinical trials have 

shown efficacy of higher over lower doses of treatment (Hsu et al., 2010; Harris et al., 2009; 

Ross et al., 2009) while small Phase I feasibility trials have shown a consistent, moderate 

association between dose and amount of change (Waddell et al., 2014; Birkenmeier et al., 

2010; Moore et al., 2010; Ross et al., 2009).  Meta-analysis data suggest that large doses of 

therapy lead to clinically meaningful improvements (small to moderate effects) across 

numerous trials that include hyperacute to chronic phase stroke patients (Lohse et al., 2014).  

However, a possible caveat has been that if started too soon, intensive therapy may have no 
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benefit over less intense therapies (Di Lauro et al., 2003) or even hinder the rate of recovery 

(Etoom et al., 2016).  Concerns have been raised that too many hours of therapy might be 

intolerable for patients (Wolf et al., 2006), while achieving another order of magnitude of 

dose in the context of a traditional therapy session is infeasible (Lang et al., 2016), although 

no evidence exists to support these assertions.  To the contrary, recent studies have shown 

that chronic stroke patients can tolerate far more than the current average of 120 minutes 

(two hours) training per week (Ward et al., 2019; Daly et al., 2019; McCabe et al., 2015). 

1.11.4.1 Animal Studies  

Work in rat models has shown that a critical threshold of neurorehabilitation intensity is 

required for functional benefit, and the number of repetitions required depends on variables 

(biomarkers) such as the location and size of the stroke injury (MacLellan et al., 2011).  The 

greater the lesion volume and severity of initial impairment, the more intensive the 

treatment and the higher the number of repetitions required (Jeffers et al., 2018; MacLellan 

et al., 2011).  If monkeys do not receive neurorehabilitation after a small ischaemic lesion in 

the motor cortex (M1), spared cortical hand representations adjacent to the lesion contract 

and are taken over by more proximal representations.  But this does not happen when the 

monkeys train for one hour per day on a repetitive pellet retrieval task beginning four or five 

days after the lesion (Nudo et al., 1996).  Monkeys performed a total of 600 repetitions per 

day (two sessions of 300 successful pellet retrievals), which is far higher than the number of 

repetitions performed in a human stroke rehabilitation therapy session (Nudo, 2011; Nudo 

et al., 1996).  Similarly, behavioural indices of manual dexterity can recover to the same pre-

lesion level when monkeys undergo intensive daily neurorehabilitation training beginning six 

to ten days following an M1 lesion and make at least 1000 pellet retrievals across two 30-

minute training sessions, five days per week (Murata et al., 2008).   

Monkeys are therefore performing 125 times higher the number of repetitions typically 

performed per day in human stroke rehabilitation in order to achieve recovery (Birkenmeier 

et al., 2010; Lang et al., 2009).  Furthermore, limited evidence suggests that two sessions per 

day are more effective than a single session (Nudo, 2011; Murata et al., 2008).     

1.11.4.2 Human Studies  

The optimum number of repetitions in human stroke survivors is currently unknown, but 

treatment is almost certainly under-dosed (Nudo, 2011).  Observation of typical human 

therapy sessions found an average 32 functional upper limb repetitions were made per 
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session, which is an order of magnitude less than in animal studies (Lang et al., 2009).  This 

discrepancy is probably even greater, as functional movements only occurred in half the 

observed human therapy sessions and the repetitions were often divided among two to four 

activities (so possibly as low as eight repetitions per activity per session) (Birkenmeier et al., 

2010; Lang et al., 2009).  Lang et al. (2016) trialled manipulating the total number of 

repetitions of upper limb task-specific practice, while keeping all other parameters constant, 

and found that while three of four dose groups made small improvements on ARAT (5.1 to 

8.4 points) over time, the higher dose groups (9600 repetition and individualised maximum 

repetition groups) were not significantly different to the 3200 repetition group, and there 

was no improvement in the 6400 repetition group (Lang et al., 2016).  Possible explanations 

for this negative result include that the doses provided were still too low and much greater 

amounts of training might be more effective, or that the study only manipulated the amount 

of movement training (number of repetitions) and not the frequency (days per week) or 

intensity (effort).   

However, there is some evidence that the influence of frequency may be minimal in the 

context of upper limb training based on the relatively equivalent efficacy in CIMT studies 

when dosage (additional time spent in exercise therapy) varied from five to 60 hours (mean 

46.8 hours) (Kwakkel et al., 2015).  Furthermore, time scheduled for therapy may not 

accurately represent dose or intensity, yet only 23.5% of studies in a recent meta-analysis 

provided a more detailed measure, for example, active time in therapy or descriptive 

statistics about how much therapy time was actually fulfilled by participants (Lohse et al., 

2014).  

1.11.4.3 Future Studies Should Deliver Significantly Higher Treatment Doses  

Improving outcomes through higher dose (active time in neurorehabilitation therapy, and/or 

number of repetitions) and intensity (dose per session) of neurorehabilitation is an attractive 

option (Lohse et al., 2014).  But so far, clinical trials of higher dose upper limb rehabilitation 

have generally not produced the magnitude of improvement that will change clinical practice 

(Langhorne et al., 2009), whether delivered in the early stages post stroke (Winstein et al., 

2016) or in the chronic stages post-stroke (Lang et al., 2016; Klamroth-Marganska et al., 2014; 

Lo et al., 2010).  A common factor in all these trials is that the dose (in hours) and intensity 

of additional therapy remained relatively low. For example, 36 hours training over 12 weeks 

is only three hours per week, while patients admitted to the QSUL programme are 

performing 30 hours per week (Ward et al., 2019).  Han et al. (2013) have demonstrated that 
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much higher doses can be effective, with a total of 90 hours compared to 30 hours of arm 

training given over six weeks producing clinically important gains on FMA-UL and ARAT in 32 

patients with severe upper limb impairment recruited 38- to 41-days post-stroke.  Daly et al., 

(2019) and McCabe et al. (2015) delivered 300 hours of upper limb therapy to chronic stroke 

patients over 12 weeks (25 hours per week) and demonstrated clinically important changes 

in measures of impairment and activity that were far greater than those in lower dose 

studies.  Ward et al. (2019) then demonstrated that chronic stroke patients can change by 

clinically important differences in measures of impairment and activity following 90 hours of 

therapy delivered over three-weeks (30 hours per week).     

Overall, systematic review evidence supports increasing the amount of neurorehabilitation 

training to improve activity in people after stroke, with at least an extra 240% therapy 

required for a significant likelihood of a beneficial effect (Schneider et al., 2016).  In real 

terms, future trials should therefore be testing in excess of five hours training per week and 

reporting active time in therapy or repetitions of an exercise as opposed to time allocated 

for therapy to more accurately represent the dose of therapy received. 

However, the caveat to these aspirations is that the development of new treatments and/or 

treatment approaches should also explicitly consider how they can be adopted into clinical 

practice (Stockley et al., 2019).  Finding ways to deliver more intensive therapy and/or make 

the delivery of therapy more effective are also urgently required, given that the current 

reported provision of upper limb therapy in the UK is markedly less than what is likely to be 

effectual given human and physical resourcing constraints within the NHS (Stockley et al., 

2019).  Nonetheless, demonstrating what can be achieved with significantly higher treatment 

doses in terms of reduction of future disability and care needs should underline the urgent 

need to configure and fund services provide greater amounts of evidence-based treatment 

for chronic stroke patients with upper limb deficits. 

 

1.11.5 High Dose, High Intensity, Complex Treatment Leads to Significant Gains 

Recent studies provide growing evidence that complex (i.e. not restricted to one treatment 

element) high dose, high intensity upper limb neurorehabilitation that targets improved 

movement quality, as well as the achievement of functional movement goals, in chronic 

stroke patients leads to clinically meaningful improvements.  Programmes delivering 25-30 

hours of treatment per week for total doses of 90 to 300 hours have reported large clinical 
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improvements in a range of standard outcome measures that assess both motor impairment 

and limitations of upper limb activity (Ward et al., 2019; Daly et al., 2019; McCabe et al., 

2015).  These unprecedented changes in clinical measures of motor impairment have raised 

the possibility that improvements in motor control might indeed be possible in chronic stroke 

in response to a high enough dose and intensity of motor training.  But the outcome 

measures used in these studies so far have not included movement kinematics/kinetics and 

do not allow clinical improvements to be attributed to underlying behavioural restitution, 

compensation, or echanges in strength and joint range (Kwakkel et al., 2019; Bernhardt et 

al., 2017b).  

When post-stroke studies have measured movement kinematics during a reaching task, they 

were often not designed to distinguish between behavioural restitution and compensation, 

so conclusions still could not be drawn as regards motor control recovery (Saes et al., 2022; 

Schwarz et al., 2019; Rodgers et al., 2019; Mehrholz et al., 2018; Veerbeek et al., 2017; Lohse 

et al., 2014; Lo et al., 2010).  Studies which have used movement kinematics to assess the 

effects of robotic therapy on motor impairment after stroke have demonstrated small effect 

sizes at the level of motor impairment which did not translate into useful functional gains 

(Kitago et al., 2015; Klamroth-Morganska et al, 2014; Lo et al., 2010; Kwakkel et al., 2008; 

Prange et al., 2006) or clinically important differences on the FMA-UL (Kitago et al., 2015; 

Klamroth-Morganska et al., 2014; Lo et al., 2010).  However, it is likely that improvements in 

motor control that occur because of robotic therapy alone and are detected by measurement 

of movement kinematics are not large enough to be detected by the FMA-UL clinical measure 

of motor impairment, especially given its strength requirement.  In addition, all of these 

studies have delivered much lower total doses of treatment in the range 18 to 36 hours, 

which is far below the doses that have since been shown to lead to any significant 

improvements, such as the studies by Ward et al. (2019), Daly et al. (2019) and McCabe et al. 

(2015).     

Behavioural restitution has been successfully distinguished from compensation in only a few 

studies.  Kitago et al. (2015) measured motor control in chronic stroke patients using 

movement kinematics to assess the effects of a total of 27 hours of RT delivered over three 

weeks (3 sessions of 3 hours per week) with a protocol which could distinguish between 

behavioural restitution and compensation, but reported no improvement in motor control 

(Kitago et al., 2015).  More recently, the SMARTS study also measured clinical scores, biceps 

strength and motor control using a 2D-reaching movement to distinguish behavioural 
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restitution from compensation during the first year post-stroke (Cortes et al., 2017).  SMARTS 

showed that improvement in motor control was almost complete by five weeks, while 

improvement on FMA-UL, ARAT and biceps strength continued to show robust improvement 

up to 14-weeks and then ongoing improvement for the first year (Cortes et al., 2017).  

Similarly, when hand recovery was tracked over the first year post-stroke, most motor 

control recovery occurred in the first three months (Xu et al., 2017) leading to the idea that 

two separable systems, one contributing strength and some control, and one contributing 

only additional control might be responsible for hand motor recovery (Xu et al., 2017).  Taken 

together, the Cortes et al. (2017) and Xu et al. (2017) studies imply that recovery of motor 

control (i.e. behavioural restitution) is distinct from recovery of strength and recovery of 

function/activity (captured by clinical scores i.e. behavioural restitution plus compensation) 

and that recovery of motor control is largely complete three months after a stroke.  But again, 

the Kitago et al. (2015) study delivered only 9 hours of RT treatment per week for three 

weeks, and the Cortes et al. (2017) and Xu et al. (2017) studies did not deliver any specific 

upper limb rehabilitation intervention beyond standard care alone. 

Doubt has therefore been cast on the potential for any motor recovery in the chronic phase 

of stroke for many years in light of the numerous trials which have not demonstrated any 

real improvement (Lang et al., 2016; Klamroth-Marganska et al., 2014; Lo et al., 2010), 

including those outlined in Chapter 1.10.3, and given what is known about the natural 

recovery mechanisms following a stroke, described in Chapter 1.9.1.  The general lack of 

evidence that improvements in motor control can be seen in the chronic phase of stroke has 

resulted in a nihilistic attitude to chronic stroke recovery worldwide, and rehabilitation 

training is stopped only a few months after leaving hospital in many healthcare settings in 

the belief that any further meaningful improvement in upper limb function is unlikely.  If 

upper limb treatment is offered for longer, it tends to focus on strengthening, improving joint 

range and promoting behavioural compensation to achieve functional goals, and does not 

target motor control (Krakauer et al., 2012; Bernhardt et al., 2017a; Levin et al., 2009).   

Interventions which target motor training need to be carried out using a dose that is likely to 

result in meaningful change, including at the level of motor control, and future trials should 

investigate much higher doses of treatment using protocols and outcome measures which 

distinguish between behavioural restitution and compensation.  Whilst it is deemed not 

possible to deliver such high doses in current health care settings (the pragmatic view), the 

role of clinical research is to challenge what is currently done to reshape and improve clinical 
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services to make them better (the aspirational view) (Ward et al., 2019, Bernhardt et al., 

2017b; Ward, 2017) and there is huge scope for advancement of upper limb rehabilitation in 

the chronic phase of stroke. 
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2 General Methods 

 

2.1 Experimental Overview 

The Queen Square Upper Limb programme (QSUL) is a pioneering single centre clinical 

service within the NHS, which provides 90 hours of timetabled treatment focusing on 

improving movement quality in the paretic upper limb in chronic stroke patients7 (Ward et 

al., 2019).  QSUL forms the neurorehabilitation treatment intervention in this observational 

study.  Chronic stroke patients who were admitted to QSUL were assessed on admission 

(Week 0), at discharge from the programme (Week 3) and at 6-week (Week 9) and 6-month 

(Week 32) follow-up appointments after discharge (Figure 2.1).  At each timepoint, upper 

limb movement was characterised using non-invasive clinical measures, a behavioural motor 

assay, contemporaneous clinical scores and short questionnaires (Figure 2.2).  In addition, a 

smaller group of chronic stroke patients with persistent upper limb motor impairment who 

had never been admitted to QSUL or undertaken formal upper limb rehabilitation treatment 

were recruited to the control group and underwent the same upper limb movement 

assessments at two timepoints separated by a 3-week interval, to allow comparison with the 

intervention group.  

 

2.2 Recruitment  

2.2.1 Chronic Stroke Patients 

2.2.1.1 QSUL Patients Formed the Intervention Group (QSUL-group)  

Consecutive chronic stroke patients assessed in the QSUL clinic and accepted onto the QSUL 

programme between 1st February and 1st August 2019 were screened and invited to take part 

in the study.  The study was given the colloquial title ‘Movement Control After Stroke 

(MOCAS)’ to aid communication and understanding amongst study participants and NHS  

 

                                                           
7 Chronic Stroke Patients are defined as patients who are at least 6 months on from stroke onset i.e. 
their stroke occurred at least 6 months ago, defined by the SRRR (Bernhardt et al., 2017b). 
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Figure 2.1 Study timeline for patients admitted to QSUL (the QSUL-group). 
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Figure 2.2 Example of a timepoint testing schedule for a QSUL-group patient. 
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clinical service staff.    The QSUL clinic sees approximately 300 referrals per year, and there 

are 144 places on the programme.  Exclusion criteria for QSUL admission include: - 

1. Painful restriction of passive shoulder movement requiring intervention. 

2. Severe increased tone in the wrist and finger extensors (≥ 3 on Modified Tardieu 

Scale). 

3. Severe fatigue measured by a score of > 30 on the Functional Assessment of Chronic 

Illness Therapy (FACIT) Fatigue Scale.   

All patients accepted for admission to QSUL were potentially eligible for this study, but 

further specific exclusion criteria were applied: - 

1. Age below 18 years or over 90 years. 

2. Previous stroke or brain injury. 

3. Other neurological condition or central and/or peripheral nervous system disorder. 

4. Alcohol or recreational drug abuse. 

5. Major psychiatric illness. 

6. Vision and/or hearing loss limiting ability to participate fully in experiments. 

7. Hemi-spatial neglect limiting ability to participate fully in experiments. 

8. Receptive/expressive dysphasia incompatible with following study protocol 

9. Unable to understand or follow the study protocol or give informed consent in 

English. 

10. Anosognosia (for upper limb motor deficit). 

11. Musculoskeletal pain or other musculoskeletal disorder limiting upper limb 

movement. 

2.2.1.2 Chronic Stroke Control Patients (Stroke Control (SC)-group)  

Patients in the chronic phase of stroke with persistent upper limb motor impairment who 

were not currently admitted to QSUL, had not previously been admitted to QSUL and had not 

received any other dedicated specialist upper limb neurorehabilitation, were recruited both 

from the waiting list for QSUL and through advertisement of the MOCAS study locally at the 

National Hospital for Neurology and Neurosurgery,  and online and via social media through 

the UK ARNI institute (https://arni.uk.com/ Registered Charity: No: 1116130).  All stroke 

control patients also had to meet the above study exclusion criteria.  These patients formed 

the SC-group. 

https://arni.uk.com/
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2.2.2 Healthy Adults (Healthy Control (HC)-group) 

Healthy control (HC) participants were recruited into the HC-group through the UCL database 

of healthy volunteers who had consented to being contacted about new research studies, 

through advertisement of the study locally at the National Hospital for Neurology and 

Neurosurgery and online on the UCL Institute of Neurology website, and by word of mouth 

amongst the research and PhD/MSc student communities working and studying at the UCL 

Institute of Neurology.  Prior to formal enrolment in the study, all healthy volunteers were 

required to complete a short Confidential Health Screening Questionnaire that was screened 

by a medical doctor to ensure that there were no medical or psychological contraindications 

to their participation in research.  All healthy volunteers were required to be able to give 

their own written informed consent to participation in the study. 

 

2.3 Treatment Intervention  

The treatment intervention in this study was the ‘real life’ neurorehabilitation therapy 

delivered during admission to the QSUL programme at The National Hospital for Neurology 

and Neurosurgery (NHNN), Queen Square, London.  The QSUL programme is a single centre 

NHS service that provides 90 hours of high intensity, high dose complex treatment focusing 

on the paretic upper limb in the chronic phase of stroke (Ward et al., 2019).  Patients are 

admitted to QSUL for three weeks, and receive six hours of targeted upper limb therapy for 

five days each week, for a total of 90 hours of therapy during the course of admission.  The 

programme is staffed by a 1:1 therapy staff-to-patient ratio, with two neuro-

physiotherapists, two neuro-occupational therapists and two neurorehabilitation therapy 

assistants for every six patients admitted (Ward et al., 2019).   

Patients undergo an initial detailed assessment on day one of admission, during which 

therapists analyse performance of ADLs and quality of movement.  Treatment aims to reduce 

impairment and promote re-education of motor control within ADLs for each patient, but 

with an emphasis on individualised meaningful tasks and goal-setting.  For example, patients’ 

goals might include being able to use a screwdriver with the impaired arm, pluck guitar 

strings, fasten buttons on a duvet cover, hold a sewing needle and so on.  These tasks are 

then repeatedly practiced to facilitate task mastery while focusing on movement quality vs. 

task accomplishment.  This might involve: - 
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1. Adaptation of the task – deconstruction of the task into individual components to 

practice 

2.  Adaptation of the environment – fabrication of functional splints and adaptation of 

tools to enable integration of the impaired hand and arm into meaningful activities 

3. Assistance – supporting the arm to allow strengthening and training of movement 

quality and control through an increased range of movement 

4. Independent task practice – repeatedly  

Coaching and education are key components of the programme, and used throughout to 

embed new skills and knowledge into daily routines.  Individuals then increase participation 

and confidence in their desired goals, enhancing self-efficacy and motivation to sustain 

behavioural changes beyond the end of the treatment (Ward et al., 2019). 

During the three-week admission, patients receive two sessions of physiotherapy and two 

sessions of occupational therapy daily.  This is supplemented by tailored, individualised 

interventions such as repetitive practice with a rehabilitation assistant or robotic device, 

sensory re-training, dynamic and functional orthoses, functional electrical stimulation (FES), 

group work and also general cardiovascular conditioning and fitness training to build stamina 

and endurance.  Motor tasks can be described as active or passive, un-assisted or assisted 

and functional or non-functional. Over the course of admission, the aim is for each patient to 

increase the amount of time spent on active, unassisted, functional tasks, within the limits of 

each individual’s level of motor impairment and progress. 

QSUL uses several key clinical outcome measures as part of routine clinical service, which are 

performed by the therapy team: - 

1. Modified Fugl-Meyer Assessment of the upper limb (FMA-UL) (total of 54 points) – 

measures impairment of the impaired upper limb (Bushnell et al., 2015; Page et al., 

2012; Woodbury et al., 2007; Gladstone et al., 2002; Van der Lee et al., 2001; van 

Wijck et al., 2001). 

2. ARAT (Action Research Arm Test) – measures function and activity of the impaired 

upper limb (Pandian and Arya, 2014; Yozbatiran et al., 2007; Caroll, 1965) 

3. CAHAI (Chedoke Arm and Hand Activity Inventory) – measures activity and requires 

use of both upper limbs (Pandian and Arya, 2014; Gustafsson et al., 2010, Barreca et 

al., 2005). 
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These ‘real life’ outcome measures will be used in this study, with the examiner performing 

the motor control and musculoskeletal assessments with patients remaining blind to these 

scores until all motor control and musculoskeletal assessments have been completed.  

2.4 Timing of Experimental Measures  

Four study timepoints were planned around the QSUL clinical service: -  

 Timepoint 1 (T1) – admission to QSUL and first day of treatment (Week 0)  

 Timepoint 2 (T2) – discharge from QSUL and last day of treatment (Week 3) 

 Timepoint 3 (T3) – 6-week follow-up after QSUL (Week 9) 

 Timepoint 4 (T4) – 6-month follow-up after QSUL (Week 32 (approximately)) 

All patients in the QSUL-group were assessed at T1 and T2.  At each timepoint, experimental 

measures including clinical scores, active elbow joint range, biceps/triceps strength and a 

range of kinematic measures were recorded.  Baseline demographic measures including the 

Modified Rankin Scale (mRS)8 and Hospital Anxiety and Depression Scale (HADS) were 

collected at T1. 

In addition, a cohort of QSUL-group patients was assessed at T3 and T4 and the same 

experimental measures were collected.  All patients in the SC-group were assessed at T1 and 

T2 (i.e. a second timepoint three weeks after the first), but did not receive treatment in the 

intervening period.  The same experimental measures were collected, but only the FMA-UL 

clinical score was performed for the SC-group. 

The HC-group were assessed at a single timepoint.  Baseline demographic measures, active 

elbow joint range, biceps/triceps strength and a range of kinematic measures were recorded.   

 

                                                           
8 The Modified Rankin Scale (mRS) is a six-point score which measures degree of 
disability/dependence after a stroke. 
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2.5 Experimental Measures  

2.5.1 Motor Control   

2.5.1.1 Robotic 2D-Planar-Reaching Task 

Arm motor control was assayed using a 2D-planar-reaching task performed with a purpose-

built two-joint robotic manipulandum that removes the requirement for strength by 

providing anti-gravity support and frictionless movement in a horizontal plane via an air-sled 

system (Kitago et al., 2015; Kitago et al., 2013; Rohrer et al., 2002; Krebs et al., 1999).   

 

 

Figure 2.3 The two-joint robotic manipulandum. 

 

 

 

Participants sat in a high-backed chair in front of a workstation housing the manipulandum.  

A strap secured the participant’s trunk to the chair back and a headrest supported their 

forehead to minimise truncal compensatory movement and maximise comfort.  Seat height 

was adjusted to bring the elbow and wrist into horizontal alignment with the handle of the 

manipulandum at mid-chest level.  The forearm rested in a specially moulded cast secured 

with two straps, which fully supported the weight of the arm and splinted the wrist.  The 

hand was placed around the cylindrical handle of the manipulandum and where necessary, 

a wrist-extension support was used to strap the hand in place, such as when a participant 

lacked sufficient voluntary hand power to maintain grip.  A horizontal mirror suspended 15 

cm above the position of the arm reflected a computer monitor mounted above it, on which 

(a) Photograph of the apparatus used in this study. (b) Schematic diagram of the experimental set-

up. A horizontal mirror suspended 15 cm above the position of the arm reflected a computer 

monitor (LCD) mounted above it, on which the task was projected, and prevented direct vision of 

the working arm (Diagram adapted from Cortes et al., 2017).  
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the task was projected, and prevented direct vision of the working arm (Figure 2.3).  The 

position of the cylindrical handle (corresponding to hand position) was represented by a 

cursor on the monitor.  Participants were instructed to make straight-line movements with 

the cursor from a central starting square towards radially arranged target squares that 

appeared in a pseudo-random order. 

2.5.1.2  Task Set-up 

The workspace background was black; the start square (2 cm2), target squares (1 cm2) and 

cursor (0.5 cm diameter circle) were hollow shapes with white outlines.  The start square was 

located at the centre of the workspace and sagittal midline of the participant.  Target squares 

were arranged radially at a distance of 8 cm from the centre of the start square, equally 

spaced at 15°, 75°, 135°, 195°, 255° and 315° with reference to the participant’s sagittal 

midline (y axis at 0°) (Figure 2.4).  Only the start square and cursor were visible at the 

beginning of the task. 

2.5.1.3 Reaching Task 

The participant held the cursor still inside the start square for 2 seconds.  A target square 

then appeared and the participant moved the cursor in a straight line to land inside it as 

quickly and accurately as possible.  They had 3 seconds in which to complete the movement 

before the target disappeared and the robot returned the hand to the start square.  One 

target appeared per trial and each target angle appeared sequentially in a pseudo-

randomised order 5 times during a block of 30 trials.  If a movement successfully ended inside 

the target with a peak speed of 10-40 cm/s, the target square turned green and “exploded” 

in a visually pleasing manner.  If a movement did not successfully end inside the target within 

the 3 second timeframe or achieve the required peak speed, the target remained white.  

Regardless of the position of the cursor, the robot returned the hand to the starting position 

3 seconds after the appearance of the target, signalling the end of each trial.   

Stroke patients in the QSUL-group and SC-group completed one block of 18 practice trials 

and two blocks of 30 test trials with each arm, alternating between their impaired and normal 

arms to ensure adequate rest of the impaired arm.  This gave a total of 60 trials per arm with 

10 trials to each of the 6 target angles. 

Healthy participants in the HC-group completed one block of 24 practice trials and two blocks 

of 60 test trials with each arm, alternating between dominant and non-dominant arms to 
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minimise fatigue.  This gave a total of 120 test trials per arm, with 20 trials to each of the 6 

target angles. 

Figure 2.4 The reaching task. 

 

 

 

 

2.5.1.4 Kinematic Measures  

The 2D (x, y) position of the hand in the robotic manipulandum was collected through a 

custom C++ code at a pre-defined sampling rate of 200 Hz.  Derivation of kinematic measures, 

data science and statistical analysis were subsequently performed ‘offline’ using Matlab 

(version R2017b, The MathWorks, Natick, MA, USA) and R Studio (R Core Team (2019) R: A 

language and environment for statistical computing. R Foundation for Statistical Computing, 

Vienna, Austria. URL   https://www.R-project.org/).  

For whole movement trajectories, movement-start was defined as the time, before peak 

speed, when speed > 2.0 cm/s; movement-end was defined as time after peak speed, when 

speed ≤ 2.0 cm/s for > 0.10 sec.  Movement time was defined as the time between movement 

onset and movement end (ms).  Peak speed (also referred to as maximum speed per trial) 

was defined as the first zero-crossing of acceleration when speed > 10.0 cm/s.  Maximum 

velocity was defined as the maximum velocity (m/s2) between movement start and 

movement end.   To measure movement accuracy, radial distance to target was calculated, 

Position of the target angles in relation to the patient, when the right arm is performing the task. 

Targets in the green shaded area require elbow extension (movement against upper limb flexor 

synergy); targets in the blue shaded area require elbow flexion (movement within flexor synergy). 

https://www.r-project.org/
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taking the radial (√ (x2 + y2)) distance to the target square when velocity was 0.01 m/s2 and 

movement had stopped for longer than 40 ms and the cursor was within 0.50 cm from the 

edge of the target square.  To measure movement smoothness, jerk and the number of 

velocity peaks were calculated.  The log dimensionless jerk results from the logarithm 

naturalis of the sum of the squared acceleration multiplied by the trial duration to the power 

of three and divided by the squared peak velocity. Data were first low-passed filtered.  The 

number of velocity peaks was derived using the ‘findpeaks’ function in Matlab, which finds 

local peaks in the data vector Y, where a local peak is defined as a data sample which is either 

larger than its two neighbouring samples, or is equal to infinity.  To decrease contamination 

from target guesses, incomplete movements and unintentional movements, trials were 

labelled ‘unsuccessful’ for the purposes of subsequent analysis in line with previous work 

(Cortes et al., 2017; Kitago et al., 2015) when movement length ≤ 4cm; maximum speed < 

0.06 m/s and direction at peak speed was ≥ 90⁰ away from the target angle. 

In addition, the primary outward submovement for each whole movement trajectory was 

defined as the initial movement segment up until the first minimum velocity (<0.005 m/s).  

The duration of the primary outward submovement as a proportion of the duration of the 

whole movement trajectory, primary outward submovement log dimensionless jerk 

(movement smoothness) and primary outward submovement radial distance to target 

(movement accuracy) were then calculated as described above. 

 

2.5.2 Musculoskeletal Measures  

2.5.2.1 Biceps and Triceps Muscle Strength  

A hand-held digital muscle dynamometer (microFET2™ System Hoggan Scientific, LLC. 

Capacity 300 lbs, calibrated to +/- 1% or 0.01 Kgf, Pro Med Products, Atlanta, GA) capable of 

measuring force in multiple planes was used to record muscle strength (maximum force of 

voluntary contraction) in the biceps muscle during voluntary elbow flexion and triceps muscle 

during voluntary elbow extension.  A standardised isometric muscle action protocol 

(Andrews et al., 1996) was used line with similar previous work (Cortes et al., 2017) (Figure 

2.5, Table 2.1).  

Participants sat on a straight backed chair with their torso supported against the back rest 

but no restriction to arm movement.  Each strength trial lasted 7 seconds, comprising 2 

seconds of building up to maximal strength and then 5 seconds sustaining maximal strength 

against the muscle dynamometer, followed by a 60 second rest period.  Three strength trials 
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were performed for each movement tested and the average peak force value was calculated.  

Strength trials and rest periods were timed by the examiner using a pre-programmed digital 

timer on an iPhone App (“Seconds” Version 3.18 (330) made by Apple® Runloop for IOS).  In 

the QSUL- and SC-groups, the normal arm was tested first.  In the HC-group, the dominant 

arm was tested first. 

 
Table 2.1 Standardised muscle testing procedure (Andrews et al., 1996). 

 

 

 

 

Figure 2.5 Interactions between force and load during muscle contractions. 

 

 

 

 

 

 

 

Muscle Action 
Tested 

Position of Arm with 
Subject lying supine 

Placement of Hand-Held 
Dynamometer 

Stabilisation of 
Subject 

Elbow flexion 
Shoulder at neutral; elbow 

flexed 90°; forearm 
supinated 

Just proximal to styloid 
processes 

Superior aspect of 
shoulder or arm 

Elbow 
extension 

Shoulder at neutral; elbow 
flexed 90°; forearm in 

neutral 

Just proximal to lateral 
styloid process 

Anterior aspect of 
shoulder or arm 

Single fibres, motor units and whole skeletal muscles can perform three types of contractions:  
Shortening, Isometric and Lengthening.  An isometric contraction occurs when the force developed 
by the muscle equals the load, or the load is immovable (Modified from Faulkner et al., 2007).   
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Table 2.2 Normal Range of Motion (ROM) at the elbow joint (Luttgens and Hamilton, 1997). 

Elbow Joint Normal ROM (⁰) 

Full Elbow Flexion* 140-150⁰ 

Full Elbow Extension / Hyperextension 0⁰ (≤ -10⁰ hyperextension acceptable in females) 

*Large muscle bulk in upper arm +/- forearm can limit elbow flexion 

 

 

2.5.2.2 Active Elbow Joint Range of Motion  

A double-armed protractor goniometer was used to measure range of active motion at the 

elbow joint in line with standard methods (Table 2.2 

Table 2.2) (Luttgens and Hamilton, 1997).  Participants sat on a straight-backed chair with 

their torso supported against the back rest but no restriction to arm movement and the arm 

to be tested was held parallel to the midline of the body in the anatomical position.  The 

number of degrees of movement from the starting position of the forearm to its position at 

the end of its full range of active motion were recorded during elbow flexion and extension.  

In the QSUL- and SC-groups, if increased tone in the impaired arm limited range, the examiner 

waited 2 minutes before measuring range to allow the arm to relax as much as possible. 

 

2.5.3 Clinical Scores (QSUL-group and SC-group only) 

Clinical outcome measures were performed by the QSUL therapy team as part of routine 

clinical care for the QSUL-group, and by a member of the research team for the SC-group.  

The FMA-UL is a stroke-specific, performance-based index of motor impairment with good 

validity and intra- and inter-rater reliability (Bushnell et al., 2015; Woodbury et al., 2007; van 

Wijck et al., 2001).  The ARAT is a measure of activity limitation specific to the impaired arm 

(Platz et al., 2005; Van der Lee et al., 2001) while the CAHAI assesses recovery of the impaired 

arm and hand in performing activities of daily living which incorporate both arms (Gustafsson 

et al., 2010; Bareca et al., 2005).  Scores were collected from the QSUL therapy team only 

once all QSUL-group patients had been tested on motor control and musculoskeletal 

measures at each timepoint to eliminate any potential bias resulting from the examiner’s 

prior knowledge of clinical score data influencing subsequent motor control testing sessions.   
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2.5.4 Wellbeing Factors 

At the end of each testing session, participants scored their self-rated levels of alertness, 

energy (or lack of fatigue) and pain on 10-point visual analogue scales. 

 

 

2.6 Data Analysis  

To assess the extent of covariance among the numerous variables, Spearman’s rank 

correlation matrices using the Bonferroni method to correct for multiple comparisons, were 

constructed and visualised in R Studio (version 3.6.1 (2019-07-05)) for the key kinematic 

measures (movement smoothness (jerk and velocity peaks), movement time, movement 

accuracy, maximum speed per trial, maximum velocity per trial), number of successful trials, 

clinical measures (biceps and triceps strength, elbow flexion and extension) and clinical 

scores for stroke patient data.  Pairs of associated variables (Spearman’s Rho ≥ 0.4 indicating 

at least a moderate correlation; p < 0.05 corrected for n multiple comparisons using the 

Bonferroni method) were identified and subsequent statistical tests performed to determine 

the extent to which the variables were contributing to the changes seen in kinematic 

measures and clinical scores over time. 

 

2.6.1 Statistical tests 

All statistical tests were performed in R Studio9 (version 3.6.1 (2019-07-05)).  All variables of 

interest passed the Shapiro-Wilk Normality test and met the criteria for parametric testing, 

therefore the following statistical tests were used: - 

 Unpaired and paired t-tests. 

 One-way, mixed and repeated measures ANOVAs with the Tukey test for post-hoc 

pairwise comparisons as required. 

 Multiple linear regression mixed models using the lme4 package (Bates et al., 2015). 

 Spearman’s Rank correlations. 

                                                           
9 R Studio (R Core Team (2019) R: A language and environment for statistical computing. R Foundation 

for Statistical Computing, Vienna, Austria. URL   https://www.R-project.org/.). 

 

https://www.r-project.org/
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 Bonferroni correction for multiple pair-wise comparisons, as required.  

 

2.6.2 Analysis Plans 

Detailed analysis plans, including specific statistical tests for each experimental question, are 

described in Chapter 3.2, Chapter 4.2 and Chapter 5.2. 

 

2.7 Ethical Approval 

This study was reviewed and approved by the London Camden and Kings Cross Research 

Ethics Committee (REC reference 17/LO/1466) and conducted in accordance with the 

Declaration of Helsinki (2013).
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3 Can Neurorehabilitation Improve Motor 

Control in the Chronic Phase of Stroke?  

 

3.1 Introduction  

3.1.1 Background to Study  

Recent work has investigated the effect of high dose, high intensity complex upper limb 

neurorehabilitation treatment interventions which target movement quality in addition to 

functional movement goals in chronic stroke patients (Daly et al., 2019; Ward et al., 2019; 

McCabe et al., 2015). Large clinical improvements were seen in a range of standard clinical 

outcome measures that assess both motor impairments and limitations of upper limb 

function and activity, but these studies did not measure movement kinematics and therefore 

cannot distinguish between underlying recovery mechanisms of behavioural restitution or 

compensation.  These unprecedented changes in impairment have raised the possibility that 

improvements in motor control might indeed be possible in the chronic phase of stroke in 

response to a sufficiently high dose and intensity of motor training, contrary to the current 

belief that motor control recovery plateaus at three months (Krakauer et al., 2012; Bernhardt 

et al., 2017b; Levin et al., 2009).  However, the outcome measures used do not allow these 

improvements to be attributed to behavioural compensation, changes in strength and/or 

joint range, or even to improved motor control (Kwakkel et al., 2019; Bernhardt et al., 2017a).  

It is also possible that treatment leads to greater gains in strength and joint range, which may 

directly contribute to improvements in upper limb function and activity and/or facilitate 

further compensatory movement patterns, mitigate flexor synergies, and unmask latent 

motor control capacity (Krakauer and Carmichael, 2017b; Kitago et al., 2015; Kitago et al., 

2013).    While behavioural compensation can result in immediate functional gains which are 

advantageous to a patient in the short term, a preference for compensatory movement 

patterns has a detrimental effect on the ability to achieve more normal patterns of 

movement through improved motor control in the long term, and will ultimately limit 

recovery of best quality motor performance.  Treatments which are specifically aimed at 
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motor control recovery are therefore superior to those aimed at functional task 

accomplishment (Izawa et al., 2022; Kitago et al., 2013; Levin et al., 2009; Michaelsen et al., 

2004; Roby-Brami et al., 2003; Levin et al., 2002; Cirstea and Levin, 2000).  Only kinematic 

measures can provide the fine-grained measurement of motor control required to 

discriminate between functional improvement resulting from behavioural restitution or 

compensation (Kwakkel et al., 2019; Kwakkel et al., 2017).   

 

3.1.2 Purpose of Study  

Therefore, this study will determine whether a high-dose, high-intensity complex upper limb 

neurorehabilitation treatment intervention can improve motor control in addition to and 

independent of the expected improvements in clinical scores of impairment, function and 

activity and strength and joint range in the chronic phase of stroke.  

To this end, a 2D-robotic reaching task designed to eliminate compensatory movements and 

remove the requirement for anti-gravity strength (Kitago et al., 2015; Kitago et al., 2013; 

Rohrer et al., 2002; Krebs et al., 1999) will be used to measure movement kinematics 

alongside measures of upper limb strength, elbow joint range of motion and standard clinical 

outcome measures of motor impairment, function and activity limitation.   

 

3.1.3 Research Questions 

1. Does high dose, high intensity complex upper limb neurorehabilitation treatment lead to 

a change in motor control in chronic stroke patients? 

2. If motor control does improve: - 

a) Is change in motor control occurring independently of change in movement speed? 

b) Is change in motor control occurring independently of change in upper limb strength 

and/or range of motion? 

c) Is change in motor control contributing to the increase in clinical scores? 
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3.1.4 Impact of Research   

At the time of writing, this will be the first study in chronic stroke patients to deliver a large 

enough total dose of intense, complex upper limb treatment to lead to improvement in 

motor impairment, and to measure movement kinematics to assess motor control and 

discriminate between underlying recovery mechanisms of behavioural restitution and 

compensation.  This work is important because it is designed to answer whether behavioural 

restitution is possible in the chronic phase of stroke.  Such a finding would challenge the 

current consensus of a recovery plateau for motor control and would have significant 

implications for the delivery of stroke neurorehabilitation services worldwide.  Treatment-

driven improvements in motor control in the chronic phase of stroke would strongly suggest 

that motor control should remain a therapeutic target well beyond the current 6-month post-

stroke window, and that all patients with upper limb dysfunction following a stroke should 

have access to high dose, high intensity complex upper limb treatment. 
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3.2 Analysis Plan 

A detailed description of the Materials and Methods used in this study is provided in Chapter 

2 – General Methods.  In addition, the specific analysis plan for this Chapter will be described 

below. 

 

3.2.1 Are there changes in motor control, elbow range, arm strength, and clinical 

scores?  

Changes in clinical scores (FMA-UL, ARAT and CAHAI) between T1 and T2 for the impaired 

arm, and changes in elbow flexion and extension, biceps and triceps muscle strength and 

kinematic measures (movement smoothness, movement accuracy, movement time) derived 

from whole movement trajectory analyses between T1 and T2 in the impaired and normal 

arms of the QSUL-group and SC-group were compared using 2x2 mixed ANOVAs and 

subsequent multiple pairwise t-tests for significant group x timepoint interactions using the 

Bonferroni method to adjust p values for multiple comparisons.  All statistical tests were 

performed in R Studio (version 3.6.1 (2019-07-05)). 

 

3.2.2 If there is an improvement in movement kinematics, is this due to a change 

in motor control?   

More specifically, if there is any improvement in movement kinematics evident in these data, 

is this occurring independently of changes in movement speed, arm strength and joint range?   

Subsequent control analyses were performed to determine whether any improvement seen 

on kinematic measures in QSUL-group patients represented a true improvement in motor 

control, or an artefact of changes in movement speed, strength or joint range. 
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3.2.2.1 Is there a speed-accuracy ‘trade-off’? 

Change in maximum speed per trial and change in the number of successful trials10 scored 

(taken as an overall measure of movement accuracy) were directly compared at group level 

and for each individual patient to establish whether improved accuracy correlated with a 

reduction in speed. 

3.2.2.2 Is change in motor control independent of change in strength?   

Next, the kinematic data from whole movement trajectories were stratified on maximum 

velocity per trial to preclude the contamination of motor control by a strength requirement 

of the task (John Krakauer, personal communication, 2020; Cortes et al., 2017; Shmuelof et 

al., 2012).  Initially, velocity stratification was set at trials with a maximum velocity ≥ 0.10 m/s 

based on previous similar work (Cortes et al., 2017) but this left too few trials remaining for 

robust analysis in both the QSUL- and SC-groups.  Therefore, the mean ± standard deviation 

maximum velocity per trial for the impaired arm of the QSUL-group were used to define the 

upper and lower maximum velocity parameters which encompassed 66-68% trials, excluding 

the extremes at both high and low ends of the velocity profile:  Trials fulfilling the velocity 

criteria 0.06 ≤ maximum velocity ≤ 0.11 m/s only.  The original kinematic analyses were then 

repeated for each set of velocity-matched trials: - 

Velocity stratification 1 – fastest trials (maximum velocity ≥ 0.10 m/s) 

Velocity stratification 2 – middle 68% of data (0.06 ≤ maximum velocity ≤ 0.11 m/s)  

3.2.2.3 Is any change in motor control evident in these data due to improved execution 

of the primary outward submovement?    

To check whether any changes in motor control evident in the whole movement trajectory 

analyses were due to improved execution of the primary movement, as opposed to improved 

feedback control, the primary outward submovements (i.e. feedforward component) of the 

whole movement trajectory were analysed.  The primary outward submovement was 

defined as the initial portion of the whole movement trajectory before a minimum velocity 

                                                           
10 Trials were labelled successful if they met the following criteria:  Movement length > 4cm; 
maximum speed > 6 cm/s or 0.06 m/s; direction at peak speed < 90⁰ away from target angle, and 
landed within the target square. 
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of < 0.005 m/s, corresponding on visual inspection of the trajectories with the point at which 

the initial movement trajectory ended, and the first corrective submovement was made 

(Figure 3.13).  Changes in submovement smoothness, submovement accuracy and duration 

of the primary outward submovement were compared using 2x2 mixed ANOVAs and 

subsequent multiple pair-wise t-tests for significant group x timepoint interactions using the 

Bonferroni method to adjust p values for multiple comparisons.  The primary outward 

submovement analyses were repeated on kinematic data with velocity stratification 1 and 

velocity stratification 2 applied. 

3.2.2.4 Are changes in motor control occurring independently of changes in arm 

strength and joint range? 

Finally, multiple linear regression mixed model analyses were performed to establish the 

extent to which any changes in individual kinematic measures (i.e. movement smoothness / 

movement accuracy / movement time) could be accounted for by changes in other kinematic 

measures, elbow range and strength.  Models were designed with the kinematic measure of 

interest as the dependent variable, other kinematic and clinical variables as fixed effects and 

individual subject as a random effect.  All multiple linear regression mixed model analyses 

were performed in R (version 3.6.1 (2019-07-05)) using the lme4 package (Bates et al., 2015).  

All variables were scaled so as to centre on a mean of zero with a standard deviation of one.  

Models were fitted using restricted maximum likelihood (REML) as the default parameter 

estimation criterion for linear mixed models.  To determine the significance of the 

contribution made by each fixed effect, an alternative model without this fixed effect was 

constructed.  Classical model comparison was then performed using an ANOVA test with the 

model objects as arguments to compare the fits of the alternative and null models, accepting 

a p value of < 0.05 as significant.   Models were run for the QSUL-group data and the SC-

group data individually.  As an additional confirmatory test, a combined model for both the 

QSUL- and SC-group data was also constructed, including ‘group’ as a fixed effect. 
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3.2.3 Do changes in motor control, elbow range or strength contribute to 

changes in clinical scores? 

Multiple linear regression mixed model analyses were also performed to explore the extent 

to which any changes in clinical scores could be accounted for by changes in kinematic 

measures, elbow range and strength.  Models were constructed with the change in each 

clinical score as the dependent variable in turn, kinematic and clinical variables as fixed 

effects and individual subject as a random effect.  Models were run for the QSUL-group data 

and the SC-group data individually.  As an additional confirmatory test, a combined model 

for both the QSUL- and SC-group data was also constructed, including ‘group’ as a fixed 

effect. 
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3.3 Results  

3.3.1 Study Population   

81 chronic stroke patients were assessed at two time points 3-weeks apart (T1 and T2). 

Between T1 and T2, 52 patients were admitted to QSUL and received high dose, high intensity 

upper limb rehabilitation (QSUL-group) (Figure 3.1).  29 patients who had not previously been 

admitted to QSUL, and who were not currently receiving rehabilitation formed the control 

group (SC-group). Assessments included clinical scores, strength and active joint range at the 

elbow, and movement kinematics of the impaired arm, as described in detail in Chapter 2 – 

General Methods.  The clinical and demographic characteristics of QSUL- and SC-group 

patients were well-matched (Table 3.1), and although there was a significant difference in 

time since stroke onset (QSUL-group 24.8 (13.2) months; SC-group 40.6 (23.1) months, p = 

0.74 x 10-3), both study groups met the definition of chronic stroke (Bernhardt et al, 2017a).   

 

Table 3.1 Demographic and clinical characteristics of the QSUL-group and the SC-group at baseline 
(0 weeks). 

 

3.3.2 Effects of Upper Limb Rehabilitation 

3.3.2.1 The Number of Successful Trials on the 2D-Reaching Task Improved 

When whole movement trajectories were examined by eye, reaching movements made by 

the impaired arm of the QSUL-group at T2 had visibly improved compared to those made at 

T1 (Figure 3.2(a-b)), while those made by the impaired arm of the SC-group had not (Figure 

3.2(c-d)).  At T2, individual reaching movement trajectories made by the impaired arm of the  

Characteristic 
QSUL-group 

(n = 52) 
SC-group 
(n = 29) 

Gender – male: female 25:27 15:14 

Handedness (prior to stroke) – right: left 47:5 25:4 

Affected upper limb – dominant: non-dominant 25:27 13:16 

Age (years), mean (SD) 52.8 (16.1) 56.0 (11.0) 

Time since stroke (months), mean (SD) 24.8 (13.2) 40.6 (23.1) 

FMA-UL* (total 54 points), mean (SD) 24.3 (8.8) 24.5 (11.6) 

Modified Rankin Score (MRS), mean (SD) 2.7 (0.6) 2.7 (0.6) 

HADS** Anxiety (total 21 points), mean (SD) 6.4 (4.4) 4.2 (2.4) 

HADS Depression (total 21 points) ,mean (SD) 6.3 (3.7) 4.0 (3.1) 

*FMA-UL – Fugl Meyer Assessment Upper Limb; **HADS – Hospital Anxiety and Depression Scale 
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Figure 3.1 CONSORT diagram illustrating patient recruitment to the study. 

 

  

All patients admitted to QSUL during the study period were assessed for eligibility and included if 
they met the criteria and agreed. The SC-group was recruited through the waiting list for QSUL, 
local advertisement, online and social media.  A total of 81 patients, 52 QSUL-group and 29 SC-
group, were included in the two-timepoint analysis:  Change between T1 (0 weeks; admission to 
QSUL) and T2 (3 weeks; discharge from QSUL).  In addition, 28 patients from the QSUL-group 
were included in a four-timepoint follow-up analysis:  change between T1 and T2; change 
between T2 (3 weeks; discharge from QSUL) and T3 (9 weeks; approx. 6-weeks after discharge); 
change between T2 and T4 (32 weeks; approx. 6-months after discharge). 
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Figure 3.2 Reaching movements made on the 2D-robotic reaching task. 

  
Examples of reaching trajectories made by the normal arm (upper rows) and impaired arm (lower 
rows) of two QSUL-group patients (a-b) and two SC-group patients (c-d) at T1 and T2.  Blue 
trajectories: successful trials; red trajectories: failed trials.  (e) Change in the number of successful 
trials scored between T1-T2 by the QSUL-group, compared to the SC-group.  The impaired arm of the 
QSUL-group improved significantly more than the normal arm and both arms of the SC-group. The 
dashed grey line represents no change. p ≤ 0.0001 ‘****’, p ≤ 0.001 ‘***’, p ≤ 0.01 ‘**’, p ≤ 0.05 ‘*’. 
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QSUL-group appeared smoother and straighter; there were fewer red trajectories indicating 

failed trials, and more blue trajectories indicating successful trials, compared to T1. 

The number of successful trials made by the impaired arm of the QSUL-group increased 

significantly between T1 and T2, while the number of successful trials made by the impaired 

arm of the SC-group did not change (QSUL-group impaired arm median increase in successful 

trials 11.0 (IQR 17.5 (2.5-20)); SC-group impaired arm median increase in successful trials 0.0 

(IQR 5.0 (-1.0-4.0)), F(1,73) = 24.55, p = 0.40 x 10-5).  There was no change in the number of 

successful trials made by the normal arm of the QSUL-group, compared to the impaired arm 

(median change 0.0 trials (IQR 1.0 (0.0-1.0), F(1,98) = 46.88, p = 0.66 x 10-9). The number of 

successful trials made by the normal arm of the SC-group did not change (median change 0.0 

trials (IQR 1.0 (-1.0-0.0)) (Figure 3.2(e)). 

3.3.2.2 Key Kinematic Measures Improved  

Compared with the impaired arm of the SC-group, the impaired arm of the QSUL-group 

showed improvements from T1 to T2 in movement smoothness (QSUL-group jerk median -

0.68 (IQR 1.25 (-1.36-(-0.11)); SC-group median -0.20 (IQR 0.50 (-0.50-0.00)), F(1,73) = 5.41, 

p = 0.02), movement accuracy (QSUL-group radial distance to target (median -0.02 deg (IQR 

0.05 (-0.05-0.00)); SC-group 0.00 deg (IQR 0.04 (-0.02-0.03), F(1,73) = 3.3, p = 0.03), and 

movement time (QSUL-group median -227.50 ms (IQR 445.63 (-455.63-(-10.00)); SC-group 

median -167.50 ms (IQR 152.50 (-167.50-(-15.00)), F(1,73) = 3.84, p = 0.04) (Figure 3.3, Table 

3.2). There was also an improvement in the number of velocity peaks in the QSUL-group 

impaired arm (which is another measure of movement smoothness) (median -0.25 peaks 

(IQR 1.00 (-1.00-0.00)) but this was not significantly different to the change in velocity peaks 

in the SC-group impaired arm (median 0.00 peaks (IQR 1.00 (-1.00-0.00)), F(1,73) = 1.22, p = 

0.27). 

Compared with the normal arm of the QSUL-group, the impaired arm improved significantly 

more on kinematic measures of movement smoothness, accuracy and movement time:  

QSUL-group normal arm logdimjerk median -0.22 (IQR 0.69 (-0.66-0.03), F(1,73) = 10.10, p = 

0.20 x 10-2; normal arm velocity peaks median 0.00 peaks (IQR 0.00), F = 10.05, p = 0.20 x 10-

2; normal arm radial distance to target median 0.00 deg (IQR 0.02 (-0.01-0.01)), F(1,73) = 

11.56, p = 0.97 x 10-3; normal arm movement time median -46.25 ms (IQR 156.88 (-145.00-

11.88)), F(1,73) = 8.98, p = 0.35 x 10-2 (Figure 3.4, Table 3.3).  
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Table 3.2 Change in clinical and kinematic measures for the QSUL group compared to the SC-group. 

Change (∆) T1-T2 QSUL-group (n = 52) SC-group (n = 29) 
p Sig 

IMPAIRED ARM Median 25th % 75th % IQR Median 25th % 75th % IQR 

Clinical Scores    

∆_FMA-UL 6.00 3.00 8.00 5.00 0.00 0.00 0.00 0.00 0.42 x 10-11 *** 

Clinical Measures    

∆_Biceps strength (kgf) 0.80 0.24 2.08 1.83 0.00 -0.20 0.20 0.40 0.23 x 10-4 *** 

∆_Triceps strength (kgf) 0.60 0.18 2.35 2.17 -0.20 -0.40 0.20 0.60 0.11 x 10-3 *** 

∆_Elbow flexion (deg) 2.00 0.00 5.00 5.00 0.00 0.00 1.00 1.00 0.01 * 

∆_Elbow extension (deg) 0.00 -9.25 0.00 9.25 0.00 -2.00 0.00 2.00 0.33 x 10-2 ** 

Kinematic measures    

∆_Movement smoothness (jerk) -0.68 -1.36 -0.11 1.25 -0.20 -0.50 0.00 0.50 0.02 * 

∆_Movement smoothness (no. velocity peaks) -0.25 -1.00 0.00 1.00 0.00 -1.00 0.00 1.00 0.27 ns 

∆_Movement accuracy (deg) -0.02 -0.05 0.00 0.05 0.00 -0.02 0.03 0.04 0.03 * 

∆_Movement time (ms) -227.50 -455.63 -10.00 445.63 -90.00 -167.50 -15.00 152.50 0.01 * 

NORMAL ARM           

Clinical Measures           

∆_Biceps strength (kgf) 0.28 0.00 0.91 0.91 0.00 -0.18 0.28 0.47 0.01 * 

∆_Triceps strength (kgf) 0.22 -0.01 0.83 0.84 -0.10 -0.27 0.05 0.32 0.02 * 

∆_Elbow flexion (deg) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.12 ns 

∆_Elbow extension (deg) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.29 ns 

Kinematic measures           

∆_Movement smoothness (jerk) -0.22 -0.66 0.03 0.69 -0.17 -0.60 0.11 0.71 0.60 ns 

∆_Movement smoothness (no. velocity peaks) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.48 ns 

∆_Movement accuracy (deg) 0.00 -0.01 0.01 0.02 0.00 -0.01 0.02 0.03 0.36 ns 

∆_Movement time (ms) -46.25 -145.00 11.88 156.88 -22.50 -170.00 86.25 256.25 0.61 ns 
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Table 3.3 Change in clinical and kinematic measures for the impaired arm compared to the normal arm of the QSUL group (n = 52). 

 

  

Change (∆) T1-T2 QSUL-group IMPAIRED ARM QSUL-group NORMAL ARM 
p Sig 

 Median 25th % 75th % IQR Median 25th % 75th % IQR 

Clinical Measures    

∆_Biceps strength (kgf) 0.80 0.24 2.08 1.83 0.28 0.00 0.91 0.91 0.04 * 

∆_Triceps strength (kgf) 0.60 0.18 2.35 2.17 0.22 -0.01 0.83 0.84 0.04 * 

∆_Elbow flexion (deg) 2.00 0.00 5.00 5.00 0.00 0.00 0.00 0.00 0.34 x 10-3 *** 

∆_Elbow extension (deg) 0.00 -9.25 0.00 9.25 0.00 0.00 0.00 0.00 0.18 x 10-4 *** 

Kinematic measures    

∆_Movement smoothness (jerk) -0.68 -1.36 -0.11 1.24 -0.22 -0.66 0.03 0.69 0.20 x 10-2 ** 

∆_Movement smoothness (no. velocity peaks) -0.25 -1.00 0.00 1.00 0.00 0.00 0.00 0.00 0.20 x 10-2 ** 

∆_Movement accuracy (deg) -0.02 -0.05 0.00 0.05 0.00 -0.01 0.01 0.02 0.97 x 10-3 *** 

∆_Movement time (ms) -227.50 -455.63 -10.00 445.63 -46.25 -145.00 11.88 156.88 0.35 x 10-2 ** 
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Figure 3.3 Change in kinematic measures for the impaired arms of the QSUL-group and SC-group. 

  
(a) Movement smoothness (jerk), (c) movement accuracy and (d) movement time improved 
significantly more in the impaired arm of the QSUL-group, compared with the impaired arm of the 
SC-group between T1 and T2 (all p values ≤ 0.03). (b) The number of velocity peaks also improved 
to a greater extent in the impaired arm of the QSUL-group, compared to the impaired arm of the 
SC-group, although this was not a significant difference (p = 0.27). The dashed grey line represents 
no change. p ≤ 0.0001 ‘****’, p ≤ 0.001 ‘***’, p ≤ 0.01 ‘**’, p ≤ 0.05 ‘*’. 



3 Can Neurorehabilitation Improve Motor Control in the Chronic Phase of Stroke? 

 
116 

 
 

 

 

 

 

 

 

 

 

 

Figure 3.4 Change in kinematic measures for the impaired and normal arms of the QSUL-group.   
(a) Movement smoothness (jerk), (b) number of velocity peaks, (c) movement accuracy and (d) 
movement time improved significantly more in the impaired arm of the QSUL-group, compared 
with the normal arm of the QSUL-group between T1 and T2 (all p values ≤ 0.35 x 10-2). The dashed 
grey line represents no change. Statistical significance codes:  p ≤ 0.0001 ‘****’, p ≤ 0.001 ‘***’, p ≤ 
0.01 ‘**’, p ≤ 0.05 ‘*’. 
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There were no significant changes in kinematic measures in the QSUL-group normal arm 

compared with the SC-group normal arm between T1 and T2 (Figure 3.5, Table 3.2). 

 

 

Figure 3.5 Change in kinematic measures for the normal arms of the QSUL-group and SC-group. 

 

 

 

 

3.3.2.3 Strength Improved   

Impaired arm biceps strength (Figure 3.6(a)) (median change 0.8 kgf (IQR 1.83 (0.24-2.08)) 

and triceps strength (median change 0.6 kgf (IQR 2.17 (0.18-2.35)) significantly improved 

from T1 to T2 in the QSUL-group compared to the SC-group (biceps median change 0.0 kgf 

(IQR 0.40 (-0.20-0.20)); triceps median change -0.20 kgf (IQR 0.60 (-0.40-0.20)), group x 

timepoint interaction for impaired arm biceps strength F(1,73) = 1.5, p = 0.02 and triceps 

strength F(1,73) = 1.6, p = 0.02) (Table 3.2).   

In the normal arm of the QSUL-group, there were slight increases in biceps strength (Figure 

3.6(a)) (median change 0.28 kgf (IQR 0.91 (0.00-0.91)) and triceps strength (median change 

(a) Movement smoothness (jerk), (b) number of velocity peaks, (c) movement accuracy and (d) 
movement time did not change significantly in either group, and there were no significant 
differences in the amount of change on any measure between groups from T1 to T2 (p values all ≥ 
0.61). The dashed grey line represents no change. p ≤ 0.0001 ‘****’, p ≤ 0.001 ‘***’, p ≤ 0.01 ‘**’, p 
≤ 0.05 ‘*’. 
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0.22 (IQR 0.84 (-0.01-0.83)) between T1 and T2 but this change in strength was significantly 

less than the increase seen in the impaired arm (change in biceps arm x timepoint interaction 

F(1,98) = 3.12, p = 0.04; change in triceps arm x timepoint interaction F(1,98) = 3.36, p = 0.04) 

(Table 3.3). 

There was no increase in strength in the normal arm of the SC-group (biceps median change 

0.00 kgf (IQR 0.47 (-0.18-0.28)); triceps median change -0.10 kgf (IQR 0.32 (-0.27-0.05)) 

between T1 and T2.  The increase in strength in the normal arm of the QSUL-group was 

significantly greater than the in the normal arm of the SC-group (group x timepoint 

interaction for biceps strength F(1,73) = 7.82, p = 0.01 and for triceps strength F(1,73) = 5.94, 

p = 0.02) (Table 3.2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6 Change in arm strength and range of motion. 

 

 

 

The impaired arm of the QSUL-group is compared with the impaired arm of the SC-group and the 
normal arm of the QSUL-group. (a) Biceps strength and (b) elbow flexion and significantly improved 
in the impaired arm of the QSUL-group between T1 (admission to QSUL, week 0) and T2 (discharge 
from QSUL, week 3), compared to the impaired arm of the SC-group and normal arm of the QSUL-
group. The dashed grey line represents no change. p ≤ 0.0001 ‘****’, p ≤ 0.001 ‘***’, p ≤ 0.01 ‘**’, 
p ≤ 0.05 ‘*’. 
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3.3.2.4 Elbow Joint Range of Motion Improved  

The range of active elbow flexion and extension in the impaired arm of the QSUL-group 

significantly improved between T1 and T2, compared to the impaired arm of the SC-group:  

QSUL-group median change in elbow flexion 2.00 deg (IQR 5.00 (0.00-5.00)); SC-group 

median 0.00 deg (IQR 0.00), F(1,73) = 8.12, p = 0.01; QSUL-group median change in elbow 

extension 0.00 deg (IQR 9.25 (-9.25-0.00); SC-group median 0.00 deg (IQR 2.00 (-2.00-0.00), 

F(1,73) = 11.19, p = 0.33 x 10-2 (Figure 3.6(b), Table 3.2). 

There were no changes in elbow flexion (median change 0.00 deg (IQR 0.00)) or elbow 

extension (median change 0.00 deg (IQR 0.00)) in the normal arm of the QSUL-group between 

T1 and T2, and the amount of change seen in elbow range of motion in the impaired arm of 

the QSUL-group was therefore significantly greater than in the normal arm (change in elbow 

flexion:  F(1,98) = 13.77, p = 0.34 x 10-3 and change in elbow extension:  F(1,98) = 20.41, p = 

0.18 x 10-4) (Figure 3.6(b), Table 3.3). 

There were no significant improvements in elbow flexion or elbow extension in the normal 

arm of the SC-group, and there were no significant differences in change of elbow range of 

motion between the normal arm of the QSUL-group and the normal arm of the SC-group 

(Table 3.2). 

3.3.2.5 Clinical Scores of Arm Impairment, Function and Activity Improved  

The QSUL-group performed FMA-UL, ARAT and CAHAI clinical scores with their impaired arm 

at each timepoint to assess the extent of upper limb motor impairment (FMA-UL) and 

function (ARAT and CAHAI) as part of routine clinical practice on QSUL.  These clinical scores 

all significantly increased from T1 to T2 by amounts exceeding the MCID for each:  FMA-UL 

median 6 points (IQR 5 (3-8)); ARAT median 6 points (IQR 8 (2-10)); CAHAI median 10 points 

(IQR 7 (7-14)) points (Figure 3.7(a)).  FMA-UL was measured in the SC-group at T1 and T2 and 

did not change (median 0 points (IQR 0)). When change in FMA-UL between T1 and T2 was 

compared for the QSUL-group and SC-group, there was a significant group x timepoint 

interaction (F(1,73) = 2.43, p = 0.02), confirming change in the QSUL-group and not the SC-

group (Figure 3.7(b), Table 3.2).   
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Figure 3.7 Change in clinical scores of the impaired arm. 

 

 

 

 

3.3.2.6 Clinical Scores Improved Uniformly Throughout the Impaired Upper Limb   

To determine whether the gains seen on the FMA-UL score in the QSUL-group represented 

uniform improvement of motor impairment throughout the arm, the FMA-UL was 

deconstructed into three subscores:  Shoulder/Elbow (total 30 points), Wrist (total 10 points) 

and Hand (14 points).  The proportion of change on each subscore was then calculated to 

allow a fair comparison, given that each has a different total number of points (Figure 3.8(a), 

Table 3.4).  There were no significant differences between the amount of change on each 

subscore (all p values > 0.26), suggesting overall improvement in the proximal and distal  

(a) There were significant improvements on all clinical scores in the impaired arm of the QSUL-
group over the 3-week period of intensive upper limb rehabilitation (i.e. T1-T2). Median change on: 
FMA-UL 6 points, ARAT 6 points, CAHAI 10 points. (b) Change in impaired arm FMA-UL score in the 
QSUL-group, compared to the SC-group. The dashed grey line represents no change. p ≤ 0.0001 
‘****’, p ≤ 0.001 ‘***’, p ≤ 0.01 ‘**’, p ≤ 0.05 ‘*’. 
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Table 3.4 Change in FMA-UL subscores in the impaired arm of the QSUL-group. 

 

 

 

Table 3.5 Change in ARAT subscores in the impaired arm of the QSUL-group. 

 

   

 

Change in FMA-UL (Total 54) 

Shoulder/ Elbow (30) Wrist (10) Hand (14) 
p 

median points IQR % median points IQR % median points IQR % 

T1-T2 3.5 3.0 11.7 1.0 2.0 10.0 1.0 2.0 7.1 All > 0.26 

 

Change in ARAT (Total 57) 

Grasp (18) Grip (12) Pinch (18) Gross (9) 
p 

median points IQR % median points IQR % median points IQR % median points IQR % 

T1-T2 2.0 4.8 11.1 2.0 3.0 16.7 1.0 2.0 5.6 1.0 2.0 11.1 
Grasp vs. Pinch p = 0.02 
Grip vs. Pinch p = 0.10 x 10-2 

All else p > 0.20 
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upper limb.  Similarly, ARAT was deconstructed into its four subscores and the proportion of 

change on each was calculated:  Grasp (total 18 points), Grip (total 12 points), Pinch (total 18 

points) and Gross (total 9 points) (Figure 3.8(b), Table 3.5).  Improvement on Pinch (median 

change 5.6%) was significantly less than improvement on Grasp (median change 11.1%, p = 

0.02) and Grip (median change 16.7%, p = 0.10 x 10-2).  But there were no other significant 

changes between ARAT subscores (all p values > 0.20). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8 Change in FMA-UL and ARAT subscores.  

(a) Change in FMA-UL component subscores (Shoulder/Elbow, Wrist and Hand) as a proportion (%) 
of each total subscore for the impaired arm of the QSUL-group from T1-T2. There were no 
significant changes between the amount of improvement in each subscore. (b) Change in ARAT 
component subscores (Grasp, Grip, Pinch, Gross) as a proportion (%) of each total subscore for the 
impaired arm of the QSUL-group from T1-T2. The amount of change in the Pinch subscore was 
significantly less than the amount of change in Grasp and Grip.  The dashed grey line represents no 
change. p ≤ 0.0001 ‘****’, p ≤ 0.001 ‘***’, p ≤ 0.01 ‘**’, p ≤ 0.05 ‘*’. 
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Following the rehabilitation intervention therefore, significant improvements in the quality 

and success of reaching movements, key kinematic measures, arm strength and range of 

motion, and clinical scores of impairment, function and activity were evident in the impaired 

arm of the QSUL-group, compared with the impaired arm of the SC-group and the normal 

arm of the QSUL-group.  This suggests that improvement in motor control has occurred in 

the impaired arm of the QSUL-group. 

  

3.3.3 How Robust is the Change in Motor Control in the Impaired Arm of the 

QSUL-group?  

3.3.3.1 Did Improved Movement Accuracy Come at the Cost of a Reduction in Speed?   

While changes in movement kinematics can reflect changes in motor control which result 

from learning, movement kinematics might also change if motor control demands are altered 

as a direct function of movement speed, which would not be changeable through learning, 

i.e. if particular features of the movement trajectory are determined by the speed at which 

it is executed (Shmuelof et al., 2012).  In addition, there is a well-recognised ‘trade-off’ 

between movement speed and movement accuracy when learning to make new skilled 

movements, whereby speed is reduced to allow for greater accuracy (Kitago et al., 2015; 

Kitago et al., 2013). 

The kinematic data were therefore scrutinised to make sure that improvements seen in 

movement quality were not due to a reduction in movement speed, using the number of 

successful trials scored as a measure of movement accuracy and the maximum speed 

achieved per trial (Figure 3.9). 

The increase in movement accuracy seen between T1 and T2 in the impaired arm of the 

QSUL-group was not associated with a reduction in movement speed.  Paired t-tests showed 

that QSUL-group patients improved on the number of successful trials as a measure of 

movement accuracy (median increase 12.0 trials (IQR 3.0-21.0), t = -6.94, p = 0.92 x 10-8) and 

on maximum speed per trial (median increase 1.4 m/s (IQR -0.1-2.0), t = -11.04, p = 0.90 x 10-

14) with their impaired arm (Figure 3.9).  When each individual QSUL-group patient’s 

performance was examined, most (85%) had recorded a higher maximum speed per trial at 

T2 compared to T1, and all but one patient (98%) had scored a higher number of successful  
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Figure 3.9 Change in speed and change in accuracy for the impaired arm of the QSUL-group. 

 

 

 

 

 

 

trials at T2 than at T1.  Furthermore, the patients who made the greatest improvements on 

movement accuracy, also made the greatest improvements in movement speed, as 

illustrated in Figure 3.9.  This indicates an overall improvement in motor control, and not an 

improvement in movement accuracy that results from a reduction in movement speed.   

3.3.3.2 Did Improved Movement Quality Result from Increased Strength? 

Strength and motor control are thought to be dissociable in post-stroke motor recovery (Xu 

et al., 2017), but movements must be performed at sufficiently high velocity to preclude a 

strength requirement contaminating motor control (Cortes et al., 2017).  To ensure that the 

improvements in movement quality seen in the impaired arm of the QSUL-group were not 

simply due to the increase in arm strength also seen, velocity stratification was performed 

on all trials included in the original analyses, and the complete analyses then repeated for 

only trials which met the following velocity criteria: -   

The mean change (T1-T2) in maximum speed per trial is plotted against the mean change in the 
number of successful trials for the impaired arm of each patient in the QSUL-group. The number of 
successful trials represents movement accuracy (maximum score: 60 trials). The impaired arm of 
the QSUL-group increased in movement speed and accuracy between T1 and T2. Most patients 
(85%) had a higher maximum speed per trial at T2 than at T1, and all but one patient (98%) scored 
a higher number of successful trials at T2 than at T1.  The patients who changed the most on 
accuracy also made the greatest increases in speed.  This suggests an overall improvement in 
motor control and not an improvement in movement accuracy that results from a reduction in 
movement speed.   
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1. Trials with maximum velocity in the range ≥ 0.10 m/s, which encompassed only the very 

fastest trials and thus excluded contamination by a strength component (John Krakauer, 

personal communication December 2020, and in line with previous work by Cortes et al., 

2017).  However, this reduced the mean number of trials included in the analysis to 

between 10 and 20 trials per patient in both the QSUL-group and the SC-group (Figure 

3.10), greatly increasing the possibility that group-level effects would be confounded by 

individual variability.  

2. Trials with maximum velocity in the range 0.06 ≤ maximum velocity ≤ 0.11 m/s.  This 

encompassed all trials within 1 standard deviation of the mean maximum velocity per 

trial for all trials performed by the QSUL-group impaired arm at T1 (i.e. the slowest group) 

and therefore approximately 68% of the original data, removing the extremely slow and 

fast trials (Figure 3.10).  This included a mean number of between 40 and 48 trials for 

analysis per patient in the QSUL-group and the SC-group (vs. the original 60 trials per 

patient), thus a compromise between velocity-matching trials to control for a strength 

contribution, yet retaining a sample of sufficient size for robust analyses. 

 

 

 

 

 

 

 

 

 

 

 

 

    

Figure 3.10 Maximum velocity per trial for the impaired arm of the QSUL-group at T1. 

  
Green dashed arrow: Velocity stratification 1 including only trials with maximum velocity ≥ 0.10 
m/s (green box), the ‘fastest trials’. Blue dashed arrows: Velocity stratification 2 including trials 
with maximum velocity within one standard deviation (0.02 m/s) of the mean (0.08 m/s) (blue box) 
i.e. approximately 68% of the data in the range 0.06 ≤ maximum velocity ≤ 0.11 m/s. 
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3.3.3.2.1 Velocity stratification 1 – fastest trials (maximum velocity ≥ 0.10 m/s) 

When only the fastest trials were analysed, the same trends in movement kinematics seen in 

the original analysis, which suggested an improvement in motor control had occurred in the 

impaired arm of the QSUL-group, were observed (Figure 3.11, Table 3.6 and Table 3.7).  

Following treatment, the impaired arm of the QSUL-group improved more than the impaired 

arm of the SC-group, although did not reach statistical significance, on movement 

smoothness (QSUL group impaired arm median change in jerk -0.66 (IQR 1.40 (-1.55-(-0.16)); 

SC-group median change in jerk -0.64 (IQR 1.08 (-1.12-(-0.03)), F(1,61) = 1,87, p = 0.28), 

number of velocity peaks (QSUL group impaired arm median change -0.50 peaks (IQR 1.50 (-

1.00-0.00)); SC-group median change 0.00 peaks (IQR 1.00 (-1.00-0.00)), F(1,61) = 0.34, p = 

0.56), movement accuracy (impaired arm QSUL-group median change -0.02 deg, (IQR 0.08 (-

0.07-0.01)); SC-group median change 0.01 deg (IQR 0.07 (-0.03-0.04)), F(1,61) = 1.74, p = 0.19) 

and movement time (impaired arm QSUL-group median change -260.00 ms (IQR 585.00 (-

550.00-35.00)); SC-group median change -110.00 ms (IQR 377.50 (-360.00-17.50)), F(1,61) = 

2.59, p = 0.11) (Table 3.6).   

However, these changes in the impaired arm of the QSUL-group were significantly greater 

than the changes in the normal arm of the QSUL-group for movement smoothness (normal 

arm median change in jerk -0.21 (IQR 0.75 (-0.57-0.18)), F(1,76) = 10.22, p = 0.20 x 10-2), 

velocity peaks (normal arm median change 0.00 peaks (IQR 0.50 (-0.50-0.00)), F(1,76) = 4.21, 

p = 0.04), movement accuracy (normal arm median change -0.01 deg (IQR 0.03 (-0.02-0.02)), 

F(1,76) = 4.67, p = 0.03) and movement time (normal arm median change -62.50 ms (IQR 

198.75 (-135.00-63.75)), F(1,76) = 12.49, p = 0.70 x 10-3) (Table 3.7). 

There were no significant differences in any movement kinematic measures between the 

normal arm of the QSUL-group and the normal arm of the SC-group for these fastest trials 

(Table 3.6). 

Thus when velocity-matched trials with maximum velocity ≥ 0.10 m/s are considered, the 

data still support an improvement in motor control in the impaired arm of the QSUL-group 

following rehabilitation.  
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Table 3.6 Change in kinematic measures for trials with maximum velocity ≥ 0.10 m/s for the QSUL-group compared to the SC-group. 

 

 

Table 3.7 Change in kinematic measures for trials with maximum velocity ≥ 0.10 m/s for the impaired arm compared to the normal arm of the QSUL-group (n = 52). 

Change (∆) T1-T2 QSUL-group (n = 52)  SC-group (n = 29) 
p Sig 

IMPAIRED ARM Median 25th % 75th % IQR Median 25th % 75th % IQR 

Kinematic measures    

∆_Movement smoothness (jerk) -0.66 -1.55 -0.16 1.40 -0.64 -1.12 -0.03 1.08 0.28 ns 

∆_Movement smoothness (no. velocity peaks) -0.50 -1.00 0.00 1.50 0.00 -1.00 0.00 1.00 0.56 ns 

∆_Movement accuracy (deg) -0.02 -0.07 0.01 0.08 0.01 -0.03 0.04 0.07 0.19 ns 

∆_Movement time (ms) -260.00 -550.00 35.00 585.00 -110.00 -360.00 17.50 377.50 0.11 ns 

NORMAL ARM           

Kinematic measures           

∆_Movement smoothness (jerk) -0.21 -0.57 0.18 0.75 0.13 -0.45 0.95 1.40 0.31 ns 

∆_Movement smoothness (no. velocity peaks) 0.00 -0.50 0.00 0.50 0.00 0.00 0.00 0.00 0.25 ns 

∆_Movement accuracy (deg) -0.01 -0.02 0.02 0.03 0.02 -0.02 0.03 0.05 0.21 ns 

∆_Movement time (ms) -62.50 -135.00 63.75 198.75 65.00 -113.75 255.00 368.75 0.21 ns 

Change (∆) T1-T2 QSUL-group IMPAIRED ARM QSUL-group NORMAL ARM  
p Sig 

 Median 25th % 75th % IQR Median 25th % 75th % IQR 

Kinematic measures    

∆_Movement smoothness (jerk) -0.66 -1.55 -0.16 1.40 -0.21 -0.57 0.18 0.75 0.20 x 10-2 ** 

∆_Movement smoothness (no. velocity peaks) -0.50 -1.00 0.00 1.50 0.00 -0.50 0.00 0.50 0.04 * 

∆_Movement accuracy (deg) -0.02 -0.07 0.01 0.08 -0.01 -0.02 0.02 0.03 0.03 * 

∆_Movement time (ms) -260.00 -550.00 35.00 585.00 -62.50 -135.00 63.75 198.75 0.70 x 10-3 *** 
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Figure 3.11 Change in kinematic measures for trials with maximum velocity ≥ 0.10 m/s.   

Velocity-matching the ‘fastest’ trials controls for potential contamination of motor control by 

strength. The amount of change in key kinematic measures in the impaired arm of the QSUL-group 

from T1-T2 is compared with the impaired arm of the SC-group and the normal arm of the QSUL-

group for only trials with maximum velocity ≥ 0.10 m/s. (a) Movement smoothness, (b) movement 

accuracy and (c) movement time improved more in the impaired arm of the QSUL-group compared 

to the impaired arm of the SC-group, and significantly more compared to the normal arm of the 

QSUL-group.  The dashed grey line represents no change. p ≤ 0.0001 ‘****’, p ≤ 0.001 ‘***’, p ≤ 

0.01 ‘**’, p ≤ 0.05 ‘*’. 
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3.3.3.2.2 Velocity stratification 2 – approximately 68% of data (0.06 ≤ maximum velocity ≤ 

0.11 m/s) 

With the 0.06 ≤ maximum velocity ≤ 0.11 m/s velocity stratification applied, significant 

improvements were seen in movement kinematics in the impaired arm of the QSUL-group 

compared to the impaired arm of the SC-group, also in line with the original analysis (Figure 

3.12, Table 3.8 and Table 3.9).  Changes were significantly greater for movement smoothness 

(impaired arm QSUL-group median change in jerk -1.05 (IQR 1.66 (-1.68-(-0.02))); SC-group -

0.45 (IQR 0.00 (-0.94-0.05)), F = 3.63, p = 0.03), movement accuracy (impaired arm QSUL-

group median change -0.02 deg (IQR 0.06 (-0.05-0.0)); SC-group median change 0.00 deg (IQR 

0.04 (-0.02-0.02)), F(1,73) = 4.23, p = 0.04) and movement time (impaired arm QSUL-group 

median change -518.75 ms (IQR 605.63 (-857.50-(-251.88)); SC-group median change -207.50 

ms (IQR 321.25 (-317.50-3.75)), F(1,73) = 17.57, p = 0.77 x 10-4).   

The improvement in the impaired arm of the QSUL-group was also significantly greater than 

in the normal arm of the QSUL-group for movement smoothness (normal arm QSUL group 

median change in jerk 0.00 (IQR 0.58 (-0.38-0.20)), F(1,94) = 21.69, p = 0.11 x 10-4), movement 

accuracy (normal arm QSUL-group median change 0.00 deg (IQR 0.03, (-0.01-0.02)), F(1,94) 

= 12.48, p = 0.64 x 10-3) and movement time (normal arm QSUL-group median change -13.75 

ms (IQR 234.38 (-138.75-95.63)), F(1,94) = 59.08, p = 0.15 x 10-10) (Figure 3.12, Table 3.9).   

There was no significant difference in change in the number of velocity peaks per trial in the 

impaired arm of the QSUL-group compared to the impaired arm of the SC-group, but the 

impaired arm of the QSUL-group did significantly change in number of velocity peaks 

compared to the normal arm of the QSUL-group (impaired arm median 0.00 peaks (IQR 1.00 

(-1.00-0.00)); normal arm median 0.00 peaks (IQR 0.00), F(1,94) = 11.71, p = 0.92 x 10-3).   

There were no significant differences in any movement kinematic measures between the 

normal arm of the QSUL-group and the normal arm of the SC-group for these velocity-

stratified trials (Table 3.8). 

When only velocity-matched trials with 0.06 ≤ maximum velocity ≤ 0.11 m/s are included in 

the analyses, these data still support an improvement in motor control in the impaired arm 

of the QSUL-group following rehabilitation.  
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Table 3.8 Change in kinematic measures for trials with 0.06 ≤ maximum velocity ≤ 0.11 m/s for the QSUL-group compared to the SC-group. 

 

Table 3.9 Change in kinematic measures for trials with 0.06 ≤ maximum velocity ≤ 0.11 m/s for the impaired arm compared to the normal arm of the QSUL-group. 

Change (∆) T1-T2 QSUL-group SC-group 
p Sig 

IMPAIRED ARM Median 25th % 75th % IQR Median 25th % 75th % IQR 

Kinematic measures    

∆_Movement smoothness (jerk) -1.05 -1.68 -0.02 1.66 -0.45 -0.94 0.05 0.99 0.03 * 

∆_Movement smoothness (no. velocity peaks) 0.00 -1.00 0.00 1.00 0.00 -1.00 0.00 1.00 0.43 ns 

∆_Movement accuracy (deg) -0.02 -0.05 0.00 0.06 0.00 -0.02 0.02 0.04 0.04 * 

∆_Movement time (ms) -518.75 -857.50 -251.88 605.63 -207.50 -317.50 3.75 321.25 0.77 x 10-4 *** 

NORMAL ARM           

Kinematic measures           

∆_Movement smoothness (jerk) 0.00 -0.38 0.20 0.58 -0.29 -0.58 0.00 0.58 0.07 ns 

∆_Movement smoothness (no. velocity peaks) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.30 ns 

∆_Movement accuracy (deg) 0.00 -0.01 0.02 0.03 0.01 -0.01 0.02 0.03 0.45 ns 

∆_Movement time (ms) -13.75 -138.75 95.63 234.38 -42.50 -146.25 62.50 208.75 0.40 ns 

Change (∆) T1-T2 QSUL-group IMPAIRED ARM QSUL-group NORMAL ARM  
p Sig 

 Median 25th % 75th % IQR Median 25th % 75th % IQR 

Kinematic measures    

∆_Movement smoothness (jerk) -1.05 -1.68 -0.02 1.66 0.00 -0.38 0.20 0.58 0.11 x 10-4 *** 

∆_Movement smoothness (no. velocity peaks) 0.00 -1.00 0.00 1.00 0.00 0.00 0.00 0.00 0.92 x 10-3 *** 

∆_Movement accuracy (deg) -0.02 -0.05 0.00 0.06 0.00 -0.01 0.02 0.03 0.64 x 10-3 *** 

∆_Movement time (ms) -518.75 -857.50 -251.88 605.63 -13.75 -138.75 95.63 234.38 0.15 x 10-10 *** 
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Figure 3.12 Change in kinematic measures for trials with 0.06 ≤ maximum velocity ≤ 0.11 m/s. 

   
Control analyses using velocity-stratification to further minimise potential contamination of motor 
control by strength.  The amount of change in key kinematic measures in the impaired arm of the 
QSUL-group from T1-T2 is compared with the impaired arm of the SC-group and the normal arm of 
the QSUL-group for only trials with 0.06 ≤ maximum velocity ≤ 0.11 m/s. (a) Movement 
smoothness, (b) movement accuracy and (c) movement time improved significantly more in the 
impaired arm of the QSUL-group than in the impaired arm of the SC-group and the normal arm of 
the QSUL-group.  The dashed grey line represents no change. p ≤ 0.0001 ‘****’, p ≤ 0.001 ‘***’, p ≤ 
0.01 ‘**’, p ≤ 0.05 ‘*’. 



3 Can Neurorehabilitation Improve Motor Control in the Chronic Phase of Stroke? 

 
132 

 
 

 

3.3.3.3 Did Improved Movement Quality Result from Improved Movement Execution or 

Feedback Control?  

The primary outward submovement of the whole movement trajectory (Figure 3.13(a)) 

represents the planned movement, prior to any corrective submovements, and can be 

defined as the initial movement segment up until the first minimum velocity (<0.005 m/s) 

(Shmuelof et al., 2012; Ketcham et al., 2002; Pratt et al., 1994) (Figure 3.13(b)).  To test 

whether the improvements seen in motor control in the impaired arm of the QSUL-group 

were due to enhanced execution of the planned movement rather than an improved ability 

to make online corrections through enhanced feedback control, the primary outward 

submovements of the velocity-stratified trials were examined.    

 

Figure 3.13 The primary outward submovement of the whole movement trajectory. 

 

 

 

 

 

3.3.3.3.1  Velocity stratification 1 – fastest trials (maximum velocity ≥ 0.10 m/s) 

For the fastest trials, as with the whole movement trajectory analysis, changes in movement 

kinematics of the primary outward submovement were greatest in the impaired arm of the 

QSUL-group, compared to the impaired arm of the SC-group arm and the normal arm of the 

QSUL-group (Figure 3.14, Table 3.10 and Table 3.11).  The increase in the primary outward 

(a) Example of a whole reaching movement trajectory beginning from the large central start square 
(centred at 0,0) and travelling towards the smaller target square (centred at 2,8). This movement 
segment represents the planned movement prior to any corrective submovements. (b) The velocity 
profile for the same whole reaching movement trajectory plotted as the movement trajectory 
(upper) and as velocity (m/s) (y axis) against time (ms) (x axis) (lower).  The primary outward 
submovement was defined as the initial movement segment up until the first minimum velocity 
<0.005 m/s. Blue star:  end of the primary outward submovement segment. 
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Table 3.10 Change in kinematic measures for the primary outward submovement for trials with maximum velocity ≥ 0.10 m/s for the QSUL-group compared to the SC-
group. 

 

 

Table 3.11 Change in kinematic measures for the primary outward submovement for trials with maximum velocity ≥ 0.10 m/s for the impaired arm compared to the 
normal arm of the QSUL-group. 

  

Change (∆) T1-T2 QSUL-group SC-group 
p Sig 

IMPAIRED ARM Median 25th % 75th % IQR Median 25th % 75th % IQR 

Kinematic measures    

∆_Submovement smoothness (jerk) -0.52 -1.37 0.02 1.39 -0.25 -0.46 0.07 0.53 0.03 * 

∆_Submovement accuracy (deg) -0.09 -0.16 0.02 0.18 -0.04 -0.14 0.02 0.16 0.24 ns 

∆_Submovement % whole trajectory 5.45 -5.23 18.15 23.37 5.10 -9.22 13.71 22.93 0.14 ns 

NORMAL ARM           

Kinematic measures           

∆_Submovement smoothness (jerk) 0.10 -0.47 0.29 0.77 0.04 -0.42 0.51 0.93 0.39 ns 

∆_Submovement accuracy (deg) 0.01 -0.03 0.06 0.09 0.03 -0.05 0.05 0.12 0.66 ns 

∆_Submovement % whole trajectory -0.71 -16.18 6.11 22.29 -4.61 -23.12 3.49 26.60 0.35 ns 

Change (∆) T1-T2 QSUL-group IMPAIRED ARM QSUL-group NORMAL ARM  
p Sig 

 Median 25th % 75th % IQR Median 25th % 75th % IQR 

Kinematic measures    

∆_Submovement smoothness (jerk) -0.52 -1.37 0.02 1.39 0.10 -0.47 0.29 0.77 0.15 x 10-2 ** 

∆_Submovement accuracy (deg) -0.09 -0.16 0.02 0.18 0.01 -0.03 0.06 0.09 0.69 x 10-3 *** 

∆_Submovement % whole trajectory 5.45 -5.23 18.15 23.37 -0.71 -16.18 6.11 22.29 0.02 * 
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Figure 3.14 Change in kinematic measures for the primary outward submovement for trials with 
maximum velocity ≥ 0.10 m/s. 

  
(a) The primary outward submovement as a proportion of the whole movement trajectory 
increased more in the impaired arm of the QSUL-group compared with the impaired arm of the SC-
group, and significantly more than in the normal arm of the QSUL-group between T1 and T2. (b) 
Submovement accuracy increased more in the impaired arm of the QSUL group, compared with 
the impaired arm of the SC-group, and significantly more than the normal arm of the QSUL-group. 
(c) Submovement smoothness improved significantly more in the impaired arm of the QSUL-group 
compared with the impaired arm of the SC-group and the normal arm of the QSUL-group.  The 
primary outward submovement of the whole movement trajectory was defined as the movement 
segment up until the first minimum velocity (<0.005 m/s). The dashed grey line represents no 
change.  p ≤ 0.0001 ‘****’, p ≤ 0.001 ‘***’, p ≤ 0.01 ‘**’, p ≤ 0.05 ‘*’. 
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submovement segment as a proportion of the whole movement trajectory was higher in the 

impaired arm of the QSUL-group (median change 5.45 % (IQR 23.37 (-5.23-18.15)) than the 

SC-group impaired arm (5.10 % (IQR 22.93 (-9.22-13.71)), F(1,56) =  2.30, p = 0.14) and  

significantly higher than in the normal arm of the QSUL- (normal arm median change -0.71 % 

(IQR 22.29 (-16.18-6.11)), F(1,72) = 6.00, p =  0.02).  Submovement accuracy improved to the 

greatest extent in the impaired arm of the QSUL-group (median change -0.09 deg (IQR 0.18 

(-0.16-0.02)) compared to the impaired arm of the SC-group (median change -0.04 deg (IQR 

0.16 (-0.14-0.02)), F(1,56) = 1.43, p = 0.24) and the normal arm of the QSUL-group (median 

change  0.01 deg (IQR 0.09 (-0.03-0.06)), F(1,72) =  12.55, p = 0.69 x 10-3).  Submovement 

smoothness also improved most in the impaired arm of the QSUL-group (median change in 

jerk -0.52 (IQR 1.39 (-1.37-0.02)) compared to the impaired arm of the SC-group (median 

change in jerk -0.25 (IQR 0.53 (-0.46-0.07)), F(1,56) = 3.53, p = 0.03) and the normal arm of 

the QSUL-group (median change in jerk 0.10 (IQR 0.77 (-0.47-0.29)), F(1,72) = 10.96, p = 0.15 

x 10-2).  Changes in primary outward submovement kinematics were no different between 

the normal arms of the QSUL- and SC-groups (Table 3.10).     

These results support an improvement in motor control occurring through improved 

execution of the planned movement, rather than through online corrections due to 

enhanced feedback control, in the impaired arm of the QSUL-group compared with the 

impaired arm of the SC-group and the normal arm of the QSUL-group.   

3.3.3.3.2 Velocity stratification 2 – approximately 68% of data (0.06 ≤ maximum velocity ≤ 

0.11 m/s)  

The primary outward submovement segment as a proportion of the whole movement 

trajectory increased significantly more in the impaired arm of the QSUL-group (median 

change 8.32 % (IQR 13.97 (2.17-16.14)) compared to the impaired arm of the SC-group 

(median change 1.43 % (IQR 11.08 (-1.10-9.98)), F(1,73) = 3.07, p = 0.03) and the normal arm 

of the QSUL-group (median change 2.99 % (IQR 11.14 (-0.18-10.96)), F(1,96) = 3.55, p = 0.03) 

(Figure 3.15, Table 3.12 and Table 3.13).  Submovement smoothness in the impaired arm of 

the QSUL-group improved significantly more than for the impaired arm of the SC-group 

(QSUL-group median change in jerk 0.51 (IQR 1.22 (0.11-1.33)); SC-group median change in 

jerk 0.27 (IQR 1.04 (-0.39-0.65)),F(1,73) = 4.85, p = 0.03) and the normal arm of the QSUL-

group (median change in jerk -0.19 (IQR 0.57 (-0.57-0.01)), F(1,96) = 43.16, p = 0.26 x 10-8).  
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Submovement accuracy also improved significantly more in the impaired arm of the QSUL- 

group (median change -0.07 deg (IQR 0.13 (-0.15-(-0.01)))) compared to the impaired arm of 

the SC-group (median change -0.02 deg (IQR 0.11 (-0.06-0.05)), F(1,73) = 5.66, p = 0.02) and 

the normal arm of the QSUL-group (median change -0.02 deg (IQR 0.04(-0.04-0.00)), F(1,96) 

= 14.12, p = 0.29 x 10-3).  There were no significant differences in the amount of change in 

primary outward submovement kinematics between the normal arms of the QSUL- and SC-

groups (Table 3.12). 

These results confirm an overall improvement in motor control in the impaired arm of the 

QSUL-group, which is due to improved movement execution rather than online corrections 

through enhanced feedback control.   
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Table 3.12 Change in kinematic measures for the primary outward submovement for trials with 0.06 ≤ maximum velocity ≤ 0.11 m/s for the QSUL-group compared to 
the SC-group. 

 

 

Table 3.13 Change in kinematic measures for the primary outward submovement for trials with 0.06 ≤ maximum velocity ≤ 0.11 m/s for the impaired arm compared to 
the normal arm of the QSUL-group.   

Change (∆) T1-T2 QSUL-group SC-group 
p Sig 

IMPAIRED ARM Median 25th % 75th % IQR Median 25th % 75th % IQR 

Kinematic measures    

∆_Submovement smoothness (jerk) 0.51 0.11 1.33 1.22 0.27 -0.39 0.65 1.04 0.03 * 

∆_Submovement accuracy (deg) -0.07 -0.15 -0.01 0.13 -0.02 -0.06 0.05 0.11 0.02 * 

∆_Submovement % whole trajectory 8.32 2.17 16.14 13.97 1.43 -1.10 9.98 11.08 0.03 * 

NORMAL ARM           

Kinematic measures           

∆_Submovement smoothness (jerk) -0.19 -0.57 0.01 0.57 -0.21 -0.44 0.07 0.51 0.98 ns 

∆_Submovement accuracy (deg) -0.02 -0.04 0.00 0.04 -0.02 -0.05 -0.01 0.04 0.45 ns 

∆_Submovement % whole trajectory 2.99 -0.18 10.96 11.14 3.36 -0.36 15.29 15.65 0.89 ns 

Change (∆) T1-T2 QSUL-group IMPAIRED ARM QSUL-group NORMAL ARM  
p Sig 

 Median 25th % 75th % IQR Median 25th % 75th % IQR 

Kinematic measures    

∆_Submovement smoothness (jerk) 0.51 0.11 1.33 1.22 -0.19 -0.57 0.01 0.57 0.26 x 10-8 *** 

∆_Submovement accuracy (deg) -0.07 -0.15 -0.01 0.13 -0.02 -0.04 0.00 0.04 0.29 x 10-3 *** 

∆_Submovement % whole trajectory 8.32 2.17 16.14 13.97 2.99 -0.18 10.96 11.14 0.03 * 
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Figure 3.15 Change in kinematic measures for the primary outward submovement for trials with 
0.06 ≤ maximum velocity ≤ 0.11 m/s. 

  
(a) The primary outward submovement as a proportion of the whole movement trajectory 
increased significantly more in the impaired arm of the QSUL-group compared with the impaired 
arm of the SC-group, and the normal arm of the QSUL-group between T1 and T2. (b) Submovement 
accuracy and (c) submovement smoothness improved significantly more in the impaired arm of the 
QSUL-group compared with the impaired arm of the SC-group and the normal arm of the QSUL-
group.  The primary outward submovement of the whole movement trajectory was defined as the 
movement segment up until the first minimum velocity (<0.005 m/s). The dashed grey line 
represents no change.  p ≤ 0.0001 ‘****’, p ≤ 0.001 ‘***’, p ≤ 0.01 ‘**’, p ≤ 0.05 ‘*’. 
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3.3.4 Did Changes in Arm Range of Motion and/or Strength Contribute to 

Changes in Motor Control? 

3.3.4.1 QSUL-Group Data 

Multiple linear regression mixed model analyses were performed on 0.06 ≤ maximum 

velocity ≤ 0.11 m/s velocity-stratified trials to see if change in strength and/or elbow range 

of motion could account for change in any kinematic measures in the impaired arm of the 

QSUL-group.  Models were constructed using change in each of the four key kinematic 

parameters between T1 and T2 as the dependent variable in turn (i.e. movement smoothness 

(jerk), movement smoothness (velocity peaks), movement accuracy and movement time).  

The remaining three kinematic parameters, change in biceps and triceps strength and change 

in elbow flexion and extension were included as fixed effects in the models and individual 

subject was included as a random effect (Table 3.14, Models A-D contains details of these 

models).   

The models demonstrated that change in elbow strength and range of motion did not 

account for change in any of the kinematic measures in the impaired arm of the QSUL-group 

(Table 3.14, Models A-D).  All kinematic measures could be accounted for by changes in the 

other kinematic measures included in the model only:  Movement smoothness (jerk) was 

accounted for by change in velocity peaks (β 0.23 (95% CI 0.20-0.28), 18.6% total variance, t 

= 10.43, ꭓ2 = 105.44, Df 1, p < 2.20 x 10-16) and change in movement time (β 0.55 (95% CI 0.50-

0.60), 44.1% total variance, t = 24.80, ꭓ2 = 527.53, Df 1, p < 2.20 x 10-16); movement 

smoothness (velocity peaks) was accounted for by change in movement smoothness (jerk) (β 

0.24 (95% CI 0.20-0.28), 18.0% total variance, t = 10.43, ꭓ2 = 106.56, Df 1, p < 2.20 x 10-16) and 

change in movement time (β 0.54 (95% CI 0.50-0.59), 43.0% total variance, t = 23.80, ꭓ2 = 

494.60, Df 1, p < 2.20 x 10-16); movement accuracy was accounted for by change in movement 

smoothness (jerk) (β 0.11 (95% CI 0.05-0.18), 9.60% total variance, t = 3.40, ꭓ2 = 10.56, Df 1, 

p = 0.12 x 10-2) and change in movement time (β 0.08 (95% CI 0.01-0.14), 6.90% total variance, 

t = 2.46, ꭓ2 = 5.20, Df 1, p = 0.02) and movement time was accounted for by change in 

movement smoothness (jerk) (β 0.45 (95% CI 0.41-0.48), 36.0% total variance, t = 24.67, ꭓ2 = 

526.16, Df 1, p < 2.20 x 10-16) and change in velocity peaks (β 0.43 (95% CI 0.40-0.47), t = 

23.81, ꭓ2 = 493.90, Df 1, p < 2.20 x 10-16)).  Improvements in motor control therefore occurred  
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Table 3.14 Multiple linear regression mixed models for the impaired arm of the QSUL-group. 

Change in measures between T1-T2 (n = 52).  Dependent variables:  Model A – Movement smoothness (jerk); Model B – Movement smoothness (velocity peaks); Model C – 
Movement accuracy; Model D – Movement time; Model E – FMA-UL; Model F – ARAT; Model G – CAHAI. 

   

Model A (∆_T1-T2) Random Effects Fixed Effects 

Dependent variable  Variance 
% total 

variance 
SD  

Estimate of 
variance (β) 

% total 
variance 

SE t ꭓ2 Df p Sig 

∆_Movement 
smoothness (∆_jerk) 

Subject (intercept) 0.01 1.05 0.11 Intercept -0.29 x 10-2 - 0.02 -0.12 - - - - 

 Residual 0.44 - 0.66 ∆_Movement smoothness (∆_vel) 0.23 18.60 0.02 10.42 105.44 1 < 2.20 x 10-16 *** 

 (No. obs 1853)    ∆_Movement accuracy (∆_rad) 0.01 - 0.02 0.74 0.54 1 0.46 ns 

     ∆_Movement time 0.55 44.10 0.02 24.71 527.53 1 < 2.20 x 10-16 *** 

     ∆_Biceps strength 0.93 x 10-3 - 0.03 0.03 0.11 x 10-2 1 0.97 ns 

     ∆_Triceps Strength 0.03 - 0.03 1.09 1.16 1 0.28 ns 

     ∆_Elbow flexion -0.02 - 0.02 -0.95 0.90 1 0.34 ns 

     ∆_Elbow extension -0.01 - 0.02 -0.24 0.06 1 0.80 ns 

Model B (∆_T1-T2) Random Effects Fixed Effects 

Dependent variable  Variance 
% total 

variance 
SD  

Estimate of 
variance (β) 

% total 
variance 

SE t ꭓ2 Df p Sig 

∆_Movement smoothness 
(∆_vel) 

Subject 
(intercept) 

0.14 x 10-2 0.11 0.04 Intercept -0.57 x 10-3 - 0.02 -0.03 - - - - 

 Residual 0.46 - 0.68 ∆_Movement smoothness (∆_jerk) 0.24 18.00 0.02 10.43 106.56 1 < 2.20 x 10-16 *** 

 (No. obs 1853)    ∆_Movement accuracy (∆_rad) -0.31 x 10-2 - 0.02 -0.19 0.03 1 0.87 ns 

     ∆_Movement time 0.54 43.00 0.02 23.80 494.60 1 < 2.20 x 10-16 *** 

     ∆_Biceps strength -0.04 - 0.02 -1.87 3.85 1 0.07 ns 

     ∆_Triceps Strength -0.5 x 10-2 - 0.02 -0.26 0.02 1 0.88 ns 

     ∆_Elbow flexion 0.04 - 0.02 2.45 6.22 1 0.01 * 

     ∆_Elbow extension 0.02 - 0.02 1.15 1.03 1 0.31 ns 
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Model D (∆_T1-T2) Random Effects Fixed Effects 

Dependent variable  Variance 
% total 

variance 
SD  

Estimate of 
variance (β) 

% total 
variance 

SE t ꭓ2 Df p Sig 

∆_Movement time 
Subject 
(intercept) 

0.33 x 10-2 0.27 0.06 Intercept 0.15 x 10-2 - 0.02 0.09 - - - - 

 Residual 0.36 - 0.60 ∆_Movement smoothness (∆_jerk) 0.45 36.00 0.02 24.67 526.26 1 < 2.20 x 10-16 *** 

 (No. obs 1853)    ∆_Movement smoothness (∆_vel) 0.43 34.70 0.02 23.81 493.90 1 < 2.20 x 10-16 *** 

     ∆_Movement accuracy (∆_rad) 0.92 x 10-2 - 0.01 0.64 1.79 1 0.18 ns 

     ∆_Biceps strength 0.04 - 0.02 2.21 3.80 1 0.09 ns 

     ∆_Triceps Strength -0.04 - 0.02 -1.95 4.60 1 0.07 ns 

     ∆_Elbow flexion -0.03 - 0.02 -1.56 2.11 1 0.14 ns 

     ∆_Elbow extension 0.01 - 0.02 0.39 0.31 1 0.57 ns 

Model C (∆_T1-T2) Random Effects Fixed Effects 

Dependent variable  Variance 
% total 

variance 
SD  

Estimate of 
variance (β) 

% total 
variance 

SE t ꭓ2 Df p Sig 

∆_Movement accuracy 
(∆_rad) 

Subject 
(intercept) 

0.02 1.80 0.14 Intercept 0.70 x 10-2 - 0.03 0.23 - - - - 

 Residual 0.95 - 0.97 ∆_Movement smoothness (∆_jerk) 0.11 9.60 0.03 3.40 10.56 1 0.12 x 10-2 ** 

 (No. obs 1853)    ∆_Movement smoothness (∆_vel) -0.72 x 10-2 - 0.03 -0.22 0.35 1 0.55 ns 

     ∆_Movement time 0.08 6.90 0.03 2.46 5.20 1 0.02 * 

     ∆_Biceps strength 0.01 - 0.03 0.30 0.12 1 0.91 ns 

     ∆_Triceps Strength -0.04 - 0.03 -1.02 3.3 1 0.07 ns 

     ∆_Elbow flexion 0.03 - 0.03 0.93 0.88 1 0.35 ns 

     ∆_Elbow extension 0.02 - 0.04 0.59 0.05 1 0.83 ns 
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Model E (∆_T1-T2) Random Effects Fixed Effects 

Dependent variable  Variance 
% total 

variance 
SD  

Estimate of 
variance (β) 

% total 
variance 

SE t ꭓ2 Df p Sig 

∆_FMA_UL 
Subject 
(intercept) 

1.04 88.90 1.02 Intercept -0.06 - 0.15 -0.44 - - - - 

 Residual 0.01 - 0.10 ∆_Movement smoothness (∆_jerk) -0.36 x 10-3 - 0.34 x 10-2 -0.12 0.01 1 0.93 ns 

 (No. obs 1853)    ∆_Movement smoothness (∆_vel) 0.18 x 10-2 - 0.34 x 10-2 0.55 1.47 1 0.22 ns 

     ∆_Movement accuracy (∆_rad) 0.25 x 10-2 - 0.23 x 10-2 1.04 1.09 1 0.30 ns 

     ∆_Movement time 0.12 x 10-2 - 0.38 x 10-2 0.31 0.09 1 0.77 ns 

     ∆_Biceps strength 0.51 x 10-2 - 0.04 0.13 0.03 1 0.87 ns 

     ∆_Triceps Strength -0.01 - 0.04 -0.43 0.26 1 0.61 ns 

     ∆_Elbow flexion -0.02 - 0.08 -0.27 0.46 1 0.83 ns 

     ∆_Elbow extension 0.21 17.80 0.10 2.02 4.10 1 0.03 * 

Model F (∆_T1-T2) Random Effects Fixed Effects 

Dependent variable  Variance 
% total 

variance 
SD  

Estimate of 
variance (β) 

% total 
variance 

SE t ꭓ2 Df p Sig 

∆_ARAT 
Subject 
(intercept) 

0.88 80.00 0.94 Intercept -0.05 - 0.13 -0.40 - - - - 

 Residual 0.62 x 10-3 - 0.02 ∆_Movement smoothness (∆_jerk) -0.33 x 10-3 - 0.88 x 10-3 -0.37 0.14 1 0.71 ns 

 (No. obs 1853)    ∆_Movement smoothness (∆_vel) 0.23 x 10-3 - 0.86 x 10-3 0.27 0.07 1 0.78 ns 

     ∆_Movement accuracy (∆_rad) 0.96 x 10-3 - 0.60 x 10-3 1.59 2.53 1 0.11 ns 

     ∆_Movement time 0.24 x 10-3 - 0.97 x 10-3 0.25 0.06 1 0.80 ns 

     ∆_Biceps strength -0.02 - 0.99 x 10-3 -1.52 2.31 1 0.13 ns 

     ∆_Triceps Strength -0.22 x 10-2 - 0.78 x 10-2 -0.29 0.08 1 0.77 ns 

     ∆_Elbow flexion 0.07 6.00 0.02 2.73 7.40 1 0. 65 x 10-2 ** 

     ∆_Elbow extension -0.08 7.30 0.03 -2.35 5.50 1 0.01 * 
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Model G (∆_T1-T2) Random Effects Fixed Effects 

Dependent variable  Variance 
% total 

variance 
SD  

Estimate of 
variance (β) 

% total 
variance 

SE t ꭓ2 Df p Sig 

∆_CAHAI 
Subject 
(intercept) 

1.08 84.90 1.04 Intercept 0.61 x 10-2 - 0.15 0.04 - - - - 

 Residual 0.79 x 10-3 - 0.03 ∆_Movement smoothness (∆_jerk) -0.37 x 10-3 - 0.99 x 10-3 -0.38 0.14 1 0.70 ns 

 (No. obs 1853)    ∆_Movement smoothness (∆_vel) 0.26 x 10-3 - 0.97 x 10-3 0.27 0.07 1 0.79 ns 

     ∆_Movement accuracy (∆_rad) 0.12 x 10-2 - 0.63 x 10-3 1.60 2.55 1 0.11 ns 

     ∆_Movement time 0.29 x 10-3 - 0.11 x 10-2 0.26 0.07 1 0.79 ns 

     ∆_Biceps strength -0.02 - 0.01 -1.50 2.16 1 0.14 ns 

     ∆_Triceps Strength -0.32 x 10-2 - 0.87 x 10-2 -0.37 0.14 1 0.71 ns 

     ∆_Elbow flexion 0.08 6.50 0.03 3.02 9.07 1 0.26 x 10-2 ** 

     ∆_Elbow extension -0.08 -6.40 0.04 -2.11 4.42 1 0.03 * 
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independently of improvements in elbow strength and range of motion, according to the 

mixed models. 

3.3.4.2 SC-Group Data 

Multiple linear regression mixed model analyses were also performed on 0.06 ≤ maximum 

velocity ≤ 0.10 velocity-stratified trials for the impaired arm of the SC-group to explore the 

factors underlying the small changes seen in the movement kinematic parameters between 

T1 and T2, and whether joint range of motion and arm strength might be contributing.  

Models were constructed in the same way as for the QSUL-group described above and details 

of all models are shown in Table 3.15, Models A-D. 

The models demonstrated that change in elbow strength and range of motion did not 

account for change in any of the kinematic measures (Table 3.15, Models A-D).  All kinematic 

measures could be accounted for by changes in the other kinematic measures included in 

the model only:  Movement smoothness (jerk) was accounted for by change in velocity peaks 

(β -0.31 (95% CI -0.36-0.04), 28.30% total variance, t = -11.18, ꭓ2 = 116.56, Df 1, p < 2.20 x 10-

16) and change in movement time (β -0.59 (95% CI -0.65-(-0.54)), 48.30% total variance, t = -

21.40, ꭓ2 = 389.45, Df 1, p < 2.20 x 10-16); movement smoothness (velocity peaks) was 

accounted for by change in movement smoothness (jerk) (β -0.30 (95% CI -0.35-(-0.24)), 

51.30% total variance, t = -10.93, ꭓ2 = 112.77, Df 1, p < 2.20 x 10-16) and change in movement 

time (β 0.61 (95% CI 0.56-0.67), 51.20% total variance, t = 22.41, ꭓ2 = 411.40, Df 1, p < 2.20 x 

10-16); movement accuracy was accounted for by change in movement time (β 0.10 (95% CI 

0.02-0.23), 8.30% total variance, t = 2.00, ꭓ2 = 2.55, Df 1, p = 0.01) and movement time was 

accounted for by change in movement smoothness (jerk) (β -0.45 (95% CI -0.50-(-0.41)), 

37.30% total variance, t = -21.58, ꭓ2 = 394.64, Df 1, p < 2.20 x 10-16) and change in velocity 

peaks (β 0.47 (95% CI 0.43-0.52), 39.0% total variance, t = 22.70, ꭓ2 = 428.40, Df 1, p < 2.20 x 

10-16)).   

Changes in motor control therefore occurred independently of changes in elbow strength 

and range of motion according to the mixed models, which also supports the robustness of 

the 2D-robotc reaching task used to assess kinematic measures against contamination by 

strength. 

  



3 Can Neurorehabilitation Improve Motor Control in the Chronic Phase of Stroke? 

 
145 

 
 

 

Table 3.15 Multiple linear regression mixed models for the impaired arm of the SC-group. 

Change in measures between T1-T2 (n = 52).  Dependent variables:  Model A – Movement smoothness (jerk); Model B – Movement smoothness (velocity peaks); Model C – 
Movement accuracy; Model D – Movement time; Model E – FMA-UL. 

  

Model A (∆_T1-T2) Random Effects Fixed Effects 

Dependent variable  Variance 
% total 

variance 
SD  

Estimate of 
variance (β) 

% total 
variance 

SE t ꭓ2 Df p Sig 

∆_Movement 
smoothness (∆_jerk) 

Subject 
(intercept) 

0.48 x 10-2 0.40 0.07 Intercept 0.10 x 10-2 - 0.02 0.07 - - - - 

 Residual 0.24 - 0.49 ∆_Movement smoothness (∆_vel) -0.31 28.3 0.03 -11.18 116.56 1 < 2.20 x 10-16 *** 

 (No. obs 1227)    ∆_Movement accuracy (∆_rad) -0.02 - 0.02 -1.30 1.68 1 0.19 ns 

     ∆_Movement time -0.59 48.3 0.03 -21.43 389.45 1 < 2.20 x 10-16 *** 

     ∆_Biceps strength 0.38 x 10-2 - 0.02 0.22 0.05 1 0.82 ns 

     ∆_Triceps Strength -0.04 - 0.02 -2.08 1.03 1 0.13 ns 

     ∆_Elbow flexion -0.38 x 10-2 - 0.02 -0.23 0.05 1 0.82 ns 

     ∆_Elbow extension -0.02 - 0.02 -1.19 1.33 1 0.25 ns 

Model B (∆_T1-T2) Random Effects Fixed Effects 

Dependent variable  Variance 
% total 

variance 
SD  

Estimate of 
variance (β) 

% total 
variance 

SE t ꭓ2 Df p Sig 

∆_Movement smoothness 
(∆_vel) 

Subject 
(intercept) 

0.01 9.50 0.11 Intercept -0.26 x 10-2 - 0.02 -0.10 - - - - 

 Residual 0.23 - 0.48 ∆_Movement smoothness (∆_jerk) -0.30 24.7 0.03 -11.00 112.77 1 < 2.20 x 10-16 *** 

 (No. obs 1227)    ∆_Movement accuracy (∆_rad) 0.32 x 10-2 - 0.01 0.23 0.05 1 0.82 ns 

     ∆_Movement time 0.61 51.3 0.03 22.41 411.4 1 < 2.20 x 10-16 *** 

     ∆_Biceps strength 0.47 x 10-2 - 0.02 0.26 0.07 1 0.80 ns 

     ∆_Triceps Strength -0.25 x 10-2 - 0.02 -0.12 0.01 1 0.90 ns 

     ∆_Elbow flexion -0.01 - 0.02 -0.68 0.45 1 0.50 ns 

     ∆_Elbow extension -0.02 - 0.02 -0.80 0.64 1 0.42 ns 
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Model D (∆_T1-T2) Random Effects Fixed Effects 

Dependent variable  Variance 
% total 

variance 
SD  

Estimate of 
variance (β) 

% total 
variance 

SE t ꭓ2 Df p Sig 

∆_Movement time 
Subject 
(intercept) 

0.02 0.02 0.15 Intercept 0.22 x 10-2 - 0.03 0.07 - - - - 

 Residual 0.18 - 0.42 ∆_Movement smoothness (∆_jerk) -0.45 37.30 0.02 -21.58 394.64 1 < 2.20 x 10-16 *** 

 (No. obs 1227)    ∆_Movement smoothness (∆_vel) 0.47 39.00 0.02 22.70 428.40 1 < 2.20 x 10-16 *** 

     ∆_Movement accuracy (∆_rad) 0.02 - 0.01 1.67 2.79 1 0.09 ns 

     ∆_Biceps strength 0.01 - 0.02 0.49 0.23 1 0.63 ns 

     ∆_Triceps Strength -0.03 - 0.02 -1.67 2.77 1 0.10 ns 

     ∆_Elbow flexion 0.02 - 0.02 1.21 1.45 1 0.23 ns 

     ∆_Elbow extension 0.26 x 10-2 - 0.02 0.13 0.02 1 0.90 ns 

Model C (∆_T1-T2) Random Effects Fixed Effects 

Dependent variable  Variance 
% total 

variance 
SD  

Estimate of 
variance (β) 

% total 
variance 

SE t ꭓ2 Df p Sig 

∆_Movement accuracy 
(∆_rad) 

Subject 
(intercept) 

0.01 0.90 0.10 Intercept 0.11 x 10-2 - 0.03 0.03 - - - - 

 Residual 0.94 - 0.97 ∆_Movement smoothness (∆_jerk) -0.08 - 0.06 -1.33 1.76 1 0.18 ns 

 (No. obs 1227)    ∆_Movement smoothness (∆_vel) 0.01 - 0.06 0.24 0.06 1 0.81 ns 

     ∆_Movement time 0.10 8.20 0.06 2.00 2.55 1 0.01 * 

     ∆_Biceps strength 0.03 - 0.03 0.99 0.90 1 0.34 ns 

     ∆_Triceps Strength 0.07 - 0.03 1.90 2.61 1 0.07 ns 

     ∆_Elbow flexion -0.33 x 10-2 - 0.03 -0.12 0.01 1 0.91 ns 

     ∆_Elbow extension -0.33 x 10-2 - 0.03 -1.01 0.99 1 0.32 ns 
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Model E (∆_T1-T2) Random Effects Fixed Effects 

Dependent variable  Variance 
% total 

variance 
SD  

Estimate of 
variance (β) 

% total 
variance 

SE t ꭓ2 Df p Sig 

∆_FMA_UL 
Subject 
(intercept) 

0.54 18.30 0.73 Intercept 0.03 - 0.14 0.21 - - - - 

 Residual 0.56 - 0.74 ∆_Movement smoothness (∆_jerk) -0.01 - 0.04 -0.25 0.06 1 0.80 ns 

 (No. obs 1227)    ∆_Movement smoothness (∆_vel) -0.05 - 0.04 -1.07 1.15 1 0.28 ns 

     ∆_Movement accuracy (∆_rad) -0.04 - 0.02 -1.76 3.07 1 0.08 ns 

     ∆_Movement time 0.04 - 0.05 0.70 0.49 1 0.48 ns 

     ∆_Biceps strength 0.29 10.00 0.03 8.54 70.45 1 < 2.20 x 10-16 *** 

     ∆_Triceps Strength 0.80 27.40 0.04 19.54 316.01 1 < 2.20 x 10-16 *** 

     ∆_Elbow flexion 0.16 5.60 0.04 4.61 21.10 1 0.44 x 10-5 *** 

     ∆_Elbow extension 0.41 14.20 0.04 9.39 84.88 1 < 2.20 x 10-16 *** 
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3.3.4.3 Combined QSUL-Group and SC-Group Data 

Next, a combined model was also constructed for both the QSUL-group and SC-group 

impaired arm data.  The purpose of this was to check for a group effect as a significant 

contributing factor to change in movement kinematics, whilst taking all other dependent 

variables into account.  As previously, change in each of the four key kinematic parameters 

between T1 and T2 was taken as the dependent variable in turn (i.e. movement smoothness 

(jerk), movement smoothness (velocity peaks), movement accuracy and movement time) 

and the remaining three kinematic parameters, change in biceps and triceps strength and 

change in elbow flexion and extension were included as fixed effects in the models.  ‘Group’ 

(i.e. whether or not the patient belonged to the QSUL-group and had received 3 weeks of 

rehabilitation or the SC-group and had not received rehabilitation) was also included as a 

fixed effect.  Individual subject was included as a random effect (Table 3.16, Models A-D 

contain details of these models).  

Group was a significant contributing factor to the changes seen in movement smoothness, 

time and accuracy between T1 and T2, confirming that whether or not the patient had 

received rehabilitation was a significant variable:  Change in movement smoothness (jerk) 

was accounted for by number of velocity peaks (β -0.23 (95% CI -0.29-(-0.17)), 13.00% total 

variance, t = -7.44, ꭓ2 = 54.74, Df 1, p < 1.40 x 10-13), movement time (β -0.08 (95% CI -0.14-(-

0.02)), 4.50% total variance, t = -2.51, ꭓ2 = 6.30, Df 1, p = 0.01) and group (β -0.60 (95% CI -

0.66-(-0.48)), 34.20% total variance, t = -12.16, ꭓ2 = 87.89, Df 1, p < 2.20 x 10-16); change in 

number of velocity peaks (an alternate measure of smoothness) was accounted for by change 

in jerk (β -0.08 (95% CI -0.10-(-0.06)), 5.90% total variance, t = -7.44, ꭓ2 = 54.77, Df 1, p = 1.36 

x 10-13), change in movement time (β 0.80 (95% CI 0.77-0.81), 59.80% total variance, t = 70.62, 

ꭓ2 = 2962.80, Df 1, p < 2.20 x 10-16) and group (β -0.11 (95% CI -0.17-(-0.06)), 8.70% total 

variance, t = -4.06, ꭓ2 = 14.81, Df 1, p =0.12 x 10-3); change in movement time was accounted 

for by change in movement smoothness (jerk:  β -0.03 (95% CI -0.05-(-0.01)), 2.00% total 

variance, t = -2.44, ꭓ2 = 5.94, Df 1, p = 0.01 and velocity peaks:  β 0.78 (95% CI 0.76-0.80), 

59.80% total variance, t = 70.74, ꭓ2 = 2970.70, Df 1, p < 2.20 x 10-16) and group (β -0.15 (95% 

CI -0.22-(-0.09)), 11.50% total variance, t = -4.55, ꭓ2 = 18.78, Df 1, p = 1.47 x 10-5); change in 

movement accuracy was accounted for by change in movement time (β -0.04 (95% CI -0.10-

(-0.01)), 2.90% total variance, t = -1.02, ꭓ2 = 1.03, Df 1, p = 0.03), change in elbow flexion (β  
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Table 3.16 Multiple linear regression mixed models for the impaired arms of the QSUL-group and SC-group combined. 

Change in measures between T1-T2 (n = 81). Dependent variables:  Model A – Movement smoothness (jerk); Model B – Movement smoothness (velocity peaks); Model C – 
Movement accuracy; Model D – Movement time; Model E – FMA-UL. 

 

 

Model A (∆_T1-T2) Random Effects Fixed Effects 

Dependent variable  Variance 
% total 

variance 
SD  

Estimate of 
variance (β) 

% total 
variance 

SE t ꭓ2 Df p Sig 

∆_Movement 
smoothness (∆_jerk) 

Subject 
(intercept) 

0.02 1.14 0.14 Intercept -0.17 x 10-2 - 0.02 -0.08 - - - - 

 Residual 0.76 - 0.87 ∆_Movement smoothness (∆_vel) -0.23 13.00 0.03 -7.44 54.74 1 1.40 x 10-13 *** 

 (No. obs 3080)    ∆_Movement accuracy (∆_rad) -0.01 - 0.02 -0.60 0.40 1 0.55 ns 

     ∆_Movement time -0.08 4.50 0.03 -2.51 6.30 1 0.01 * 

     ∆_Biceps strength -0.01 - 0.03 -0.44 0.20 1 0.66 ns 

     ∆_Triceps Strength -0.03 - 0.05 -0.57 0.32 1 0.57 ns 

     ∆_Elbow flexion -0.01 - 0.03 -0.50 0.25 1 0.62 ns 

     ∆_Elbow extension 0.03 - 0.03 1.15 1.37 1 0.24 ns 

     Group (QSUL or SC) -0.57 34.20 0.05 -12.16 87.89 1 < 2.20 x 10-16 *** 

Model B (∆_T1-T2) Random Effects Fixed Effects 

Dependent variable  Variance 
% total 

variance 
SD  

Estimate of 
variance (β) 

% total 
variance 

SE t ꭓ2 Df p Sig 

∆_Movement smoothness 
(∆_vel) 

Subject 
(intercept) 

0.01 0.53 0.08 Intercept 0.29 x 10-2 - 0.01 -0.22 - - - - 

 Residual 0.26 - 0.51 ∆_Movement smoothness (∆_jerk)) -0.08 5.90 0.01 -7.44 54.77 1 1.36 x 10-13 *** 

 (No. obs 3080)    ∆_Movement accuracy (∆_rad) 0.32 x 10-2 - 0.01 0.35 0.12 1 0.72 ns 

     ∆_Movement time 0.79 59.80 0.01 70.62 2962.80 1 < 2.20 x 10-16 *** 

     ∆_Biceps strength -0.02 - 0.02 -1.34 1.74 1 0.19 ns 

     ∆_Triceps Strength 0.01 - 0.03 0.32 0.10 1 0.75 ns 

     ∆_Elbow flexion 0.02 - 0.01 1.42 2.00 1 0.16 ns 

     ∆_Elbow extension 0.01 - 0.01 0.79 0.62 1 0.43 ns 

     Group (QSUL or SC) -0.11 8.70 0.03 -4.06 14.81 1 0.12 x 10-3 *** 
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Model C (∆_T1-T2) Random Effects Fixed Effects 

Dependent variable  Variance 
% total 

variance 
SD  

Estimate of 
variance (β) 

% total 
variance 

SE t ꭓ2 Df p Sig 

∆_Movement accuracy 
(∆_rad) 

Subject 
(intercept) 

0.00 0.00 0.00 Intercept -3.09 x 10-16 - 1.79 x 10-2 0.00 - - - - 

 Residual 0.98 - 0.99 ∆_Movement smoothness (∆_jerk) -1.33 x 10-2 - 2.03 x 10-2 -0.66 0.43 1 0.51 ns 

 (No. obs 3080)    ∆_Movement smoothness (∆_vel) 1.33 x 10-2 - 3.45 x 10-2 0.39 0.15 1 0.70 ns 

     ∆_Movement time -3.52 x 10-2 2.90 3.46 x 10-2 -1.02 1.03 1 0.03 * 

     ∆_Biceps strength 1.10 x 10-2 - 2.38 x 10-2 0.46 0.21 1 0.64 ns 

     ∆_Triceps Strength -3.92 x 10-2 - 3.89 x 10-2 -1.01 1.01 1 0.31 ns 

     ∆_Elbow flexion -4.16 x 10-2 3.30 2.08 x 10-2 -2.01 4.00 1 0.04 * 

     ∆_Elbow extension -2.76 x 10-2 - 4.06 x 10-2 -0.68 0.46 1 0.50 ns 

     Group (QSUL or SC) 1.19 x 10-1 9.50 2.00 x 10-2 5.98 35.51 1 2.54 x 10-9 *** 

Model D (∆_T1-T2) Random Effects Fixed Effects 

Dependent variable  Variance 
% total 

variance 
SD  

Estimate of 
variance (β) 

% total 
variance 

SE t ꭓ2 Df p Sig 

∆_Movement time 
Subject 
(intercept) 

0.01 1.00 0.11 Intercept 0.23 x 10-2 - 0.02 0.15 - - - - 

 Residual 0.25 - 0.50 ∆_Movement smoothness (∆_jerk) -0.03 2.00 0.01 -2.44 5.94 1 0.02 * 

 (No. obs 3080)    ∆_Movement smoothness (∆_vel) 0.78 59.80 0.01 70.74 2970.70 1 < 2.20 x 10-16 *** 

     ∆_Movement accuracy (∆_rad) -0.01 - 0.01 -1.02 1.03 1 0.31 ns 

     ∆_Biceps strength 0.02 - 0.02 1.10 1.19 1 0.28 ns 

     ∆_Triceps Strength -0.02 - 0.03 -0.71 0.50 1 0.48 ns 

     ∆_Elbow flexion -0.02 - 0.02 -1.00 0.99 1 0.32 ns 

     ∆_Elbow extension -0.45 x 10-1 - 0.02 -0.25 0.06 1 0.80 ns 

     Group (QSUL or SC) -0.15 11.50 0.03 -4.55 18.78 1 1.47 x 10-5 *** 
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Model E (∆_T1-T2) Random Effects Fixed Effects 

Dependent variable  Variance 
% total 

variance 
SD  

Estimate of 
variance (β) 

% total 
variance 

SE t ꭓ2 Df p Sig 

∆_FMA_UL 
Subject 
(intercept) 

0.40 30.60 0.64 Intercept -0.03 - 0.07 -0.42 - - - - 

 Residual 0.00 - 0.00 ∆_Movement smoothness (∆_jerk) 0.73 x 10-2 - 0.13 x 10-1 0.55 0.30 1 0.59 ns 

 (No. obs 3080)    ∆_Movement smoothness (∆_vel) 0.41 x 10-3 - 0.22 x 10-1 0.18 0.03 1 0.85 ns 

     ∆_Movement accuracy (∆_rad) -0.47 x 10-3 - 0.11 x 10-1 -0.40 0.16 1 0.69 ns 

     ∆_Movement time 0.81 x 10-3 - 0.23 x 10-1 0.35 0.12 1 0.73 ns 

     ∆_Biceps strength 0.06 4.30 0.01 6.67 44.10 1 3.15 x 10-11 *** 

     ∆_Triceps Strength 0.15 11.30 0.02 6.70 44.45 1 2.62 x 10-11 *** 

     ∆_Elbow flexion 0.03 2.10 0.01 2.49 6.16 1 0.01 * 

     ∆_Elbow extension 0.08 5.90 0.02 4.07 16.50 1 4.92 x 10-5 *** 

     Group (QSUL or SC) -0.57 43.10 0.08 -7.49 42.82 1 6.00 x 10-11 *** 
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0.04 (95% CI -0.08-(-0.01)), 3.30% total variance, t = -2.01, ꭓ2 = 4.00, Df 1, p = 0.04) and group 

(β -0.12 (95% CI 0.08-0.16), 9.50% total variance, t = 6.00, ꭓ2 = 35.51, Df 1, p < 2.54 x 10-9). 

 

3.3.5 Does Change in Motor Control Contribute to Change in Clinical Scores? 

3.3.5.1 Changes in Elbow Range of Motion Led to Changes in Clinical Scores in the QSUL-

Group 

Most clinical measures are composite scores, influenced by several motor system 

parameters. Multiple linear regression mixed models were also used to explore the extent to 

which the changes seen in FMA-UL, ARAT and CAHAI in the QSUL-group impaired arm 

between T1 and T2 (Figure 3.7(a)) were related to changes in motor control, arm strength 

and joint range of motion (Table 3.14, Models E-G).   

Models were constructed using change in each of the three clinical scores between T1 and 

T2 as the dependent variable in turn (i.e. FMA-UL, ARAT and CAHAI).  The four kinematic 

parameters (movement smoothness (jerk), movement smoothness (velocity peaks), 

movement accuracy and movement time), change in biceps and triceps strength and change 

in elbow flexion and extension were included as fixed effects in the models and individual 

subject was included as a random effect.  These models revealed that changes in all three 

clinical scores were most closely related to changes in elbow joint range of motion, and not 

to changes in strength or kinematics.  Change in FMA-UL was related to elbow extension β 

0.21 (95% CI 0.01-0.42), 17.80 % total variance, t = 2.02, ꭓ2 = 4.10, Df 1, p = 0.03.  Change in 

ARAT was related to elbow flexion (β 0.07 (95% CI 0.02-0.11) 6.00 % total variance, t = 2.73, 

ꭓ2 = 7.40, Df 1, p = 0. 65 x 10-2) and elbow extension (β -0.08 (95% CI -0.15- -0.01), 7.30 % 

total variance, t = -2.35, ꭓ2 = 5.50, Df 1, p = 0.01).  Change in CAHAI was related to elbow 

flexion (β 0.08 (95% CI 0.03-0.14), 6.50% total variance, t = 3.02, ꭓ2 = 9.07, Df 1, p < 0.26 x 10-

2) and elbow extension (β -0.08 (95% CI -0.15- -0.01), 6.40 % total variance, t = -2.11, ꭓ2 = 

4.42, Df 1, p = 0.03)) (Table 3.14, Models E-G, contain further details of these models). 

3.3.5.2 Changes in Strength and Elbow Range of Motion Led to Change in FMA-UL in the 

SC-Group 

There was no real change in FMA-UL score for the SC-group impaired arm between T1 and 

T2.  Mixed multiple linear regression modelling with change in FMA-UL score as the 
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dependent variable revealed that biceps strength (β 0.30 (95% CI 0.23-0.36), 10.00% total 

variance, t = 8.54, ꭓ2 = 70.45, Df 1, p < 2.20 x 10-16), triceps strength (β 0.80 (95% CI 0.72-

0.88), 27.40% total variance, t = 19.54, ꭓ2 = 316.01, Df 1, p < 2.20 x 10-16), elbow flexion (β 

0.16 (95% CI 0.09-0.23), 5.60 % total variance, t = 4.61, ꭓ2 = 21.10, Df 1, p < 0.44 x 10-5) and 

elbow extension (β 0.41 (95% CI 0.33-0.50), 14.20 % total variance, t = 9.39, ꭓ2 = 84.88, Df 1, 

p < 2.20 x 10-16) were significant contributory variables, while kinematic measures were not 

(Table 3.15, Model E). 

3.3.5.3 Intervention Group Accounted for Change in FMA-UL in the Combined Group 

Model    

When change in FMA-UL was taken as the dependent variable for the combined model 

including both QSUL- and SC-group impaired arm data with group as a fixed effect, change in 

FMA-UL was accounted for by change in group (β -0.57 (95% CI -0.72-(-0.42)), 43.10% total 

variance, t = -7.49, ꭓ2 = 42.82, Df 1, p < 6.00 x 10-11), elbow flexion (β 0.03 (95% CI 0.01-0.05), 

2.10% total variance, t = 2.49, ꭓ2 = 6.16, Df 1, p = 0.01), elbow extension (β 0.08 (95% CI 0.04-

0.11), 5.90% total variance, t = 4.07, ꭓ2 = 16.48, Df 1, p = 4.92 x 10-5), biceps strength (β 0.06 

(95% CI 0.04-0.07), 4.30% total variance, t = 6.67, ꭓ2 = 44.08, Df 1, p < 3.15 x 10-11) and triceps 

strength (β 0.15 (95% CI 0.12-0.19), 11.30% total variance, t = 6.70, ꭓ2 = 42.82, Df 1, p < 5.99 

x 10-11) (Table 3.16, Model E). 

Overall therefore, the changes in movement kinematics do not significantly contribute to 

changes in any of the clinical scores of upper limb impairment, function and activity, and 

these measures are accounted for by arm strength and range of motion.  Clearly, whether or 

not chronic stroke patients received upper limb treatment also significantly contributed to 

change in FMA-UL, when the QSUL-group and the SC-group were considered together.  

 

3.3.6 Did Wellbeing Factors Influence Motor Control? 

Patients completed the HADS questionnaire at the beginning of each testing session to assess 

baseline levels of anxiety and depression (Figure 3.16(a)). The QSUL-group reported 

significantly higher levels of anxiety (QSUL-group median 5, IQR 6; SC-group median 4, IQR 4, 

p = 0.04) and depression (QSUL-group median 6, IQR 4.5; SC-group median 3, IQR 4, p = 0.01) 

than the SC-group.  The total median HADS score for the QSUL-group was 11.5 (IQR 8),  



3 Can Neurorehabilitation Improve Motor Control in the Chronic Phase of Stroke? 

 
154 

 
 

 

 

 

Figure 3.16 Self-reported wellbeing scores in the QSUL-group and SC-group. 

 

 

 

 

indicating considerable levels of anxiety and/or depression in this group and significantly 

higher than the total median HADS score for the SC-group, which was 8 (IQR 4.5) (p =0.01) 

and within normal limits.   

Patients rated their current levels of pain, alertness and energy at the beginning of each 

testing session using a visual analogue scale from 0-10 for each measure (Figure 3.16(b)).  At 

T1 pain scores were similar for each group (QSUL-group median pain score 0 (IQR 1.25); SC-

group median pain score 0 (IQR 1), p = 0.98) and levels of alertness were similar for each 

group (QSUL-group median alertness score 7.25 (IQR 4.00); SC-group alertness score 8.00 

(IQR 2.00), p = 0.06) while energy levels were lower in the QSUL-group (median 7, IQR 4) than 

the SC-group (median 8.5, IQR 2.5, p = 0.02).  Pain scores remained unchanged at T2 and 

(a) Hospital Anxiety and Depression Scale (HADS) Anxiety, Depression and Total scores for the 
QSUL- and SC-groups at T1. Patients in the QSUL-group rated significantly higher levels of both 
anxiety and depression than the SC-group. The dashed grey line on the Total plot represents 8 
points. A HADS score of > 8 denotes considerable symptoms of anxiety and/or depression.  
(b) Visual analogue scales (VAS) for self-rating levels of pain, alertness and energy levels by patients 
in each group at the beginning of the T1 (top row) and T2 (bottom row) testing sessions. p ≤ 0.0001 
‘****’, p ≤ 0.001 ‘***’, p ≤ 0.01 ‘**’, p ≤ 0.05 ‘*’. 
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similar between the two groups (both medians 0, p = 0.11), but the QSUL-group rated higher 

levels of alertness (median 9, IQR 3) and energy (median 8, IQR 2.6) at T2 which were not 

significantly different from the SC-group (alertness median 8, IQR 2, p = 0.40; energy median 

8, IQR 3, p = 0.90).  

 

3.3.7 Did Reaching Movements to Different Target Angles Vary? 

The QSUL-group impaired arm data were examined to assess for any significant difference in 

reaching movements to the different target angles in the reaching task (Figure 2.4).  At T1, 

there were no significant differences between the number of successful trials made to each 

target angle (Figure 3.17(a)).  At T2, the number of successful trials made to each target angle 

increased uniformly, with no significant differences between target angles except 135⁰ 

(median 9 trials (IQR 2)) and 315⁰ (median 7 trials (IQR 3), p < 0.05).  Between T1 and T2, the 

number of successful trials made to each target angle significantly improved (all p < 0.05) 

(Figure 3.17 (b)). 

When the quality of the reaching movements was assessed, movement accuracy significantly 

improved to target angle 135⁰ (p < 0.05), otherwise movement accuracy, smoothness 

(velocity peaks) and time all improved to all target angles but did not reach statistical 

significance (data are not shown). 

At both timepoints, reaches to target 135⁰ had a significantly shorter movement time, 

greater movement accuracy and smoothness (fewer number of velocity peaks) than reaches 

to other target angles, suggesting that target 135⁰ was the least challenging for patients to 

reach.  Conversely, target 15⁰ appeared to be the most challenging, with the longest 

movement time, lowest movement accuracy and smoothness (i.e. the highest number of 

velocity peaks) compared to the other target angles at both T1 and T2.  This is likely to reflect 

the requirement for movement within flexor synergy (target 135⁰) as opposed to against 

flexor synergy (target angle 15⁰). 

Overall however, changes in quality of reaching movements and the number of successful 

trials achieved were broadly similar across all target angles, and this analysis was not pursued 

further. 
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Figure 3.17 Reaching movements to each target angle with the impaired arm of the QSUL-group. 

 

  

(a) There were no significant differences between the number of successful trials made to each 
target angle by the impaired arm of the QSUL-group at T1.  At T2, the most successful trials were 
made to target 135⁰, and this number was significantly higher than trials to target 315⁰. (b) The 
number of successful trials made to each target angle significantly improved from T1 to T2, with 
the greatest improvement seen to target 135⁰. Maximum number of trials per target: 10. p ≤ 
0.0001 ‘****’, p ≤ 0.001 ‘***’, p ≤ 0.01 ‘**’, p ≤ 0.05 ‘*’. 
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3.3.8 Did Reaching Movements Made by the Dominant vs. Non-dominant 

Impaired Arm Vary? 

In the QSUL-group, the impaired arm had been the dominant arm in 25 patients (48%) prior 

to stroke, and the non-dominant arm in 27 patients (52%) prior to stroke.   

There were no significant differences between the pre-stroke dominant and non-dominant 

impaired arms for the number of successful trials achieved at T1 or T2 (all p ≥ 0.80), 

movement quality (movement smoothness (number of velocity peaks), movement accuracy 

and movement time), elbow range or arm strength (all ≥ 0.30) or FMA-UL at T1 or T2 (all ≥ 

0.70) (data are not shown). 

Given that the average time post-stroke was 24.8 months (SD 13.2), it is likely that many 

patients had adapted since their stroke to incorporate their pre-stroke non-dominant arm 

into function, rendering the difference between the two arms negligible and allowing a fair 

comparison for the purposes of this study.  This analysis was therefore not pursued further. 
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3.4 Discussion 

This study provides new evidence that motor control recovery is achievable in the chronic 

phase of stroke with 90 hours of complex upper limb rehabilitation treatment.  The results 

demonstrate significant improvements in movement kinematics of the impaired arm of the 

QSUL-group, which occurred independently of significant improvements in arm strength and 

range of motion following treatment.  The normal arm of the QSUL-group improved slightly, 

but this was significantly less across all measures compared to the impaired arm.  The SC-

group did not receive any treatment and the impaired arm did not change.  As expected, the 

clinical scores of arm motor impairment (FMA-UL) and activity/function (ARAT/CAHAI) 

improved significantly in the QSUL-group following treatment. FMA-UL was measured in the 

SC-group and did not change. 

 

3.4.1 Do These Improvements in Movement Kinematics Reflect Improvements in 

Motor Control? 

Crucial to the impact of this study is the question of whether the changes seen in movement 

kinematics do represent a true improvement in motor control, as opposed to compensation 

and/or altered movement kinematics as a consequence of a change in movement speed 

(Shmuelof et al., 2012) and/or changes in arm strength (Krakauer and Carmichael, 2017b; 

Kitago et al., 2015; Kitago et al., 2013; Shmuelof et al., 2012).  Several control analyses were 

performed to address these possibilities.   

3.4.1.1 Motor Control Did Not Improve at the Cost of Speed 

While changes in movement kinematics can reflect changes in motor control which result 

from learning, movement kinematics might also change if the motor control demands of a 

task are altered as a direct function of movement speed, which would not be changeable 

through learning.  In other words, particular features of the movement trajectory might be 

determined by the speed at which it is executed (Shmuelof et al., 2012).  In addition, there is 

a well-recognised ‘trade-off’ between movement speed and movement accuracy when 

learning to make new skilled movements, whereby speed is reduced to allow for greater 
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accuracy (Kitago et al., 2015; Kitago et al., 2013), which would not equate to an overall 

elevation in motor performance.  It was therefore important to check that the improvement 

in movement quality was not due to an overall reduction in movement speed. 

In addition to examination of group-level effects, inspection of each individual QSUL-group 

patient’s performance on the 2D-robotic reaching task at T1 and T2 revealed that patients 

generally improved on measures of movement accuracy and speed following treatment, with 

85% of patients achieving a higher maximum speed per trial at T2 compared to T1, and 98% 

scoring a higher number of successful trials.  This ruled out a ‘speed-accuracy trade-off’ 

phenomenon as a possible explanation for improvements seen in motor control.  

3.4.1.2 Motor Control Did Not Improve Due to Changes in Strength  

Kinematic data were velocity-stratified so that trials with more closely matched velocity 

profiles could be compared to minimise the likelihood of a strength requirement 

contaminating motor control (Cortes et al., 2017).  The faster the movement speed, the lower 

the potential for a strength requirement to limit motor control, with trials ideally achieving 

maximum velocities ≥ 0.10 m/s (i.e. the ‘fastest trials’) based on previous similar work (John 

Krakauer, personal communication December 2020; Cortes et al., 2017).  When the criterion 

‘maximum velocity ≥ 0.10 m/s’ was applied to these data, only 10 to 20 trials remained for 

inclusion in the analysis per patient in the QSUL- and SC-groups.  This implies that the average 

maximum velocity per trial for reaching movements performed on the 2D-robotic 

manipulandum task used in this study was slower than for the robotic task used in the Cortes 

et al. (2017) study, in which case, application of the same velocity criterion may not be 

appropriate to these data.  This is not unexpected as the task apparatuses were not identical 

and the experiments were not designed to be directly comparable.  The 2D-robotic 

manipulandum used in this study is likely to have greater inertia by design, making it harder 

to produce the same speeds.      

Subsequent review of the healthy control group (HC-group) kinematic data (described in 

Chapter 5) revealed an average maximum velocity per trial of 0.11 m/s (SD 0.02) for the 

dominant arm and 0.10 m/s (SD 0.02) for the non-dominant arm across all ages of 

participants. In contrast, the QSUL-group and SC-group achieved 0.08 m/s (SD 0.03) at T1 

with their impaired arm and 0.09 m/s (SD 0.03) with their normal arm (Figure 3.18).  Only 
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55% of the trials made by the dominant arm, and 49% of the trials made by the non-dominant 

arm in the HC-group met the maximum velocity ≥ 0.10 m/s criteria, illustrating that the 

overall speed at which trials in this study were performed was indeed slower than in the 

Cortes et al. (2017) study, but congruent across the healthy control and stroke patient 

groups.     

 

 

Figure 3.18 2D-reaching task velocity profiles for all study groups. 

 

  

 

 

 

With the caveat that the reduction in sample size increases the likelihood of individual patient 

variability contaminating results, the kinematic analyses were repeated using only trials with 

a maximum velocity ≥ 0.10 m/s. The same trends in motor control were evident, with the 

impaired arm of the QSUL-group improving to a greater extent than the impaired arm of the 

Mean maximum velocity (m/s) per trial, for trials performed by the impaired (imp) and normal 
(norm) arms of the QSUL-group and SC-group at T1 and T2, and by the dominant (dom) and non-
dominant (nondom) arms of the healthy control (HC)-group. The QSUL-group and SC-group 
achieved 0.08 m/s (SD 0.03) at T1 with their impaired arm and 0.09 m/s (SD 0.03) with their normal 
arm; the HC-group achieved 0.11 m/s (SD 0.02) for the dominant arm and 0.10 m/s (SD 0.02) for 
the non-dominant arm across all ages of participants. The dashed blue line indicates maximum 
velocity 0.10 m/s i.e. the cut-off value for the ‘fastest trials’. 
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SC-group and significantly more than the normal arm of the QSUL-group.  Statistical 

significance was not achieved when the QSUL-group and SC-group impaired arms were 

compared, but this may reflect the much smaller sample size and variation within the group.  

Overall, these results support a change in motor control that is unrelated to strength. 

Given the velocity profile of this task and the exclusion of the majority of trials with the above 

velocity stratification, trials with a maximum velocity in the range 0.06 to 0.11 m/s were then 

selected and the data re-analysed.  These velocity criteria encompassed all trials within 1 

standard deviation of the mean maximum velocity per trial for all trials performed by the 

QSUL-group impaired arm at T1.  The slowest and fastest trials were excluded, but 

approximately 68% of the original data were captured.  Velocity-stratification again inevitably 

reduced sample sizes, which increases the potential for individual variation to confound 

group-level effects. However, this approach left a mean number of 40 to 48 trials remaining 

for each patient in the QSUL-group and the SC-group (vs. the original 60 trials per patient) 

which is still a large sample for kinematic analysis and a much larger sample than for the 

fastest trials analysis above. The same improvements in motor control were evident when 

these velocity-stratified data were analysed, with significant improvements in movement 

smoothness, movement accuracy and movement time seen in the impaired arm of the QSUL-

group compared to the normal arm and the impaired arm of the SC-group.   

Thus the same patterns of improved motor control in the impaired arm of the QSUL-group 

compared to the normal arm of the QSUL-group and the impaired arm of the SC-group, 

emerged across all three kinematic analyses, despite the variation in sample sizes.  Control 

analyses including only the fastest trials or the mid-range trials of the QSUL- and SC group 

impaired arm velocity profiles, in addition to the original analysis, all support a true change 

in motor control. 

3.4.1.3 Motor Control Did Not Improve Due to Changes in Strength or Range  

Motor control recovery is thought to plateau at around three months post-stroke, with only 

changes in strength, joint range and task-specific compensatory behaviours leading to any 

further improvements in the chronic phase thereafter (Krakauer et al., 2012; Bernhardt et 

al., 2017b; Levin et al., 2009).  It is possible that changes in motor control seen in these data 

were related to gains in strength and/or joint range, which might be directly contributing to 

a reduction in motor impairment, and/or facilitating behavioural compensation and/or 
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unmasking latent motor control through mitigation of flexor synergies (Krakauer and 

Carmichael, 2017b; Kitago et al., 2015; Kitago et al., 2013).  To ensure that this was not the 

case, multiple linear regression mixed model analyses were performed on the 0.06 ≤ 

maximum velocity ≤ 0.11 velocity-stratified trials for the QSUL-group impaired arm to 

determine which kinematic and/or clinical measures were accounting for the changes seen 

in motor control.  These models revealed that change in strength and/or elbow range of 

motion did not account for change in any of the kinematic measures, and that these could 

only be predicted by change in other kinematic measures.  The same models were also run 

for the SC-group impaired arm data, although the amount of change occurring in the 

kinematic measures was negligible.  Strength and control measures again regressed out as 

significant predictors of change in kinematic variables. These findings support the notion that 

changes in motor control in these data occurred independently of changes in strength and 

range.  It also illustrates the robustness of the 2D-robotic reaching task and these kinematic 

measures against contamination by strength. 

3.4.1.4 Motor Control Did Not Improve Due to Enhanced Feedback Control 

Finally, a more fine-grained analysis of the movement trajectory itself was performed 

through examination of the primary outward submovement, which was defined as the 

trajectory segment up until the first minimum velocity (<0.005 m/s) (Figure 3.13).  Visual 

inspection of individual movement trajectories made by the impaired arm of the QSUL-group 

revealed that this end-point corresponded to the whole movement initially planned towards 

the target, before patients began to make any corrective submovements.  In other words, 

this is the feedforward component of the movement, prior to receipt of any feedback 

resulting in subsequent modifications to the original movement plan to minimise developing 

error as the movement progresses. As such, this allows interrogation of a 'purer' measure of 

motor control than the whole movement trajectory itself, which also contains multiple 

corrective submovements influenced by online feedback (Shmuelof et al., 2012; Ketcham et 

al., 2002; Pratt et al., 1994).  An improved feedforward component of the movement due to 

improved motor control will result in decreased trajectory variability around the average 

trajectory path from the outset.  If motor control processes have improved in the QSUL-group 

impaired arm, this should be evidenced by improved kinematic measures of the primary 

outward submovement.  Analyses of the primary outward submovements of velocity-
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stratified trials showed similar trends in motor control between the groups, with significant 

improvements in submovement quality occurring in the impaired arm of the QSUL-group 

compared to the normal arm of the QSUL-group and the impaired arm of the SC-group.  

These analyses support improved movement execution rather than online corrections 

through enhanced feedback control, and confirm that motor control has improved in the 

impaired arm of the QSUL-group 

3.4.1.5 Improvement in Motor Control was Not Due to Task Practice  

The QSUL-group might have improved their performance at successive timepoints due to 

previous exposure to and therefore practice at the 2D-reaching task.  It is well-documented 

that acquisition of skilled performance is determined by the number of times a task is 

practiced (Korman et al., 2003), with performance gains evident both within practice sessions 

(online effects) and between sessions (positive offline effects) (Karni et al., 1998).  But several 

factors in this study make this unlikely.  Firstly, when neurologically-intact individuals are 

exposed to the same 2D-reaching task, they make accurate straight planar reaching 

movements within a few trials of their first attempt (See Chapter 5.3 and Figure 5.1), which 

indicates that the task should be easy to accomplish if ‘normal’ motor control processes are 

intact, and that it does not require learning and practice (Kitago et al., 2013).  In addition, 

motor control in the normal arm of the QSUL-group did not significantly improve.  Secondly, 

in this experimental protocol, patients first completed a practice block of three trials to each 

target angle (18 trials in total) with each arm at each timepoint to allow familiarisation/re-

familiarisation with the task and reduce initial movement variability.  Thirdly and most 

importantly, the SC-group did not improve on re-exposure to the task at the second 

timepoint, having completed an identical task protocol to the patient group. 

Another possibility is that the QSUL-group practiced the task or some element of the task 

during the treatment intervention, which led to better task performance at T2 through a 

mechanism of task-specific training and/or generalisation from similar but not identical task 

practice (Krakauer and Carmichael, 2017b; Krakauer, 2015; Winstein et al., 2015; Kitago and 

Krakauer, 2008). This is also unlikely because QSUL does not have a similar 2D-planar 

reaching task or encourage practice of similar reaching movements because they are not 

required in everyday activities.  The 2D-reaching task is a useful performance assay of motor 

control precisely because such constrained movements are artificial and not routinely made 
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(Hadjiosif et al., 2022).  The ethos of treatment delivered during QSUL is individualised 

purposeful task-orientated practice using movements and tasks required in daily life, or 

components thereof, and no two patients receive an identical therapy programme beyond 

the standardised duration, dose and intensity (Ward et al., 2019).  It is more likely that 

treatment produced a generalised overall improvement in motor control in the impaired arm 

of the QSUL-group that is captured through better motor control performance on the same 

assay post-intervention.  The slight improvements seen in the normal arm of the QSUL-group 

following treatment support this, as this arm was also indirectly exposed to treatment and 

many functional tasks and activities require bimanual upper limb use to some extent.  The 

same improvement is not evident in the SC-group because the chronic stroke patients in this 

group did not receive treatment. 

3.4.1.6 Improvements in Movement Kinematics Do Reflect Improvements in Motor 

Control 

Overall therefore, the results of this study demonstrate that motor control has improved in 

the impaired arm of the QSUL-group, following high dose, high intensity upper limb 

rehabilitation.  This improvement was evidenced by gains on movement kinematic measures 

for the whole movement trajectory and also the primary outward submovement, which were 

not due to a compromise in movement speed allowing for greater movement accuracy, and 

occurred independently of changes in arm strength and range of motion.  The 2D-robotic 

reaching task did not require practice, and the QSUL-group and SC-group patients received 

equal exposure to it, with no opportunity for the QSUL-group to train on any similar 

movement during the treatment intervention.  Motor control did not improve in the impaired 

arm of the SC-group, which did not undergo treatment.  Motor control recovery has not 

previously been demonstrated in the chronic phase of stroke, and the traditional belief is 

that the potential for behavioural restitution plateaus at around 3 months (Cortes et al., 

2017; Xu et al., 2017; Krakauer et al., 2012; Bernhardt et al., 2017b; Levin et al., 2009).  These 

results suggest that behavioural restitution can still occur in chronic stroke patients, in 

addition to the well-documented gains in strength, range and compensatory behaviours.  The 

next important questions to consider are how and why these improvements in motor control 

have come about.   
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3.4.2 What is Driving These Improvements in Motor Control? 

3.4.2.1 Significant Clinical Gains Are Due to High Dose, High Intensity Complex 

Treatment 

Alongside these significant improvements in motor control, this study has also shown large 

changes in clinical scores of upper limb impairment (FMA-UL) and activity/function (ARAT 

and CAHAI), as expected (Ward et al., 2019).  This adds to growing evidence that high dose, 

high intensity, complex upper limb neurorehabilitation leads to clinically meaningful 

improvements in chronic stroke patients.  Recently, programmes that deliver 25-30 hours of 

treatment per week for total doses of 90 to 300 hours have reported changes on clinical 

scores which consistently surpass the recognised MCID for each (Ward et al., 2019; Daly et 

al., 2019; McCabe et al., 2015).  But motor control was not assessed in these studies, so it 

has not been possible to determine whether or not behavioural restitution has occurred.  The 

magnitude of clinical improvements seen in impairment and function though, suggest that it 

might. 

Prior to the McCabe et al. (2015) study, such large gains in clinical outcome measures for 

patients in the chronic phase of stroke were unprecedented and not thought possible.  Many 

trials have not reported similar levels of clinical improvement (Lang et al., 2016; Klamroth-

Marganska et al., 2014; Lo et al., 2010) and cast doubt on the potential for recovery in chronic 

stroke patients, fuelling the belief that recovery has plateaued and continuing treatment 

beyond the subacute phase is not worthwhile.  But all of these studies delivered much lower 

total doses of treatment in the range 18 to 36 hours, which are many times below the doses 

that have since been shown to effect change (Ward et al., 2019; Daly et al., 2019; McCabe et 

al., 2015). 

To date, most post-stroke studies which have measured movement kinematics during a 

reaching task were not designed to distinguish between behavioural restitution and 

compensation, so conclusions cannot be drawn as regards motor control recovery (Saes et 

al., 2022; Schwarz et al., 2019; Rodgers et al., 2019; Mehrholz et al., 2018; Veerbeek et al., 

2017; Lohse et al., 2014; Lo et al., 2010).  One study which did distinguish between 

behavioural restitution and compensation in chronic stroke patients reported no 

improvement in motor control, but delivered only 27 hours of treatment over three weeks 
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(Kitago et al., 2015), which is threefold lower than the doses that have since been seen to be 

effective. 

This is the first study in chronic stroke patients which has delivered a large enough total dose 

of treatment to effect change, and used outcome measures which allow clinical 

improvements to be attributed to behavioural compensation, to changes in strength and 

joint range, and even to improved motor control (Kwakkel et al., 2019; Bernhardt et al., 

2017a).  These data show that motor control, strength and range can all recover in chronic 

stroke patients, and that motor control recovery is achieved independently of changes in 

strength and range.  Strength and range meanwhile do contribute to recovery of arm activity 

and function, as measured on clinical scores.  This raises two key points for further discussion:  

Firstly, the dissociable processes of recovery from motor impairment and secondly, the 

nature of the treatment intervention required to achieve behavioural restitution in addition 

to functional recovery in the chronic phase of stoke.  As with the unprecedented gains in 

clinical scores, the delivery of high dose, high intensity complex upper limb treatment is likely 

to be a critical factor in the latter. 

3.4.2.2 Clinical Scores of Motor Impairment Can Be Dissociated from Motor Control   

Prior to further consideration of recovery from motor impairment however, it is useful to 

revisit the typical pattern of motor impairment that results from a stroke (referred to as 

hemiparesis), and its concept as an upper motor neuron syndrome which can be broken 

down into positive and negative signs.  Positive signs include the emergence of intrusive 

flexor synergies (i.e. abnormal flexor muscle co-activations during voluntary movement) and 

spasticity (i.e. abnormal increase in resting muscle tone), while negative signs include loss of 

strength and loss of motor control (Hadjiosif et al., 2012).  The concept of motor impairment 

as a collection of separable components is fundamental to this discussion, because this study 

adds to the growing evidence that the components of motor impairment recover separately 

from one another and at different rates (Hadjiosif et al., 2022; Izawa et al., 2022; Cortes et 

al., 2017; Xu et al., 2017).   

It is also important to consider the FMA-UL, as this is still the most widely used and reliable 

clinical score of motor impairment (Hadjiosif et al., 2022), although recent evidence suggests 

that it primarily demonstrates motor synergies and possibly strength, but not motor control 

(Hadjiosif et al., 2022; Saes et al., 2022).  These data agree that the FMA-UL probably does 
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not capture changes in motor control.  This makes sense, because a large part of the FMA-UL 

assessment requires a patient to make multi-joint arm movements in 3D-space without arm 

support, which will intuitively predominantly capture motor synergies and weakness.   

Change in strength did not explain change in FMA-UL in the QSUL-group in these data, but 

range and strength were significant explanatory variables for FMA-UL in she SC-group, and 

the extent to which FMA-UL captures the strength component of motor impairment 

currently remains uncertain (Saes et al., 2022).  Regardless, motor control is likely to be 

masked when strength and control are also required due to motor synergies and/or 

weakness being the overriding components limiting movement (Hadjiosif et al., 2022; Ellis et 

al, 2017; Ellis et al., 2012; Ellis et al., 2009) and this will be discussed further below.   

3.4.2.3 Motor Control is a Separable Component of Hemiparesis and Recovers 

Independently  

Contrary to previous studies, this study has demonstrated that recovery of motor control 

continues, independently of recovery in strength, beyond the first year post-stroke in a 

chronic stroke patient cohort who are on average 24.8 (SD 13.2) months post-stroke.  This 

contradicts the current belief that recovery of motor control is largely complete by the late 

subacute phase of stroke (i.e. around 3 months) based on studies which tracked arm and 

hand recovery during the first year post-stroke (Cortes et al., 2017; Xu et al., 2017).  Cortes 

et al. (2017) measured clinical scores, biceps strength and motor control using a 2D-reaching 

task over the first year post-stroke and showed that improvement in motor control was 

almost complete by five weeks, while improvement on FMA-UL, ARAT and biceps strength 

continued over the first year (Cortes et al., 2017).  In the hand, recovery of motor control and 

strength were initially tightly correlated with most recovery occurring during the first three 

months.  But beyond three months, further increases in strength were not accompanied by 

improvements in motor control (Xu et al., 2017).  This implied that two separable systems – 

one contributing strength and some control and one contributing only additional control –  

might be responsible for overall hand motor recovery (Xu et al., 2017).  There might be an 

underlying structural basis to these observations.  The CST normally control selective muscle 

activation required for finger individuation and fine motor control in the hand, but hand 

muscles are also weakly activated by the RST (Dewald et al., 1995).  Studies in macaque 

monkeys have shown that CST lesions result in heightened signalling in RST pathways 
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innervating forearm flexor muscles (Zaaimi et al., 2012), and that strength training in healthy 

monkeys leads to neural adaptations in the RST and intra-cortical circuits within M1, but not 

the CST (Glover and Baker, 2020).  When contralateral CST function is lost following a stroke, 

there is probably a compensatory increase in ipsilateral RST output which allows basic 

functional hand movements (Baker, 2011) and provides useful strength but at the expense 

of abnormal flexor synergies (McPherson et al., 2018).  The different recovery trajectories for 

motor control and strength may therefore map on to CST-mediated as opposed to RST-

mediated systems.    

3.4.2.4 Abnormal Flexor Synergies May Mask Motor Control  

The contribution of abnormal flexor synergies to motor impairment is largely beyond the 

scope of this discussion, but may be relevant to understanding how the changes in motor 

control seen in these results have come about and will therefore be briefly considered.   

Recent work has shown a dissociation between motor synergies and motor control (Hadjiosif 

et al., 2022), in addition to the dissociation between strength and motor control.  Flexor 

synergies are probably mediated by the RST and responsible for both compensatory 

movements and the potential obstruction to the return of more normal patterns of 

movement in the aftermath of stroke (Krakauer and Carmichael, 2017b).  The 2D-robotic 

reaching task used in this study prevented contamination of motor control by intrusive flexor 

synergies by de-weighting the arm and removing a strength requirement from the 

movement.  When the impaired arm performs a task that requires both control and strength, 

such as reaching forwards to pick up an object, shoulder flexion triggers the emergence of 

flexor synergies throughout the upper limb, and biceps over-activation opposes and prevents 

necessary elbow extension to successfully complete the task (Ellis et al, 2017; Ellis et al., 

2012; Ellis et al., 2009).  When such compensatory movement patterns are relied upon, tasks 

that require movement out of flexor synergy, such as elbow extension, will clearly be far less 

successful than those congruent with flexor synergy (Zackowski et al., 2004).  Thus, the RST 

can only ever partially compensate for loss of the CST.  But when the impaired arm performs 

a task that requires control but not strength as in this 2D-reaching task, abnormal flexor 

synergies do not emerge (Beer et al., 2007; Sukal et al., 2007; Beer et al., 2004).  This then 

allows for a greater range and speed of elbow extension, independent of elbow and/or 
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shoulder strength (Beer et al., 2007) and facilitates examination of underlying motor control 

processes. 

3.4.2.5 An Increase in Strength May Unmask a Higher Degree of Motor Control  

If strength increases, this might unmask a higher degree of motor control that was already 

present but inaccessible to the patient due to insufficient muscle power to overcome 

intrusive flexor synergies.  For example, an increase in shoulder strength might allow a more 

normal movement pattern at the elbow, wrist and hand (Prof John Krakauer, 2020, personal 

communication).  Nonetheless, if patients are now accessing and using motor control 

processes which were present since the time of the stroke, but previously inaccessible due 

to the presence of intrusive flexor synergies as a result of the treatment, their overall quality 

of movement has still improved.  Given that the improvement in motor control in this study 

is not associated with an increase in strength, this possibly explanation is unlikely to account 

for the changes seen in movement kinematics in the impaired arm of the QSUL-group in these 

data. 

Overall therefore, the dissociation between recovery of motor control and recovery of 

strength and flexor synergies demonstrated in this and previous studies points to differing 

underlying recovery mechanisms, which might be similar for strength and synergies 

(mediated by RST) but different for motor control (mediated by CST) (Hadjiosif et al., 2022; 

Cortes et al., 2017; Xu et al., 2017).  There were no significant differences in the amount of 

change on each subscore of the FMA-UL in these data, suggesting an improvement in motor 

impairment throughout the arm.  But as described above, motor impairment measured by 

the FMA-UL comprises separable components, and this does not necessarily mean that each 

subscore improved by the same underlying recovery mechanism (Zaaimi et al., 2012; Baker, 

2011).   

3.4.2.6 Motor Control Gains Are Due to High Dose, High Intensity Motor Training 

A crucial difference between this study and studies by Cortes et al., 2017 and Xu et al., 2017 

is that the QSUL-group received 90 hours of targeted treatment, while the subacute patients 

studied by Cortes et al. (2017) and Xu et al. (2017) received standard care and no specific arm 

or hand treatment interventions.  As with the pioneering studies which measured clinical 

scores and showed unprecedented gains in chronic stroke patients (Ward et al., 2019; Daly 



3 Can Neurorehabilitation Improve Motor Control in the Chronic Phase of Stroke? 

 
170 

 
 

 

et al., 2019; McCabe et al., 2015), it is likely that the high dose and high intensity of complex 

treatment delivered in this study has produced the significant change in motor control as 

well as the expected changes in strength, activity and function.  In addition to the total dose 

of treatment received, the nature of the intervention is also important and QSUL and the 

studies by McCabe et al. (2015) and Daly et al. (2019) delivered behavioural therapy with a 

focus on movement quality in addition to task accomplishment, in line with principles of 

motor learning. Such changes in motor control have not previously been demonstrated 

because on the occasions when motor control has been measured, and/or study protocols 

have been designed to distinguish between behavioural restitution and compensation, 

patients have not received enough of the right sort of treatment to make gains. 

 

3.4.3 Motor Control Training is Essential for Recovery of Skilled Motor 

Performance  

The improvement in motor control demonstrated in this study advocates for motor training 

treatment to continue well into the chronic phase of stroke, something which is not currently 

offered in any standard clinical rehabilitation service.  It is important to consider why this is 

so vital to recovery from upper limb motor impairment.    

Essentially, a preference for behavioural compensation has a detrimental effect on the ability 

of stroke patients to achieve more normal patterns of movement through improved motor 

control, so specifically training motor control is necessary for the ultimate recovery of best 

quality motor performance.  This has been demonstrated in a study of macaque monkeys 

who suffered a stroke in the grasping region of the motor cortex (M1).  The macaque 

monkeys preferentially selected compensatory grip in the early post-stroke phase, and 

switched to precision grip some time later and only after a period of precision grip training 

(Izawa et al., 2022; Murata et al., 2008).  Motor performance dipped around the time of 

transition from compensatory to precision grip (the ‘recovery valley’), which is indicative of 

the higher motor control demands of the precision movement, but then improved to higher 

levels than were previously achieved whilst compensatory grip was used (Izawa et al., 2022).  

This illustrates exactly why targeted training of motor control recovery is so important:  

Without it, and a subsequent shift to more difficult but normal movement patterns which 

are initially less successful than compensatory ones, the danger is that the upper limb will 
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never return to a level of motor performance potentially available to it.  Treatments 

specifically aimed at motor control recovery are therefore far superior to those aimed at 

functional task accomplishment (Izawa et al., 2022; Kitago et al., 2013; Levin et al., 2009; 

Michaelsen et al., 2004; Roby-Brami et al., 2003; Levin et al., 2002; Cirstea and Levin, 2000).   

 

3.4.4 Summary 

In summary, this study provides new evidence that motor control recovery is achievable in 

the chronic phase of stroke with high dose, high intensity complex treatment.  In addition to 

strength and range, motor control, as a separable component of motor impairment, should 

be specifically targeted with motor training treatment so as to ultimately achieve a return to 

normal vs. compensatory movement patterns and a higher level of motor performance and 

upper limb function than otherwise possible.  Motor control should remain a therapeutic 

target well beyond the current 3 to 6-month post-stroke therapy window.  Furthermore, a 

targeted approach should make the rehabilitation process more effective, and motor 

recovery after stroke could be more reliably measured to better assess the efficacy of 

particular current and future treatment interventions. 
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4 Are Improvements in Motor Control Retained 

Beyond the End of Treatment? 

 

4.1 Introduction  

4.1.1 Background to Study  

Chapter 3.1 described how recent work has demonstrated that high dose, high intensity 

complex upper limb neurorehabilitation treatment interventions can produce large clinical 

improvements in a range of standard clinical outcome measures of upper limb motor 

impairment, function and activity (Daly et al., 2019; Ward et al., 2019; McCabe et al., 2015).  

These improvements in clinical measures were retained or even improved upon 3 months 

(Daly et al., 2019) and 6 months (Ward et al., 2019) after treatment had ended. The 

magnitude and retention of these gains raised the question as to whether behavioural 

restitution might be occurring, in addition to the expected gains in strength, range and use 

of compensatory behaviours, but motor control was not assessed in these studies and this 

question could not be answered.  This research was therefore undertaken to examine 

whether motor control improves in chronic stroke patients following admission to QSUL.   

Chapter 3.3 provides new evidence that an improvement in motor control (and therefore 

behavioural restitution) has occurred in a sample of 52 chronic stroke patients following 90 

hours of complex, high dose, high intensity treatment which targets movement quality in 

addition to functional movement goals.  Numerous control analyses, described in Chapter 

3.4.1 demonstrate the robustness of these findings, and a similar change did not occur in the 

SC-group of chronic stroke patients who were not admitted to QSUL. 

 

4.1.2 Purpose of Study  

This Chapter will examine whether the gains made in motor control in the QSUL-group are 

retained beyond the end of treatment.  If gains in motor control are retained, this study will 
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then determine whether this is in addition to and independent of the expected retention of 

improvements in clinical scores and strength and joint range in the chronic phase of stroke.  

The 2D-robotic reaching task designed to eliminate compensatory movements and remove 

the requirement for anti-gravity strength (Kitago et al., 2015; Kitago et al., 2013; Rohrer et 

al., 2002; Krebs et al., 1999) will be used to measure movement kinematics alongside 

measures of upper limb strength, elbow joint range of motion and standard clinical outcome 

measures of motor impairment, function and activity limitation 6-weeks and 6-months after 

QSUL treatment has ended. 

 

4.1.3 Research Question 

1. Are changes in motor control, arm strength, arm range of motion and clinical scores 

retained beyond the end of the treatment intervention? 

2. If change in motor control is maintained: - 

a) Is change in motor control maintained independently of change in movement speed? 

b) Is change in motor control maintained independently of change in upper limb 

strength and/or range of motion? 

c) Is change in motor control contributing to the retention of gains in clinical scores? 

 

4.1.4 Impact of Research 

If this Chapter demonstrates that improvements in motor control are retained once 

treatment has ended, this would reinforce the results presented in Chapter 3 and provide 

further evidence of a fundamental shift in motor control towards more normal movement 

patterns, through motor learning, after targeted motor training in the chronic phase of 

stroke.  In addition, this result would demonstrate that chronic stroke patients can recover 

higher levels of motor performance, and therefore upper limb function, than previously 

thought possible and suggest that motor control should remain a therapeutic target well 

beyond the current 3 to 6-month post-stroke therapy window.   
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4.2 Analysis Plan 

A detailed description of the Materials and Methods used in this study is provided in Chapter 

2 – General Methods.  In addition, the specific analysis plan for this Chapter will be described 

below. 

 

4.2.1 Are changes in clinical scores, elbow range, strength, and motor control 

maintained once rehabilitation has ended?  

Changes in clinical scores (FMA-UL, ARAT and CAHAI) for the impaired arm, and changes in 

elbow flexion and extension, biceps and triceps muscle strength and kinematic measures 

(movement smoothness, movement accuracy, movement time) derived from whole 

movement trajectory analyses in the impaired and normal arms of the QSUL-group were 

compared between T1-T2, T2-T3 and T2-T4 using one-way (within subjects) ANOVAs and 

subsequent Tukey post-hoc tests.  All statistical tests were performed in R Studio (version 

3.6.1 (2019-07-05)). 

 

4.2.2 If there is a retention of improvement in movement kinematics, is this due 

to a change in motor control?   

More specifically, is any improvement in movement kinematics evident in these data 

occurring independently of changes in movement speed, arm strength and joint range?   

Subsequent control analyses were performed to determine whether any improvement seen 

on kinematic measures in QSUL-group patients represented a true improvement in motor 

control, or an artefact of changes in movement speed, strength or joint range. 

4.2.2.1 Is there a speed-accuracy ‘trade-off’ between any of the four timepoints? 

Change in maximum speed per trial and change in the number of successful trials11 scored 

(taken as an overall measure of movement accuracy) were directly compared at group level 

                                                           
11 Trials were labelled successful if they met the following criteria:  Movement length > 4cm; 
maximum speed > 6 cm/s or 0.06 m/s; direction at peak speed < 90⁰ away from target angle, and 
landed within the target square. 
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and for each individual patient to establish whether improved accuracy correlated with a 

reduction in speed.  These analyses were performed for T1-T2, T2-T3 and T2-T4 data. 

4.2.2.2 Is change in motor control independent of change in strength, across all four 

timepoints?   

As previously, the kinematic data from whole movement trajectories were stratified on 

maximum velocity per trial to preclude the contamination of motor control by a strength 

requirement of the task (John Krakauer, personal communication, 2020; Cortes et al., 2017; 

Shmuelof et al., 2012).  The original kinematic analyses were then repeated for each set of 

velocity-matched trials, for T1-T2, T2-T3 and T2-T4 data: - 

1. Velocity stratification 1 – fastest trials (maximum velocity ≥ 0.10 m/s) 

2. Velocity stratification 2 – middle 68% of data (0.06 ≤ maximum velocity ≤ 0.11 m/s)  

4.2.2.3 Is change in motor control across all four timepoints due to improved execution 

of the primary outward submovement?    

To check whether any changes in motor control evident in the whole movement trajectory 

analyses were due to improved execution of the primary movement, as opposed to improved 

feedback control, the primary outward submovements (i.e. feedforward component) of the 

whole movement trajectory were analysed.  The primary outward submovement was 

defined as the initial portion of the whole movement trajectory before a minimum velocity 

of < 0.005 m/s, corresponding on visual inspection of the trajectories with the point at which 

the initial movement trajectory ended, and the first corrective submovement was made.  

Changes in submovement smoothness, submovement accuracy and duration of the primary 

outward submovement were compared using one-way ANOVAs and subsequent post-hoc 

Tukey tests.  The primary outward submovement analyses were repeated on kinematic data 

with velocity stratification 1 and velocity stratification 2 applied for changes between T1-T2, 

T2-T3 and T2-T4. 

4.2.2.4 Are any changes in motor control which are retained beyond the end of 

rehabilitation occurring independently of changes in arm strength and joint 

range? 

Finally, multiple linear regression mixed model analyses were performed to establish the 

extent to which any changes in individual kinematic measures (i.e. movement smoothness / 

movement accuracy / movement time) could be accounted for by changes in other kinematic 
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measures, elbow range and strength.  Models were designed with the kinematic measure of 

interest as the dependent variable, other kinematic and clinical variables as fixed effects and 

individual subject as a random effect.  All multiple linear regression mixed model analyses 

were performed in R (version 3.6.1 (2019-07-05)) using the lme4 package (Bates et al., 2015).  

All variables were scaled so as to centre on a mean of zero with a standard deviation of one.  

Models were fitted using restricted maximum likelihood (REML) as the default parameter 

estimation criterion for linear mixed models.  To determine the significance of the 

contribution made by each fixed effect, an alternative model without this fixed effect was 

constructed.  Classical model comparison was then performed using an ANOVA test with the 

model objects as arguments to compare the fits of the alternative and null models, accepting 

a p value of < 0.05 as significant.   Models were run for the QSUL-group impaired arm data 

between T1-T2, T2-T3 and T2-T4. 

 

4.2.3 Do changes in motor control, elbow range or strength contribute to the 

retention of gains in clinical scores? 

Multiple linear regression mixed model analyses were also performed to explore the extent 

to which any changes in clinical scores could be accounted for by changes in kinematic 

measures, elbow range and strength.  Models were constructed with the change in each 

clinical score as the dependent variable in turn, kinematic and clinical variables as fixed 

effects and individual subject as a random effect.  Models were run for the QSUL-group 

impaired arm data between T1-T2, T2-T3 and T2-T4. 
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4.3 Results  

4.3.1 Study Population  

28 QSUL-group patients were also assessed 6 and 29 weeks after they had finished the QSUL 

neurorehabilitation programme, in line with their routine 6-week and 6-month clinical 

follow-up appointments post-discharge (See Figure 3.1).  Chapter 4.3.6 describes why only 

28 patients remained in the study across all four timepoints, and this is discussed further in 

Chapter 6.7. The clinical and demographic characteristics of this smaller QSUL-group cohort 

were similar to those of the larger cohort who were assessed at two timepoints only, 

reported in Chapter 1.  Importantly, on admission to the study, the average age, time from 

stroke onset and baseline FMA-UL scores of the chronic stroke patients in both groups were 

identical (Table 4.1). 

 

Table 4.1 Demographic and clinical characteristics of the 4-timepoint QSUL-cohort compared to 
the larger 2-timepoint group at baseline (0 weeks). 

 

 

Changes in kinematic measures, arm strength and joint range and clinical scores were 

compared across all 4 timepoints to determine whether the gains made during rehabilitation 

(T1-T2) were maintained beyond the end of the treatment intervention.  Treatment effects 

(T1-T2) were first examined in this smaller cohort, to confirm that the improvements seen in 

the original QSUL-group held firm with the reduction in sample size.  Next, whether or not 

these treatment effects were maintained at 6 weeks (T2-T3) and 6 months (T2-T4) after 

treatment had ended were assessed. 

  

Characteristic 
QSUL-group 

(n = 28) 
QSUL-group 

(n = 52) 

Gender – male: female 13:15 25:27 

Handedness (prior to stroke) – right: left 25:3 47:5 

Affected upper limb – dominant: non-dominant 15:13 25:27 

Age (years), mean (SD) 52.5 (16.5) 52.8 (16.1) 

Time since stroke (months), mean (SD) 23.5 (10.7) 24.8 (13.2) 

FMA-UL* (total 54 points), mean (SD) 24.3 (9.1) 24.3 (8.8) 

Modified Rankin Score (MRS), mean (SD) 2.7 (0.5) 2.7 (0.6) 

HADS** Anxiety (total 21 points), mean (SD) 6.4 (4.3) 6.4 (4.4) 

HADS Depression (total 21 points) ,mean (SD) 6.3 (3.9) 6.3 (3.7) 

*FMA-UL – Fugl Meyer Assessment Upper Limb; **HADS – Hospital Anxiety and Depression Scale 
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Figure 4.1 Improvements in reaching movements and number of successful trials. 

 

  

Examples of reaching trajectories made by the impaired and normal arms of QSUL-group patients 
over the 32-week study period: (a) 58-year-old male with a dominant (right) impaired arm, (b) 27-
year-old male with a dominant (right) impaired arm. Blue trajectories: successful trials; red 
trajectories: failed trials. (c) Change in the number of successful trials achieved by QSUL-group 
patients using their impaired and normal arms over the 32-week study period. There was a 
significant improvement in the number of successful trials made by the impaired arm between T1 
and T2, which was maintained at T3 and T4. The normal arm did not significantly change. T1-T2:  
Change between admission (week 0) and discharge (week 3) from rehabilitation; T2-T3: change 
between discharge (week 3) and 6-week follow-up (week 9); T2-T4: change between discharge 
(week 3) and 6-month follow-up (week 32). The dashed grey line represents no change. p ≤ 0.0001 
‘****’, p ≤ 0.001 ‘***’, p ≤ 0.01 ‘**’, p ≤ 0.05 ‘*’.  
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4.3.2 Are Gains Made During Rehabilitation Maintained After Treatment Has 

Ended? 

4.3.2.1 The Increase in The Number of Successful Trials on the 2D-Reaching Task Was 

Maintained  

The quality of the reaching movement trajectories made by patients with their impaired arm 

visibly improved between T1 and T2, with this improvement largely maintained at T3 and T4 

(Figure 4.1(a-b)).  Patients improved on the number of successful trials scored between T1 

and T2 (median change 12 trials (IQR 13.25 (3.25-16.5)) with their impaired arm, and 

maintained this change between T2-T3 (median change 2.5 trials (IQR 12 (-3.25-(8.75), 

F(2,81) = 3.998, p = 0.03) and T3-T4 (median change -1 trials (IQR 10 (-4-6), F(2,81) = 3.998, p 

=  0.02). There was no significant change in the number of successful trials scored by the 

normal arm (Figure 4.1(c)). 

4.3.2.2 Improvements in Key Kinematic Measures Were Retained  

In the impaired arm, there were significant differences in the amount of change between T1-

T2, T2-T3 and T2-T4 for movement time (T1-T2 median 196.3 ms (IQR 424.4-(-26.8); T2-T3 

median -87.5 ms (IQR -333.1-43.1); T2-T4 median -16.3 ms (IQR -292.5-72.5), F(2,81) = 2.72, 

p = 0.04)), movement accuracy (T1-T2 median -0.03 deg (IQR -0.06-0.00); T2-T3 median -0.01 

deg (IQR -0.02-0.01); T2-T4 median -0.01 deg (IQR -0.02-0.01), (F(2,81) = 4.17 p = 0.02)) and 

movement smoothness (T1-T2 median jerk 0.72 (IQR 0.13-1.27);  T2-T3 median jerk 0.14 (IQR 

-0.15-0.74); T2-T4 median jerk 0.05 (IQR -0.21-0.60), (F(2,81) = 3.88, p = 0.03 (Figure 4.2(a-c), 

Table 4.2).  Post-hoc pair-wise tests confirmed no further significant change in these 

kinematic measures between T2-T3 and T2-T4, compared to T1-T2 (all p < 0.05), indicating 

persistence of the gains made (Table 4.2).  At a group level, movement smoothness (Figure 

4.3(a-b)), movement accuracy (Figure 4.3(c)) and movement time (Figure 4.3(d)) in the 

impaired arm of the QSUL-group were all better at T4 compared to T1.  In the normal arm, 

there were no significant changes in any of the kinematic measures over the 4 timepoints 

(Figure 4.2, Figure 4.3, Table 4.3). 

4.3.2.3 The Increase in Arm Strength Was Retained   

Strength increased in the impaired arm (biceps strength T1-T2 median 0.95 kgf (IQR 1.83 

(0.36-2.19)); T2-T3 median 0.07 kgf (IQR 0.48 (-0.08-0.40)); T2-T4 median -0.18 kgf (IQR -0.82-

0.53), F(2,81) = 9.30, p = 0. 62 x 10-5; triceps strength T1-T2 median 1.22 kgf (IQR 2.13 (0.29-

2.42)); T2-T3 median 0.18 kgf (IQR 1.01 (-0.45-0.56)); T2-T4 median -0.08 kgf (IQR 1.18 (-0.80-
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Table 4.2 Change in clinical and kinematic measures between T1 and T4 for the impaired arm of the QSUL-group (n = 28).   

IMPAIRED ARM Change (∆) T1-T2 Change (∆) T2-T3 Change (∆) T2-T4 
T1-T2 vs. 

T2-T3 
T2-T3 vs. 

T2-T4 
T1-T2 vs. 

T2-T4 

 Median 25th % 75th % IQR Median 25th % 75th % IQR Median 25th % 75th % IQR p Sig p Sig p Sig 

Clinical Scores       

∆_FMA-UL 7.00 4.00 8.00 4.00 1.00 0.00 2.00 2.00 -2.00 -7.25 6.00 13.25 0.03 * 0.85 ns 0.13 x 10-2 ** 

∆_ARAT 6.00 1.75 9.50 7.75 0.50 0.00 4.25 4.25 3.00 0.00 6.00 6.00 0.15 x 10-3 *** 0.13 ns 0.02 * 

∆_CAHAI 12.00 8.75 16.25 7.50 4.00 1.00 6.00 5.00 5.00 2.00 8.00 6.00 0.16 x 10-5 *** 0.74 ns 0.31 x 10-4 *** 

Clinical Measures          

∆_Biceps strength (kgf) 0.95 0.36 2.19 1.83 0.07 -0.08 0.40 0.48 -0.18 -0.82 0.53 1.35 0.24 x 10-3 *** 0.73 ns 0.14 x 10-4 *** 

∆_Triceps strength (kgf) 1.22 0.29 2.42 2.13 0.18 -0.25 5.00 5.25 -0.08 -0.80 0.38 1.18 0.84 x 10-3 *** 0.45 ns 0.12 x 10-4 *** 

∆_Elbow flexion (deg) 3.00 0.00 5.00 5.00 0.00 0.00 2.75 2.75 0.00 -2.00 2.75 4.75 0.01 * 0.98 ns 0.01 * 

∆_Elbow extension 
(deg) 

-3.50 -11.25 0.00 11.25 0.00 0.00 0.00 0.00 0.00 -0.25 1.00 1.25 0.74 x 10-3 *** 0.98 ns 0.14 x 10-2 ** 

Kinematic measures          

∆_Movement 
smoothness (jerk) 

0.72 0.13 1.27 1.14 0.14 -0.15 0.74 0.89 0.05 -0.21 0.60 0.81 0.04 * 0.97 ns 0.04 * 

∆_Movement 
smoothness  
(no. velocity peaks) 

0.00 -1.00 0.00 1.00 0.00 -1.00 0.00 1.00 0.00 -1.00 0.00 1.00 0.59 ns 0.96 ns 0.76 ns 

∆_Movement accuracy 
(deg) 

-0.03 -0.06 0.00 0.06 -0.01 -0.02 0.01 0.03 -0.01 -0.02 0.01 0.03 0.04 * 0.98 ns 0.03 * 

∆_Movement time (ms) 
-

196.25 
-

424.38 
-26.88 397.50 -87.50 

-
333.13 

43.13 376.25 -16.25 
-

292.50 
72.50 365.00 0.24 ns 0.47 ns 0.04 * 
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Table 4.3 Change in clinical and kinematic measures between T1 and T4 for the normal arm of the QSUL-group (n = 28). 

NORMAL ARM Change (∆) T1-T2 Change (∆) T2-T3 Change (∆) T2-T4 
T1-T2 vs. 

T2-T3 
T2-T3 vs. 

T2-T4 
T1-T2 vs. 

T2-T4 

 Median 25th % 75th % IQR Median 25th % 75th % IQR Median 25th % 75th % IQR p Sig p Sig p Sig 

Clinical Measures          

∆_Biceps strength (kgf) 0.30 0.08 0.87 0.79 0.00 -0.35 0.63 0.98 0.00 -0.53 0.67 1.20 0.70 ns 1.00 ns 1.00 ns 

∆_Triceps strength (kgf) 0.30 -0.38 0.75 1.13 0.37 -0.20 1.02 1.22 0.53 0.05 1.17 1.12 0.99 ns 0.92 ns 0.95 ns 

∆_Elbow flexion (deg) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 ns 1.00 ns 0.82 ns 

∆_Elbow extension (deg) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 ns 1.00 ns 1.00 ns 

Kinematic measures          

∆_Movement 
smoothness (jerk) 

0.14 -0.11 0.78 0.90 0.09 -0.24 0.51 0.75 0.01 -0.28 0.57 0.85 0.80 ns 0.99 ns 0.79 ns 

∆_Movement 
smoothness  
(no. velocity peaks) 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.68 ns 1.00 ns 0.69 ns 

∆_Movement accuracy 
(deg) 

0.00 -0.01 0.01 0.02 0.00 -0.01 0.02 -0.03 0.00 -0.01 0.01 0.02 0.89 ns 0.81 ns 0.98 ns 

∆_Movement time (ms) -32.50 -132.50 35.00 167.50 -45.00 -145.00 40.00 185.00 -35.00 -97.50 33.75 131.25 0.89 ns 0.99 ns 0.95 ns 



4 Are Improvements in Motor Control Retained Beyond the End of Treatment? 

 

 
182 

 

 

 

  

 

 

Figure 4.2 Change in kinematic measures in the impaired and normal arms. 

  
(a) Movement smoothness, (b) movement accuracy and (c) movement time significantly improved 
in the impaired arm over the 32-week study period, with gains made during the 3-week 
rehabilitation period (T1-T2) maintained 9 and 32 weeks later.  There were no significant changes 
in these kinematic measures in the normal arm. T1-T2:  Change between admission (week 0) and 
discharge (week 3) from rehabilitation; T2-T3: change between discharge (week 3) and 6-week 
follow-up (week 9); T2-T4: change between discharge (week 3) and 6-month follow-up (week 32). 
The dashed grey line represents no change. p ≤ 0.0001 ‘****’, p ≤ 0.001 ‘***’, p ≤ 0.01 ‘**’, p ≤ 0.05 
‘*’. 
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Figure 4.3 Retention of kinematic improvements in the impaired arm following treatment. 

 

 

 

 

0.38)), F(2,81) = 13.41, p < 0.93 x 10-5)) with significant improvements seen between T1-T2 

compared with T2-T3 and T2-T4 (all p < 0.10 x 10-2), which remained stable (Figure 4.4(a-b), 

Table 4.2).  There were no significant changes in strength in the normal arm over the study 

period (Figure 4.4(a-b), Table 4.3). 

4.3.2.4 Improvements in Elbow Range of Motion Were Retained  

Elbow flexion significantly increased, and the change persisted at T4 (elbow flexion T1-T2 

median 3.00 deg (IQR 5 (0-5)); T2-T3 median 0.00 deg (IQR 2.75 (0-2.75)); T2-T4 median 0.00 

deg (IQR 4.75 (-2.00-2.75), (F(2,81) = 2.40, p = 0.04)).  Elbow extension also significantly 

improved over the 32-week follow-up period (elbow extension T1-T2 median -3.50 deg (IQR 

11.25 (-11.25-0.00)); T2-T3 median 0.00 deg (IQR 0.46 (-0.25-0.21)); T2-T4 median 0.00 deg 

 

(a) Movement smoothness (jerk) and (b) number of velocity peaks, (c) movement accuracy and (d) 
movement time all improved in the impaired arm during admission to QSUL (T1-T2), and these 
improvements were maintained at 6-week (T3) and 6-month (T4) follow-up. Overall, movement 
quality at T4 remains better than at T1.  The group mean value and SD for each arm is plotted at 
each timepoint.    
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Figure 4.4 Change in musculoskeletal measures in the impaired and normal arms.   
(a) Biceps strength, (b) triceps strength, (c) elbow flexion and (d) elbow extension significantly 
improved in the impaired arm between T1-T2, and improvements were retained beyond the end of 
rehabilitation.  The normal arm did not significantly change. T1-T2:  Change between admission 
(week 0) and discharge (week 3) from rehabilitation; T2-T3: change between discharge (week 3) 
and 6-week follow-up (week 9); T2-T4: change between discharge (week 3) and 6-month follow-up 
(week 32). The dashed grey line represents no change. p ≤ 0.0001 ‘****’, p ≤ 0.001 ‘***’, p ≤ 0.01 
‘**’, p ≤ 0.05 ‘*’. 
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 (IQR 1.25 (-0.25-1.00)), (F(2,81) = 9.30, p = 0.20 x 10-2)) and this improvement was 

maintained 6-weeks and 6-months after the end of treatment (Figure 4.4(c-d), Table 4.2).  

Post-hoc tests confirmed significant changes between T1-T2 compared to T2-T3 and T2-T4 

(all p ≤ 0.10 x 10-2).  There were no significant changes in normal arm range of motion over 

the study period (Figure 4.4(c-d), Table 4.3).    

4.3.2.5 Gains Made On Impaired Arm Clinical Scores Were Maintained  

FMA-UL (T1-T2 median change 7 points (IQR 4 (4-8)); T2-T3 median change 1 point (IQR 2 (0-

2)); T2-T4 median change -2.0 (IQR 13.25 (-7.25-6.0)), F(2,81) = 7.03, p = 0.15 x 10-2)) ARAT 

(T1-T2 median change 6 points (IQR 7.75 (1.75-9.50)); T2-T3 median change 0.5 points (IQR 

4.25 (0-4.25)); T2-T4 median change 3 points (IQR 6 (0-6)), F(2,81) = 8.30, p = 0.53 x 10-3) and 

CAHAI (T1-T2 median change 12 points (IQR 7.5 (8.5-16.0)); T2-T3 median change 4 points 

(IQR 5 (1-6)); T2-T4 median change 5 points (IQR 6 (2-8)), F(2,81) = 17.44, p = 0.50 x 10-6) 

scores significantly improved over all 4 timepoints with the greatest changes seen between 

T1-T2 compared with T2-T3 and T2-T4 (all p < 0.10 x 10-2) (Figure 4.5, Table 4.2). 

4.3.2.6 Gains Made on Impaired Arm Clinical Scores Represented Improvements in 

Impairment and Function Throughout the Upper Limb   

When the FMA-UL was deconstructed into its component subscores to assess for 

improvement throughout the arm (Figure 4.6, Table 4.4), there were no significant 

differences between the proportion of change on each subscore, indicating uniform 

improvement in the upper limb between T1-T2 in the shoulder/elbow, wrist and hand, and 

maintenance of this improvement between T2-T3 and T2-T4. 

Examination of the ARAT subscores (Figure 4.7, Table 4.5) revealed significantly more change 

on Grasp (median change 19.4%) than Gross (median change 0.0%, p = 0.71 x 10-2) from T1-

T2 but there were otherwise no significant differences between change on subscores from 

T1-T2 (all p values > 0.15), T2-T3 (all p values > 0.07) or T2-T4 (all p values > 0.23).  At T1, the 

median score for Grasp was 8.0 points (IQR 9.0) out of a total subscore of 18.0 points 

(approximately 44% maximum subscore) while the median score for Gross was 5.5 points 

(IQR 2.0) out of a total subscore of 9.0 points (approximately 61% maximum subscore) so the 

difference in the amount of change between T1-T2 may reflect there being a greater 

potential for change on the Grasp subscore, compared with the Gross subscore. 

Overall therefore, the smaller QSUL-group cohort (n = 28 patients) demonstrated the same 

significant gains in kinematic measures, strength, joint range, and clinical scores, that were   
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Table 4.4 Change in FMA-UL subscores in the impaired arm over the 32-week study period (n = 28). 

 

 

Table 4.5 Change in ARAT subscores in the impaired arm over the 32-week study period (n = 28). 

  

 

Change in FMA-UL (54) 

Shoulder/ Elbow (30) Wrist (10) Hand (14) 
p 

median points IQR % median points IQR % median points IQR % 

T1-T2 3.0 3.0 10.0 1.5 3.0 15.0 2.0 1.5 14.3 All > 0.26 

T2-T3 0.0 1.0 0.0 0.0 1.0 0.0 0.0 0.3 0.0 All > 0.74 

T2-T4 0.5 3.3 1.7 0.5 3.3 5.0 0.0 1.0 0.0 All > 0.81 

 

Change in ARAT (Total 57) 

Grasp (18) Grip (12) Pinch (18) Gross (9) 
p 

median points IQR % median points IQR % median points IQR % median points IQR % 

T1-T2 3.5 4.0 19.4 1.0 2.3 8.3 0.5 3.5 2.8 0.0 1.0 0.0 
Grasp vs. Gross p = 0.71 x 10-2 
All else p > 0.15 

T2-T3 0.0 1.0 0.0 0.0 2.0 0.0 0.0 1.3 0.0 0.0 0.25 0.0 All p > 0.07 

T2-T4 0.5 2.3 2.8 0.5 2.0 4.2 0.0 2.0 0.0 0.0 1.0 0.0 All p > 0.23 
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Figure 4.5 Change in clinical scores in the impaired arm over the 32-week study period.   
Clinical scores of arm (a) motor impairment (FMA-UL), (b) function (ARAT) and (c) activity (CAHAI) 
significantly improved over the 32-week study period, with gains made during the 3-week 
rehabilitation period maintained 9 and 32 weeks after the end of treatment. T1-T2:  Change 
between admission (week 0) and discharge (week 3) from rehabilitation; T2-T3: change between 
discharge (week 3) and 6-week follow-up (week 9); T2-T4: change between discharge (week 3) and 
6-month follow-up (week 32). The dashed grey line represents no change. p ≤ 0.0001 ‘****’, p ≤ 
0.001 ‘***’, p ≤ 0.01 ‘**’, p ≤ 0.05 ‘*’. 
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The amount of change in the FMA-UL Shoulder/Elbow, Wrist and Hand subscores as a proportion (%) of 
each total subscore is shown over the 32-week study period.  (a) T1-T2:  Change between admission 
(week 0) and discharge (week 3) from rehabilitation; (b) T2-T3: change between discharge (week 3) and 
6-week follow-up (week 9); (c) T2-T4: change between discharge (week 3) and 6-month follow-up (week 
32). There were no significant differences between the amount of change in each subscore.  The dashed 
grey line represents no change. p ≤ 0.0001 ‘****’, p ≤ 0.001 ‘***’, p ≤ 0.01 ‘**’, p ≤ 0.05 ‘*’. 

 

 

Figure 4.6 Change in FMA-UL component subscores.   
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Figure 4.7 Change in ARAT component subscores. 

 

 

 

 

 

The amount of change in the ARAT Grasp, Grip, Pinch and Gross subscores as a proportion (%) of 
each total subscore is shown over the 32-week study period.  (a) T1-T2:  Change between 
admission (week 0) and discharge (week 3) from rehabilitation; (b) T2-T3: change between 
discharge (week 3) and 6-week follow-up (week 9); (c) T2-T4: change between discharge (week 3) 
and 6-month follow-up (week 32). From T1-T2, Grasp changed significantly more than Gross, but 
there were otherwise no differences between the amount of change in each subscore.  The dashed 
grey line represents no change. p ≤ 0.0001 ‘****’, p ≤ 0.001 ‘***’, p ≤ 0.01 ‘**’, p ≤ 0.05 ‘*’. 
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seen in the impaired arm of the larger QSUL-group (n = 52 patients) at the end of the 

rehabilitation intervention (T2), reported in Chapter 1.  The smaller QSUL-group cohort 

retained these gains in all measures at T3 and T4.  There were no further significant 

improvements evident in any measure once the rehabilitation intervention had ended.  In 

comparison, the normal arm did not change. 

 

4.3.3 Do These Changes in Movement Kinematics Reflect a True Improvement in 

Motor Control, which is Maintained After Treatment Has Ended? 

As explained in detail in Chapter 1, while changes in movement kinematics can represent an 

improvement in motor control which results from motor learning, they can also change as a 

direct consequence of alterations in movement speed, either through altered motor control 

demands of a trajectory which are determined by speed and cannot be changed with learning 

(Shmuelof et al., 2012), or through a deliberate reduction in speed to allow greater accuracy 

(Krakauer and Carmichael, 2017b; Kitago et al., 2015; Kitago et al., 2013).  An increase in arm 

strength might also result in an apparent improvement in movement kinematics, if there is a 

strength requirement to the movement, and/or if an increase in strength mitigates flexor 

synergies to unmask motor control.   

To ensure that the changes seen in movement kinematics over the 4 timepoints in this study 

did represent a true improvement in movement quality, the same control analyses, described 

in Chapter 3.3.3, were repeated for the smaller QSUL-group cohort T1-T2 data, and 

subsequently the T2-T3 and T2-T4 data. 

4.3.3.1 Did Improved Motor Control Result from a Reduction in Movement Speed?   

There was no evidence that increase in movement accuracy resulted from a reduction in 

movement speed in the impaired arm (Figure 4.8).  The average number of successful trials 

scored on the 2D-reaching task increased from T1-T2, and this increase persisted over the 

32-week study period (T1-T2 mean change 12 trials (SD 9, range 32 ((-3)-29)); T2-T3 mean 1 

trial (SD 11, range 48 ((-31)-17)); T2-T4 mean -1 trial (SD 10, range 42 ((-28)-14)), F(2,81) = 

3.40, p = 0.02).  Meanwhile, maximum speed per trial did not significantly change between 

any timepoints (T1-T2 mean change in maximum speed 0.6 m/s (SD 2.6, range 12.9 ((-2.2)-

10.7)); T2-T3 mean -0.1 m/s (SD 1.3, range 4.8 ((-3)-1.8)); T2-T4 mean 0.0 m/s (SD 1.6, range 

6.0 (-2.6)-3.4)), F(2,81) = 1.14, p = 0.33).  Therefore, the improvements in movement quality 

seen in these data have occurred at a relatively constant trial speed. 



4 Are Improvements in Motor Control Retained Beyond the End of Treatment? 

 

 
191 

 

 

Figure 4.8 Change in movement speed and change in movement accuracy in the impaired arm. 

 

 

 

 

 

The mean change in maximum speed per trial is plotted against the mean change in the number of 
successful trials, which represents movement accuracy (maximum score: 60 trials) for the impaired 
arm of each patient in the QSUL-group between (a) T1-T2, (b) T2-T3 and (c) T2-T4. The number of 
successful trials significantly increased between T1 and T2, with no corresponding reduction in 
movement speed.  This improvement in movement accuracy was maintained between T2-T3 and 
T2-T4, with no significant change in movement speed. This suggests an overall improvement in 
motor control and not improved movement accuracy resulting from reduced movement speed. 
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4.3.3.2 Did Improved Movement Quality Result from Increased Strength? 

The data were also velocity-matched to preclude strength from contaminating motor control 

(John Krakauer, personal communication December 2020; Cortes et al., 2017), using the 

same velocity stratification criteria as for the whole QSUL-group (Described in detail in 

Chapter 3.3.3.2 and Figure 3.10) and repeating the analyses.    

4.3.3.2.1 Velocity stratification 1 – fastest trials (maximum velocity ≥ 0.10 m/s) 

Analyses of only the fastest trials allowed the strictest comparison of the movement quality 

of trials performed at the highest speeds across successive time points, with the caveat that 

this considerably reduced the sample size.  Nonetheless, when only trials with maximum 

velocity ≥ 0.10 m/s were assessed (Table 4.6), there were significant improvements in the 

impaired arm for movement smoothness (change in jerk: T1-T2 median -0.66 (IQR 1.55 (-

1.65-(-0.10))); T2-T3 median -0.33 (IQR 1.10 (-0.91-0.19)); T2-T4 median 0.00 (IQR 1.95 (-0.75-

1.20)), F(2,66)  = 5.24, p = 0.77 x 10-2); (change in number of velocity peaks:  T1-T2 median -

1.00 (IQR 1.00 (-1.00-0.00)); T2-T3 median 0.00 (IQR 1.00(-0.50-0.50)); T2-T4 median 0.00 

(IQR 0.50 (-0.25-0.25)), F(2,66) = 5.46, p = 0.64 x 10-2) (Figure 4.9(a-b)), movement accuracy 

(T1-T2 median -0.02 deg (IQR 1.10 (-0.09-0.01)); T2-T3 median 0.01 deg (IQR 0.06 (-0.03-

0.03)), T2-T4 median -0.36 x 10-2 deg (IQR 0.04 (-0.04-0.01)), F(2,66)  = 3.08, p = 0.04) (Figure 

4.9(c)) and movement time (T1-T2 median -255.00 ms (IQR 493.75 (-556.25-(-62.50))); T2-T3 

median -102.50 ms (IQR 467.50 (-315.00-152.50)); T2-T4 median -20.00 ms (IQR 527.50 (-

255.00-272.50)), F(2,66) = 4.58, p = 0.01) (Figure 4.9(d)).  Post-hoc pairwise comparisons 

revealed significant changes between T1-T2 and T2-T3 for movement smoothness and 

accuracy (all p < 0.04) and between T1-T2 and T2-T4 for movement smoothness, movement 

accuracy and movement time (all p < 0.01).  There were no significant changes in these 

kinematic parameters in the normal arm (Figure 4.9, Table 4.6). 

4.3.3.2.2 Velocity stratification 2 – middle 68% of data (0.06 ≤ maximum velocity ≤ 0.11 

m/s)  

This velocity stratification encompassed approximately 68% of all trials within one standard 

deviation of the mean, to exclude the fastest and slowest trials, yet control for possible 

contamination of motor control by strength in a larger sample.  Significant improvements in 

movement smoothness, movement accuracy and movement time were evident in the 

impaired arm between T1 and T2, which were maintained at T3 and T4 (Figure 4.10, Table 

4.7):  Movement smoothness (T1-T2 median change in jerk -0.50 (IQR 1.25 (-1.00-0.25)); T2-

T3 median change in jerk 0.21 (IQR 1.38 (-0.27-1.12)); T2-T4 median change in jerk 0.12 (IQR 
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Table 4.6 Change in kinematic measures for trials with maximum velocity ≥ 0.10 m/s for the impaired and normal arms (n = 28).   

 Change (∆) T1-T2 Change (∆) T2-T3 Change (∆) T2-T4 
T1-T2 vs. 

T2-T3 
T2-T3 vs.  

T2-T4 
T1-T2 vs. 

T2-T4 

 Median 25th % 75th % IQR Median 25th % 75th % IQR Median 25th % 75th % IQR p Sig p Sig p Sig 

IMPAIRED ARM       

∆_Movement smoothness 
(jerk) 

-0.66 -1.65 -0.10 1.55 -0.33 -0.91 0.19 1.10 0.00 -0.75 1.20 1.95 0.04 * 0.42 ns 
0.73 x 10-

2 
** 

∆_Movement smoothness  
(no. velocity peaks) 

-1.00 -1.00 0.00 1.00 0.00 -0.50 0.50 1.00 0.00 -0.25 0.25 0.50 
0.91 x 10-

2 
** 0.85 ns 

0.48 x 10-

2 
** 

∆_Movement accuracy (deg) -0.02 -0.09 0.01 0.10 0.01 -0.03 0.03 0.06 
-0.36 x 10-

2 
-0.04 0.01 0.05 0.04 * 0.57 ns 0.57 ns 

∆_Movement time (ms) 
-

255.00 
-

556.25 
-

62.50 
493.75 -102.50 

-
315.00 

152.50 467.50 -20.00 
-

255.00 
272.50 527.50 0.06 ns 0.48 ns 

0.80 x 10-

2 
** 

NORMAL ARM       

∆_Movement smoothness 
(jerk) 

-0.30 -0.61 0.07 0.68 0.20 -0.36 0.69 1.06 0.08 -0.66 0.53 1.19 0.08 ns 0.49 ns 0.44 ns 

∆_Movement smoothness  
(no. velocity peaks) 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.40 ns 0.51 ns 0.64 ns 

∆_Movement accuracy (deg) -0.01 -0.02 0.01 0.03 
0.28 x 10-

2 
-0.01 0.02 0.03 0.01 -0.01 0.03 0.04 0.22 ns 0.60 ns 0.14 ns 

∆_Movement time (ms) -65.00 
-

160.00 
32.50 192.50 0.00 

-
160.00 

190.00 350.00 -20.00 
-

177.50 
71.25 248.75 0.26 ns 0.37 ns 0.89 ns 
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Table 4.7 Change in kinematic measures for trials with 0.06 ≤ maximum velocity ≤ 0.11 m/s for the impaired and normal arms (n = 28). 

 

 

 Change (∆) T1-T2 Change (∆) T2-T3 Change (∆) T2-T4 
T1-T2 vs. 

T2-T3 
T2-T3 vs. 

T2-T4 
T1-T2 vs. 

T2-T4 

 Median 25th % 75th % IQR Median 25th % 75th % IQR Median 25th % 75th % IQR p Sig p Sig p Sig 

IMPAIRED ARM       

∆_Movement smoothness 
(jerk) 

1.23 0.04 1.92 1.88 0.21 -0.27 1.12 1.38 0.12 -0.37 0.72 1.10 0.04 * 0.63 ns 0.03 * 

∆_Movement smoothness  
(no. velocity peaks) 

-0.50 -1.00 0.25 1.25 0.00 -1.00 0.00 1.00 0.00 -1.00 0.25 1.25 0.28 ns 0.76 ns 0.11 ns 

∆_Movement accuracy 
(deg) 

-0.07 -0.15 0.02 0.17 -0.02 -0.03 
-0.50 x 

10-2 
0.02 -0.01 -0.02 

0.45 x 10-

2 
0.03 0.07 ns 0.40 ns 0.02 * 

∆_Movement time (ms)  -452.50 
-

748.75 
-

13.75 
727.00 -97.50 -320.00 131.25 451.25 15.00 -127.50 240.00 367.50 0.04 * 0.30 ns 0.01 * 

NORMAL ARM       

∆_Movement smoothness 
(jerk) 

0.16 -0.07 0.60 0.66 0.19 -0.27 0.61 0.88 0.01 -0.23 0.67 0.90 0.85 ns 0.86 ns 0.71 ns 

∆_Movement smoothness  
(no. velocity peaks) 

0.00 -1.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.59 ns 0.92 ns 0.51 ns 

∆_Movement accuracy 
(deg) 

0.22 x 10-

2 
-0.02 0.02 0.03 

0.24 x 10-

2 
-0.63 x 

10-2 
0.02 0.02 

0.35 x 10-

2 
-0.44 x 

10-2 
0.02 0.02 0.43 ns 0.84 ns 0.63 ns 

∆_Movement time (ms) -20.00 -65.00 10.00 75.00 -25.00 -133.75 20.00 153.75 -37.50 -97.50 31.25 128.75 0.81 ns 0.85 ns 0.82 ns 
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Figure 4.9 Change in kinematic measures for trials with maximum velocity ≥ 0.10 m/s. 

  
Velocity-matching the ‘fastest’ trials controls for potential contamination of motor control by 
strength. The amount of change in key kinematic measures in the impaired and normal arms are 
shown over the 32-week study period, when only trials with maximum velocity ≥ 0.10 m/s are 
included in the analyses. (a) Movement smoothness (jerk), (b) number of velocity peaks, (c) 
movement accuracy and (d) movement time improved significantly in the impaired arm between 
T1-T2 and these improvements were retained between T2-T3 and T2-T4.  The normal arm did not 
significantly change. T1-T2:  Change between admission (week 0) and discharge (week 3) from 
rehabilitation; T2-T3: change between discharge (week 3) and 6-week follow-up (week 9); T2-T4: 
change between discharge (week 3) and 6-month follow-up (week 32). The dashed grey line 
represents no change. p ≤ 0.0001 ‘****’, p ≤ 0.001 ‘***’, p ≤ 0.01 ‘**’, p ≤ 0.05 ‘*’. 



4 Are Improvements in Motor Control Retained Beyond the End of Treatment? 

 

 
196 

 

 

 

     

 

 

Figure 4.10 Change in kinematic measures for trials with 0.06 ≤ maximum velocity ≤ 0.11 m/s.   

Control analyses using velocity-stratification to further minimise potential contamination of motor 
control by strength.  The amount of change in key kinematic measures in the impaired and normal 
arms are shown over the 32-week study period, when only trials with 0.06 ≤ maximum velocity ≤ 
0.11 m/s are included in the analyses. (a) Movement smoothness, (b) movement accuracy and (c) 
movement time improved significantly in the impaired arm during T1-T2 and these improvements 
were maintained at T3 and T4. The normal arm did not change. T1-T2:  Change between admission 
(week 0) and discharge (week 3) from rehabilitation; T2-T3: change between discharge (week 3) 
and 6-week follow-up (week 9); T2-T4: change between discharge (week 3) and 6-month follow-up 
(week 32). The dashed grey line represents no change. p ≤ 0.0001 ‘****’, p ≤ 0.001 ‘***’, p ≤ 0.01 
‘**’, p ≤ 0.05 ‘*’. 
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1.10 (-0.37-0.72)), F(2,66) = 2.60, p = 0.04); movement accuracy (T1-T2 median change in 

accuracy -0.07 deg (IQR 0.17 (-0.15-0.02)); T2-T3 median -0.02 deg (IQR 0.02 (-0.03-(-0.50 x 

10-2)); T2-T4 median -0.01 deg (IQR 1.25 (-0.02-0.45 x 10-2)), F(2,66) = 3.155, p = 0.03); 

movement time (T1-T2 -452.50 ms (IQR 727.00 (-748.75-(-13.75))); T2-T3 median -97.50 ms 

(IQR 451.25 (-320.00-131.25)), T2-T4 median 15.00 ms (IQR 367.50 (-127.50-240.00)), F(2,66) 

= 4.37, p = 0.02) (Figure 4.10).  Post-hoc pairwise comparisons confirmed significant change 

between T1-T2 and T2-T4 for movement accuracy, movement smoothness and movement 

time (all p < 0.03) and also between T1-T2 and T2-T3 for movement smoothness and 

movement time (both p = 0.04) (Table 4.7).  There were no significant changes in these 

kinematic measures in the normal arm between T1 and T4 (Figure 4.10, Table 4.7). 

4.3.3.3 Did Improved Movement Quality Result from Improved Movement Execution or 

Feedback Control?  

The primary outward submovement of the whole movement trajectory (Chapter 3.3.3.3, 

Figure 3.13) represents the planned movement, prior to any corrective submovements, and 

can be defined as the initial movement segment up until the first minimum velocity (<0.005 

m/s) (Shmuelof et al., 2012; Ketcham et al., 2002; Pratt et al., 1994).  Examination of this 

trajectory segment tests whether improvements seen in motor control result from enhanced 

execution of the planned movement, or an improved ability to make online corrections 

through enhanced feedback control.  The primary outward submovements of the velocity-

stratified trials were examined for these data.   

4.3.3.3.1 Velocity stratification 1 – fastest trials (maximum velocity ≥ 0.10 m/s) 

Examination of the primary outward submovement revealed significant improvements in 

submovement smoothness (T1-T2 median jerk -0.39 (IQR 0.88 (-0.85-0.03)); T2-T3 median 

jerk -0.37 (IQR 0.99 (-0.83-0.16)); T2-T4 median jerk 0.01 (IQR 1.44 (-0.88-0.56)), F(2,66) = 

5.50, p = 0.62 x 10-2; post-hoc pairwise comparisons T1-T2 vs. T2-T3 p = 0.04 and T1-T2 vs. 

T2-T4 p = 0.49 x 10-2) and submovement accuracy (T1-T2 median -0.07 deg (IQR 0.12 (-0.14-

0.03)); T2-T3 median 0.00 deg (IQR 0.15 (-0.09-0.06)); T2-T4 median 0.02 deg (IQR 0.18 (-

0.07-0.11)), F(2,66) = 4.82, p = 0.01; post-hoc pairwise comparisons T1-T2 vs. T2-T4 p = 0.01) 

(Figure 4.11, Table 4.8).  The primary outward proportion of the whole trajectory did increase 

for the impaired arm, but this was not significant (F(2,66) = 2.43, p = 0.09). There was no 

significant change in the primary outward submovement of the fastest trials made by the 

normal arm over the study period (Figure 4.11, Table 4.8).  
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4.3.3.3.2 Velocity stratification 2 – middle 68% of data (0.06 ≤ maximum velocity ≤ 0.11 

m/s) 

Examination of the primary outward submovement demonstrated a significant increase in 

the primary submovement as a proportion of the whole movement trajectory between T1-

T2, which was maintained at T3 and T4:  T1-T2 median increase 8.98 % (IQR 14.61 (2.83-

17.44); T2-T3 median 2.11 % (IQR 15.41 (-3.73-11.67)); T2-T4 median increase 0.27 % (IQR 

11.22 (-4.63-6.59)), F(2,66) = 5.60, p = 0.81 x 10-3; post-hoc pairwise comparisons confirmed 

significant change between T1-T2 and T2-T3 (p = 0.04) and between T1-T2 and T2-T4 (p = 

0.01) (Figure 4.12(a), Table 4.9). Primary submovement accuracy improved (T1-T2 median -

0.09 deg (IQR -0.13 (-0.13-(-0.01))); T2-T3 median -0.024 deg (IQR 0.08 (-0.04-0.04)); T2-T4 

median 0.43 x 10-2 deg (IQR 0.09 (-0.04-0.05)), F(2,66) = 7.95, p = 0.81 x 10-3) with significant 

differences between T1-T2 and T2-T3 (p = 0.40 x 10-2) and T1-T2 and T2-T4 (p = 0.16 x 10-2) 

(Figure 4.12(b), Table 4.9).  Primary submovement smoothness also improved (T1-T2 median 

jerk 0.82 (IQR 1.13 (0.25-1.38)); T2-T3 median jerk 0.40 (IQR 1.04 (-0.40-0.64)); T2-T4 median 

jerk -0.06 (IQR 0.80 (-0.23-0.56)), F(2,66) = 2.40, p = 0.01) with a significant difference 

between T1-T2 and T2-T4 (p = 0.03) (Figure 4.12(c), Table 4.9).  There was no significant 

change in the primary outward submovement for the normal arm over the study period 

(Figure 4.12, Table 4.9).  

These results confirm an overall improvement in motor control in the impaired arm of the 

QSUL-group, which occurred during T1-T2 and was retained at T3 and T4, and which is due 

to improved movement execution as opposed to enhanced feedback control.   
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Table 4.8 Change in kinematic measures for the primary outward submovement of trials with maximum velocity ≥ 0.10 m/s made by the impaired and normal arms. 

 

Table 4.9 Change in kinematic measures for the primary outward submovement of trials with 0.06 ≤ maximum velocity ≤ 0.11 m/s made by the impaired and normal 
arms. 

 Change (∆) T1-T2 Change (∆) T2-T3 Change (∆) T2-T4 T1-T2 vs. T2-T3 T2-T3 vs. T2-T4 T1-T2 vs. T2-T4 

 Median 25th % 75th % IQR Median 25th % 75th % IQR Median 25th % 75th % IQR p Sig p Sig p Sig 

IMPAIRED ARM       

∆_Movement 
smoothness (jerk) 

-0.39 -0.85 0.03 0.88 -0.37 -0.83 0.16 0.99 0.01 -0.88 0.56 1.44 0.04 * 0.23 ns 
0.49 x 

10-2 
** 

∆_Movement 
accuracy (deg) 

-0.07 -0.14 -0.03 0.12 0.00 -0.09 0.06 0.15 0.02 -0.07 0.11 0.18 0.16 ns 0.82 ns 0.01 * 

∆_Submovement % 
whole trajectory 

5.10 -0.61 15.74 16.35 2.42 -5.02 9.89 14.91 4.06 -2.37 9,18 11.54 0.11 ns 0.97 ns 0.18 ns 

NORMAL ARM       

∆_Movement 
smoothness (jerk) 

-0.14 -0.41 0.36 0.77 0.13 -0.37 0.57 0.93 -0.06 -0.34 0.35 0.69 0.44 ns 0.99 ns 0.37 ns 

∆_Movement 
accuracy (deg) 

-0.02 -0.06 0.01 0.07 0.01 -0.05 0.05 1.00 0.01 -0.04 0.03 0.07 0.39 ns 0.50 ns 0.85 ns 

∆_Submovement % 
whole trajectory 

3.06 -0.33 10.98 11.31 1.69 -5.38 15.79 21.16 1.05 -4.48 18.44 22.91 0.44 ns 0.88 ns 0.36 ns 

 Change (∆) T1-T2 Change (∆) T2-T3 Change (∆) T2-T4 T1-T2 vs. T2-T3 T2-T3 vs. T2-T4 T1-T2 vs. T2-T4 

 Median 25th % 75th % IQR Median 25th % 75th % IQR Median 25th % 75th % IQR p Sig p Sig p Sig 

IMPAIRED ARM       

∆_Movement 
smoothness (jerk) 

0.82 0.25 1.38 1.13 0.40 -0.40 0.64 1.04 -0.06 -0.23 0.56 0.80 0.12 ns 0.50 ns 0.03 * 

∆_Movement 
accuracy (deg) 

-0.09 -0.13 -0.01 -0.13 -0.02 -0.04 0.04 0.08 
0.43 x 

10-2 
-0.04 0.05 0.09 

0.40 x 
10-2 

** 0.75 ns 
0.16 x 

10-2 
** 

∆_Submovement % 
whole trajectory 

8.98 2.83 17.44 14.61 2.11 -3.73 11.67 15.41 0.27 -4.63 6.59 11.22 0.04 * 0.39 ns 
0.18 x 

10-2 
** 

NORMAL ARM       

∆_Movement 
smoothness (jerk) 

-0.12 -0.42 0.09 0.51 -0.06 -0.50 0.20 0.71 
0.47 x 

10-2 
-0.33 0.11 0.44 0.84 ns 0.96 ns 0.65 ns 

∆_Movement 
accuracy (deg) 

-0.01 -0.05 0.02 0.07 
0.27 x 

10-3 
-0.03 0.02 0.05 

-0.45 x 
10-2 

-0.02 0.01 0.03 0.56 ns 0.51 ns 0.74 ns 

∆_Submovement % 
whole trajectory 

2.34 -1.79 12.70 14.48 1.58 -2.00 5.05 7.05 1.20 -0.56 4.49 5.04 0.60 ns 0.83 ns 0.57 ns 
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Figure 4.11 Change in primary outward submovement kinematic measures for trials with 
maximum velocity ≥ 0.10 m/s.  

 

 

 

 

 

 

 

 

(a) The primary outward submovement as a proportion of the whole movement trajectory 
improved in the impaired arm between T1-T2 and this improvement was retained at T2-T3 and T2-
T4. (b) Submovement accuracy and (c) submovement smoothness significantly improved in the 
impaired arm and these improvements were retained at T2-T3 and T2-T4.  The normal arm did not 
significantly change.  The primary outward submovement of the whole movement trajectory was 
defined as the movement segment up until the first minimum velocity (<0.005 m/s). T1-T2:  
Change between admission (week 0) and discharge (week 3) from rehabilitation; T2-T3: change 
between discharge (week 3) and 6-week follow-up (week 9); T2-T4: change between discharge 
(week 3) and 6-month follow-up (week 32). The dashed grey line represents no change.  p ≤ 0.0001 
‘****’, p ≤ 0.001 ‘***’, p ≤ 0.01 ‘**’, p ≤ 0.05 ‘*’. 
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Figure 4.12 Change in primary outward submovement kinematic measures for trials with 0.06 ≤ 
maximum velocity ≤ 0.11 m/s.   
(a) The primary outward submovement as a proportion of the whole movement trajectory, (b) 
submovement accuracy and (c) submovement smoothness improved significantly in the impaired 
arm between T1-T2 and these improvements were retained between T2-T3 and T2-T4, 
demonstrating a persistent improvement in movement execution.  The normal arm did not change.  
The primary outward submovement of the whole movement trajectory was defined as the 
movement segment up until the first minimum velocity (<0.005 m/s). T1-T2:  Change between 
admission (week 0) and discharge (week 3) from rehabilitation; T2-T3: change between discharge 
(week 3) and 6-week follow-up (week 9); T2-T4: change between discharge (week 3) and 6-month 
follow-up (week 32). The dashed grey line represents no change.  p ≤ 0.0001 ‘****’, p ≤ 0.001 ‘***’, 
p ≤ 0.01 ‘**’, p ≤ 0.05 ‘*’. 
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4.3.4 Did Changes in Arm Range of Motion and/or Strength Contribute to 

Changes in Motor Control and/or the Retention of Changes in Motor 

Control? 

Multiple linear regression mixed model analyses were performed on 0.06 ≤ maximum 

velocity ≤ 0.11 m/s velocity-stratified trials to see if change in strength and/or elbow range 

of motion could account for change in any kinematic measures in the impaired arm of the 

QSUL-group.  Models were constructed using change in each of the four key kinematic 

parameters between T1-T2, T2-T3 and T2-T4 as the dependent variable in turn (i.e. 

movement smoothness (jerk), movement smoothness (velocity peaks), movement accuracy 

and movement time).  The remaining three kinematic parameters, change in biceps and 

triceps strength and change in elbow flexion and extension were included as fixed effects in 

the models and individual subject was included as a random effect.  Models were performed 

for the T1-T2 data (Table 4.10, Models A-D), T2-T3 data (Table 4.11, Models A-D) and T2-T4 

data (Table 4.12, Models A-D). 

Change in elbow strength and/or range of motion did not account for change in any of the 

kinematic measures assessed across the 4 timepoints, which could only be accounted for by 

change in the other kinematic parameters included in the model.   

4.3.4.1 Changes Made During Treatment  

From T1 to T2, change in movement smoothness (jerk) was accounted for by change in 

velocity peaks (β -0.28 (95% CI -0.34-(-0.22)), 23.0 % total variance, t = -9.34, ꭓ2 = 84.63, Df 1, 

p < 2.20 x 10-16) and change in movement time (β -0.63 (95% CI -0.69-(-0.57)), 51.0 % total 

variance, t = -20.00, ꭓ2 = 335.06, Df 1, p < 2.20 x 10-16); change in movement smoothness 

(velocity peaks) was accounted for by change in movement smoothness (jerk) (β -0.29 (95% 

CI -0.35-(-0.23)), 23.00% total variance, t = -9.48, ꭓ2 = 84.41, Df 1, p < 2.20 x 10-16) and change 

in movement time (β 0.64 (95% CI 0.57-0.70), 50.10% total variance, t = 20.18, ꭓ2 = 330.16, 

Df 1, p < 2.20 x 10-16); change in movement accuracy was accounted for by change in 

movement time (β 0.24 (95% CI 0.09-0.38), 14.40 % total variance, t = 3.13, ꭓ2 = 9.64, Df 1, p 

= 0.19 x 10-2); change in movement time was accounted for by change in movement 

smoothness (jerk: β -0.46 (95% CI -0.50-(-0.41)), 41.60% total variance, t = -20.06, ꭓ2 = 337.13, 

Df 1, p < 2.20 x 10-16; velocity peaks: β 0.46 (95% CI 0.42-0.51), 42.00 % total variance, t = 

20.56, ꭓ2 = 350.40, Df 1, p < 2.20 x 10-16) and movement accuracy (β 0.04 (95% CI 0.01-0.06), 

3.5% total variance, t = 2.92, ꭓ2 = 8.47, p = 0.36 x 10-2) (Table 4.10, Models A-D).   
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Table 4.10 Multiple linear regression mixed models for change in measures in the impaired arm between T1-T2 (n = 28). 

Dependent variables:  Model A – Movement smoothness (jerk); Model B – Movement smoothness (velocity peaks); Model C – Movement accuracy; Model D – Movement 
time; Model E – FMA-UL; Model F – ARAT; Model G – CAHAI. 

 

 

 

 

Model A (∆_T1-T2) Random Effects Fixed Effects 

Dependent variable  Variance 
% total 
variance 

SD  
Estimate of 
variance (β) 

% total 
variance 

SE t ꭓ2 Df p Sig 

∆_Movement 
smoothness(∆_jerk) 

Subject 
(intercept) 

0.01 0.83 0.10 Intercept -0.50 x 10-5 - 0.03 -0.02 - - - - 

 Residual 0.21 - 0.46 ∆_Movement smoothness (∆_vel) -0.28 23.00 0.03 -9.34 84.63 1 < 2.20 x 10-16 *** 

 (No. obs 982)    ∆_Movement accuracy (∆_rad) 0.02 - 0.02 1.02 1.04 1 0.31 ns 

     ∆_Movement time -0.63 51.00 0.03 -20.00 335.06 1 < 2.20 x 10-16 *** 

     ∆_Biceps strength -0.03 - 0.03 -0.93 0.85 1 0.36 ns 

     ∆_Triceps Strength 0.01 - 0.03 0.32 0.10 1 0.75 ns 

     ∆_Elbow flexion -0.04 - 0.03 -1.27 1.59 1 0.21 ns 

     ∆_Elbow extension 0.36 x 10-2 - 0.03 0.14 0.02 1 0.89 ns 

Model B (∆_T1-T2) Random Effects Fixed Effects 

Dependent variable  Variance 
% total 
variance 

SD  
Estimate of 
variance (β) 

% total 
variance 

SE t ꭓ2 Df p Sig 

∆_Movement 
smoothness (∆_vel) 

Subject 
(intercept) 

0.01 0.50 0.08 Intercept -0.20 x 10-2 - 0.02 -0.09 - - - - 

 Residual 0.22 - 0.47 ∆_Movement smoothness (∆_jerk) -0.29 23.00 0.03 -9.48 84.41 1 < 2.20 x 10-16 *** 

 (No. obs 982)    ∆_Movement accuracy (∆_rad) 0.01 - 0.02 0.56 0.32 1 0.57 ns 

     ∆_Movement time 0.64 50.10 0.03 20.18 330.16 1 < 2.20 x 10-16 *** 

     ∆_Biceps strength 0.06 - 0.03 1.87 3.33 1 0.08 ns 

     ∆_Triceps Strength -0.01 - 0.03 -0.52 0.27 1 0.60 ns 

     ∆_Elbow flexion 0.02  0.02 0.88 0.75 1 0.39 ns 

     ∆_Elbow extension -0.01  0.02 -0.60 0.35 1 0.55 ns 
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Model C (∆_T1-T2) Random Effects Fixed Effects 

Dependent variable  Variance 
% total 
variance 

SD  
Estimate of 
variance (β) 

% total 
variance 

SE t ꭓ2 Df p Sig 

∆_Movement 
accuracy (∆_rad) 

Subject 
(intercept) 

0.03 1.70 0.17 Intercept -0.32 x 10-2 - 0.05 -0.07 - - - - 

 Residual 0.88 - 0.94 ∆_Movement smoothness (∆_jerk) 0.07 - 0.06 1.11 1.22 1 0.27 ns 

 (No. obs 982)    ∆_Movement smoothness (∆_vel) 0.03 - 0.06 0.57 0.32 1 0.57 ns 

     ∆_Movement time 0.24 14.40 0.08 3.13 9.64 1 0.19 x 10-2 ** 

     ∆_Biceps strength -0.10 - 0.06 -1.66 2.67 1 0.10 ns 

     ∆_Triceps Strength 0.07 - 0.06 1.12 1.25 1 0.26 ns 

     ∆_Elbow flexion -0.14 - 0.05 -2.84 3.05 1 0.08 ns 

     ∆_Elbow extension -0.07 - 0.05 -1.37 1.80 1 0.18 ns 

Model E (∆_T1-T2) Random Effects Fixed Effects 

Dependent variable  Variance 
% total 
variance 

SD  
Estimate of 
variance (β) 

% total 
variance 

SE t ꭓ2 Df p Sig 

∆_FMA_UL 
Subject 
(intercept) 

1.03 52.30 1.01 Intercept -0.04 - 0.21 -0.18 - - - - 

 Residual 0.40 x 10-3 - 0.02 ∆_Movement smoothness (∆_jerk) -0.18 x 10-2 - 0.10 x 10-2 -1.33 1.76 1 0.19 ns 

 (No. obs 982)    ∆_Movement smoothness (∆_vel) 0.83 x 10-3 - 0.10 x 10-2 0.60 0.36 1 0.55 ns 

     ∆_Movement accuracy (∆_rad) 0.19 x 10-3 - 0.69 x 10-3 0.28 0.08 1 0.78 ns 

     ∆_Movement time -0.23 x 10-2 - 0.16 x 10-2 -1.39 1.93 1 0.16 ns 

     ∆_Biceps strength -0.32 - 0.22 -1.47 2.07 1 0.15 ns 

     ∆_Triceps Strength 0.41 21.20 0.08 4.97 16.78 1 < 0.42 x 10-5 *** 

     ∆_Elbow flexion 0.09 - 0.20 0.42 0.18 1 0.67 ns 

     ∆_Elbow extension -0.15 - 0.22 -0.68 0.46 1 0.50 ns 

Model D (∆_T1-T2) Random Effects Fixed Effects 

Dependent 
variable 

 Variance 
% total 
variance 

SD  
Estimate of 
variance (β) 

% total 
variance 

SE t ꭓ2 Df p Sig 

∆_Movement time 
Subject 
(intercept) 

0.02 1.70 0.14 Intercept 0.40 x 10-2 - 0.03 0.15 - - - - 

 Residual 0.15 - 0.39 ∆_Movement smoothness (∆_jerk) -0.46 41.60 0.02 -20.06 337.13 1 < 2.20 x 10-16 *** 

 (No. obs 982)    ∆_Movement smoothness (∆_vel) 0.46 42.00 0.02 20.56 350.40 1 < 2.20 x 10-16 *** 

     ∆_Movement accuracy (∆_rad) 0.04 3.50 0.01 2.92 8.47 1 0.36 x 10-2 ** 

     ∆_Biceps strength -0.08 - 0.04 -1.86 3.27 1 0.08 ns 

     ∆_Triceps Strength -0.30 x 10-2 - 0.04 -0.08 0.01 1 0.94 ns 

     ∆_Elbow flexion -0.04 - 0.03 -1.06 1.10 1 0.29 ns 

     ∆_Elbow extension 0.02 - 0.03 0.71 0.50 1 0.48 ns 
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Model F (∆_T1-T2) Random Effects Fixed Effects 

Dependent 
variable 

 Variance 
% total 
variance 

SD  
Estimate of 
variance (β) 

% total 
variance 

SE t ꭓ2 Df p Sig 

∆_ARAT 
Subject 
(intercept) 

0.93 72.30 0.96 Intercept -0.36 x 10-1 - 0.02 -0.18 - - - - 

 Residual 0.59 x 10-3 - 0.02 ∆_Movement smoothness (∆_jerk) -0.15 x 10-5 - -0.17 x 10-2 -0.01 0.40 x 10-3 1 0.99 ns 

 (No. obs 982)    ∆_Movement smoothness (∆_vel) -0.18 x 10-2 - 0.18 x 10-2 -1.09 1.20 1 0.27 ns 

     ∆_Movement accuracy (∆_rad) 0.12 x 10-3 - 0.84 x 10-3 0.14 0.02 1 0.89 ns 

     ∆_Movement time 0.87 x 10-3 - 0.21 x 10-2 0.43 0.19 1 0.67 ns 

     ∆_Biceps strength -0.61 x 10-1 - 0.21 -0.29 0.08 1 0.77 ns 

     ∆_Triceps Strength 0.29 22.30 0.08 3.61 10.33 1 0.01 x 10-2 ** 

     ∆_Elbow flexion -0.15 - 0.19 -0.76 0.58 1 0.43 ns 

     ∆_Elbow extension 0.12 - 0.21 0.61 0.36 1 0.55 ns 

Model G (∆_T1-T2) Random Effects Fixed Effects 

Dependent variable  Variance 
% total 
variance 

SD  
Estimate of 
variance (β) 

% total 
variance  

SE t ꭓ2 Df p Sig 

∆_CAHAI 
Subject 
(intercept) 

0.77 90.00 0.88 Intercept 0.99 x 10-2 - 0.18 0.05 - - - - 

 Residual 0.13 x 10-3 - 0.01 ∆_Movement smoothness (∆_jerk) -0.15 x 10-5 - 0.80 x 10-3 -0.02 0.30 x 10-3 1 0.99 ns 

 (No. obs 982)    ∆_Movement smoothness (∆_vel) -0.90 x 10-3 - 0.79 x 10-3 -1.15 1.31 1 0.25 ns 

     ∆_Movement accuracy (∆_rad) 0.25 x 10-4 - 0.39 x 10-3 0.06 0.40 x 10-2 1 0.95 ns 

     ∆_Movement time 0.45 x 10-3 - 0.94 x 10-3 0.48 0.23 1 0.63 ns 

     ∆_Biceps strength 0.20 - 0.19 1.20 1.40 1 0.24 ns 

     ∆_Triceps Strength 0.25 29.20 0.07 3.42 9.47 1 0.21 x 10-2 ** 

     ∆_Elbow flexion -0.18 - 0.02 -1.04 1.05 1 0.31 ns 

     ∆_Elbow extension -0.03 - 0.18 -0.13 0.02 1 0.88 ns 
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Table 4.11 Multiple linear regression mixed models for change in measures in the impaired arm between T2-T3 (n = 28). 

Dependent variables:  Model A – Movement smoothness (jerk); Model B – Movement smoothness (velocity peaks); Model C – Movement accuracy; Model D – Movement 
time; Model E – FMA-UL; Model F – ARAT; Model G – CAHAI. 

 

 

 

 

 

Model A (∆_T2-T3) Random Effects Fixed Effects 

Dependent variable  Variance 
% total 
variance 

SD  
Estimate of 
variance (β) 

% total 
variance 

SE t ꭓ2 Df p Sig 

∆_Movement 
smoothness (∆_jerk) 

Subject 
(intercept) 

0.00 0.00 0.00 Intercept 2.71 x 10-17 - 0.06 0.00 - - - - 

 Residual 0.24 - 0.49 ∆_Movement smoothness (∆_vel) -0.32 22.40 0.03 -10.36 101.80 1 < 2.20 x 10-16 *** 

 (No. obs 982)    ∆_Movement accuracy (∆_rad) 0.51 x 10-2 - 0.02 0.32 0.10 1 0.75 ns 

     ∆_Movement time -0.58 41.20 0.03 -18.87 303.75 1 < 2.20 x 10-16 *** 

     ∆_Biceps strength 0.02 - 0.02 -1.10 1.29 1 0.27 ns 

     ∆_Triceps Strength 0.05 - 0.02 0.01 1.44 1 0.30 ns 

     ∆_Elbow flexion 0.02 - 0.02 0.02 0.58 1 0.45 ns 

     ∆_Elbow extension 0.02 - 0.02 -1.13 1.28 1 0.26 ns 

Model B (∆_T2-T3) Random Effects Fixed Effects 

Dependent variable  Variance 
% total 
variance 

SD  
Estimate of 
variance (β) 

% total 
variance 

SE t ꭓ2 Df p Sig 

∆_Movement 
smoothness (∆_vel) 

Subject 
(intercept) 

0.00 0.08 0.03 Intercept -0.41 x 10-3 - 0.02 -0.03 - - - - 

 Residual 0.23 - 0.48 ∆_Movement smoothness (∆_jerk) -0.31 24.70 0.03 -10.27 98.69 1 < 2.20 x 10-16 *** 

 (No. obs 982)    ∆_Movement accuracy (∆_rad) 0.40 x 10-3 - 0.02 0.03 0.70 x 10-3 1 0.98 ns 

     ∆_Movement time 0.60 48.20 0.03 19.91 330.22 1 < 2.20 x 10-16 *** 

     ∆_Biceps strength 0.03  0.02 1.54 2.24 1 0.13 ns 

     ∆_Triceps Strength -0.02  0.03 -0.97 0.93 1 0.34 ns 

     ∆_Elbow flexion 0.03  0.02 1.29 1.65 1 0.20 ns 

     ∆_Elbow extension -0.02  0.02 -1.33 1.67 1 0.20 ns 
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Model C (∆_T2-T3) Random Effects Fixed Effects 

Dependent variable  Variance 
% total 
variance 

SD  
Estimate of 
variance (β) 

% total 
variance 

SE t ꭓ2 Df p Sig 

∆_Movement 
accuracy (∆_rad) 

Subject 
(intercept) 

0.05 3.40 0.22 Intercept 0.76 x 10-2 - 0.06 0.14 - - - - 

 Residual 0.90 - 0.95 ∆_Movement smoothness (∆_jerk) 0.18 x 10-2 - 0.06 0.03 0.80 x 10-4 1 0.98 ns 

 (No. obs 982)    ∆_Movement smoothness (∆_vel) 0.01 - 0.06 0.23 0.05 1 0.82 ns 

     ∆_Movement time 0.18 12.90 0.07 2.52 6.23 1 0.01 * 

     ∆_Biceps strength -0.07 - 0.06 -1.16 1.32 1 0.25 ns 

     ∆_Triceps Strength 0.07 - 0.08 -0.88 0.78 1 0.34 ns 

     ∆_Elbow flexion 0.06 - 0.08 0.74 0.55 1 0.46 ns 

     ∆_Elbow extension 0.02 - 0.06 0.29 0.08 1 0.77 ns 

Model D (∆_T2-T3) Random Effects Fixed Effects 

Dependent variable  Variance 
% total 
variance 

SD  
Estimate of 
variance (β) 

% total 
variance 

SE t ꭓ2 Df p Sig 

∆_Movement time 
Subject 
(intercept) 

0.01 1.09 0.12 Intercept 0.10 x 10-2 - 0.03 0.06 - - - - 

 Residual 0.17 - 0.42 ∆_Movement smoothness (∆_jerk) -0.44 35.30 0.02 -18.68 298.43 1 < 2.20 x 10-16 *** 

 (No. obs 982)    ∆_Movement smoothness (∆_vel) 0.48 38.20 0.02 20.41 346.16 1 < 2.20 x 10-16 *** 

     ∆_Movement accuracy (∆_rad) 0.03 2.70 0.01 2.42 5.80 1 0.02 * 

     ∆_Biceps strength -0.04 - 0.03 -1.26 1.54 1 0.22 ns 

     ∆_Triceps Strength 0.01 - 0.04 0.32 0.10 1 0.75 ns 

     ∆_Elbow flexion -0.03 - 0.04 -0.90 0.80 1 0.37 ns 

     ∆_Elbow extension 0.02 - 0.03 0.76 0.56 1 0.45 ns 

Model E (∆_T2-T3) Random Effects Fixed Effects 

Dependent variable  Variance 
% total 
variance 

SD  
Estimate of 
variance (β) 

% total 
variance 

SE t ꭓ2 Df p Sig 

∆_FMA-UL 
Subject 
(intercept) 

1.33 16.00 3.64 Intercept -0.05 - 0.76 -0.07 - - - - 

 Residual 0.44 x 10-3 - 0.02 ∆_Movement smoothness (∆_jerk) 0.99 x 10-3 - 0.13 x 10-2 0.72 0.51 1 0.47 ns 

 (No. obs 982)    ∆_Movement smoothness (∆_vel) -0.95 x 10-3 - 0.14 x 10-2 -0.67 0.45 1 0.50 ns 

     ∆_Movement accuracy (∆_rad) 0.38 x 10-4 - 0.72 x 10-3 0.05 0.28 x 10-2 1 0.96 ns 

     ∆_Movement time 0.34 x 10-3 - 0.16 x 10-2 2.11 4.42 1 0.08 ns 

     ∆_Biceps strength 3.55 43.00 0.27 13.02 49.05 1 2.50 x 10-12 *** 

     ∆_Triceps Strength -3.80 46.00 0.45 -8.39 32.30 1 1.32 x 10-8 *** 

     ∆_Elbow flexion 0.44 - 0.95 0.46 0.21 1 0.65 ns 

     ∆_Elbow extension -0.29 - 0.81 -0.36 0.13 1 0.72 ns 
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Model F (∆_T2-T3) Random Effects Fixed Effects 

Dependent variable  Variance 
% total 
variance 

SD  
Estimate of 
variance (β) 

% total 
variance 

SE t ꭓ2 Df p Sig 

∆_ARAT 
Subject 
(intercept) 

2.21 21.60 1.49 Intercept -0.04 - 0.31 -0.12 - - - - 

 Residual 0.30 x 10-3 - 0.02 ∆_Movement smoothness (∆_jerk) 0.82 x 10-3 - 0.12 x 10-2 0.71 0.50 1 0.48 ns 

 (No. obs 982)    ∆_Movement smoothness (∆_vel) -0.79 x 10-3 - 0.12 x 10-2 -0.67 0.45 1 0.50 ns 

     ∆_Movement accuracy (∆_rad) 0.36 x 10-4 - 0.59 x 10-3 0.06 0.36 x 10-2 1 0.95 ns 

     ∆_Movement time 0.28 x 10-3 - 0.14 x 10-2 2.10 0.41 1 0.36 ns 

     ∆_Biceps strength 1.48 14.40 0.11 13.07 49.79 1 1.71 x 10-12 *** 

     ∆_Triceps Strength -1.43 14.00 0.19 -7.70 29.59 1 5.40 x 10-8 *** 

     ∆_Elbow flexion 0.14 - 0.39 0.37 0.13 1 0.72 ns 

     ∆_Elbow extension -0.04 - 0.33 -0.11 0.01 1 0.91 ns 

Model G (∆_T2-T3) Random Effects Fixed Effects 

Dependent variable  Variance 
% total 
variance 

SD  
Estimate of 
variance (β) 

% total 
variance 

SE 
t 
value 

ꭓ2 Df p Sig 

∆_CAHAI 
Subject 
(intercept) 

1.53 38.00 1.24 Intercept 0.66 x 10-2 - 0.26 0.03 - - - - 

 Residual 0.18 x 10-3 - 0.01 ∆_Movement smoothness (∆_jerk) 0.63 x 10-3 - 0.88 x 10-3 0.71 0.51 1 0.46 ns 

 (Number obs 982)    ∆_Movement smoothness (∆_vel) -0.60 x 10-3 - 0.89 x 10-3 -0.67 0.45 1 0.50 ns 

     ∆_Movement accuracy (∆_rad) 0.24 x 10-4 - 0.45 x 10-3 0.05 0.28 x 10-2 1 0.96 ns 

     ∆_Movement time 0.22 x 10-2 - 0.10 x 10-2 2.11 0.42 1 0.35 ns 

     ∆_Biceps strength 0.91 22.30 0.09 9.69 37.95 1 7.26 x 10-10 *** 

     ∆_Triceps Strength -0.86 21.40 0.15 -5.58 19.82 1 8.51 x 10-6 *** 

     ∆_Elbow flexion 0.17 - 0.32 0.53 0.28 1 0.60 ns 

     ∆_Elbow extension -0.54 13.50 0.27 -1.98 3.60 1 0.04 * 
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Table 4.12 Multiple linear regression mixed models for change in measures in the impaired arm between T2-T4 (n = 28). 

Dependent variables:  Model A – Movement smoothness (jerk); Model B – Movement smoothness (velocity peaks); Model C – Movement accuracy; Model D – Movement 

time; Model E – FMA-UL; Model F – ARAT; Model G – CAHAI. 

 

 

 

 

 

Model A (∆_T2-T4) Random Effects Fixed Effects 

Dependent 
variable 

 Variance 
%  total 
variance 

SD  
Estimate of 
variance (β) 

% total 
variance 

SE t ꭓ2 Df p Sig 

∆_Movement 
smoothness (∆_jerk) 

Subject 
(intercept) 

0.00 0.00 0.00 Intercept -1.13 x 10-16 - 1.52 x 10-2 0.00 - - - - 

 Residual 0.23 - 0.48 ∆_Movement smoothness (∆_vel) -3.16 x 10-1 19.30 3.11 x 10-2 -10.19 98.74 1 < 2.20 x 10-16 *** 

 (No. obs: 982)    ∆_Movement accuracy (∆_rad) 1.87 x 10-3 - 1.56 x 10-2 0.12 0.01 1 0.90 ns 

     ∆_Movement time -5.83 x 10-1 35.60 3.20 x 10-2 -18.28 285.93 1 0.01 ** 

     ∆_Biceps strength -2.15 x 10-1 - 1.73 x 10-2 -1.24 1.55 1 0.21 ns 

     ∆_Triceps Strength -4.27 x 10-2 - 2.28 x 10-2 -1.88 3.52 1 0.08 ns 

     ∆_Elbow flexion 4.21 x 10-2 - 2.34 x 10-2 1.80 3.24 1 0.07 ns 

     ∆_Elbow extension -2.40 x 10-2 - 1.71 x 10-2 -1.40 3.03 1 0.09 ns 

Model B (∆_T2-T4) Random Effects Fixed Effects 

Dependent 
variable 

 Variance 
% total 
variance 

SD  
Estimate of 
variance (β) 

% total 
variance 

SE t ꭓ2 Df p Sig 

∆_Movement 
smoothness (∆_vel) 

Subject 
(intercept) 

0.03 0.30 0.06 Intercept -0.01 x 10-2 - 0.02 -0.09 x 10-1 - - - - 

 Residual 0.21 - 0.46 ∆_Movement smoothness (∆_jerk) -0.30 23.20 0.03 -10.12 97.38 1 < 2.20 x 10-16 *** 

 (No. obs: 982)    ∆_Movement accuracy (∆_rad) -0.01 - 0.02 -0.74 0.54 1 0.46 ns 

     ∆_Movement time 0.63 49.10 0.03 21.07 361.77 1 < 2.20 x 10-16 *** 

     ∆_Biceps strength 0.04 - 0.02 1.60 2.38 1 0.12 ns 

     ∆_Triceps Strength -0.04 - 0.03 -1.31 1.69 1 0.19 ns 

     ∆_Elbow flexion 0.04 - 0.03 1.25 1.56 1 0.21 ns 

     ∆_Elbow extension -0.02 - 0.02 -0.88 0.76 1 0.38 ns 
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Model C (∆_T2-T4) Random Effects Fixed Effects 

Dependent variable  Variance 
% total 
variance 

SD  
Estimate of 
variance (β) 

% total 
variance 

SE t ꭓ2 Df p Sig 

∆_Movement 
accuracy (∆_rad) 

Subject 
(intercept) 

0.30 x 10-2 0.20 0.06 Intercept 0.10 x 10-2 - 0.03 0.03 - - - - 

 Residual 0.94 - 0.97 ∆_Movement smoothness (∆_jerk) 0.70 x 10-2 - 0.07 0.11 0.01 1 0.91 ns 

 (No. obs: 982)    ∆_Movement smoothness (∆_vel) -0.05 - 0.07 -0.70 0.49 1 0.48 ns 

     ∆_Movement time 0.26 16.10 0.08 3.43 11.68 1 0. 63 x 10-3 *** 

     ∆_Biceps strength -0.05 - 0.04 -1.45 1.98 1 0.16 ns 

     ∆_Triceps Strength -0.16 - 0.05 -2.31 4.81 1 0.28 ns 

     ∆_Elbow flexion 0.16 10.10 0.05 3.17 8.44 1 0.36 x 10-2 ** 

     ∆_Elbow extension 0.02 - 0.04 0.61 0.37 1 0.54 ns 

Model D (∆_T2-T4) Random Effects Fixed Effects 

Dependent variable  Variance 
% total 
variance 

SD  
Estimate of 
variance (β) 

% total 
variance 

SE t ꭓ2 Df p Sig 

∆_Movement time 
Subject 
(intercept) 

0.01 0.70 0.10 Intercept 0.20 x 10-2 - 0.02 0.09 - - - - 

 Residual 0.16 - 0.40 ∆_Movement smoothness (∆_jerk) -0.42 32.60 0.02 -17.90 276.98 1 < 2.20 x 10-16 *** 

 (No. obs: 982)    ∆_Movement smoothness (∆_vel) 0.49 38.10 0.02 21.27 370.87 1 < 2.20 x 10-16 *** 

     ∆_Movement accuracy (∆_rad) 0.04 3.40 0.01 3.31 10.86 1 0.89 x 10-3 *** 

     ∆_Biceps strength -0.03 - 0.03 -2.23 1.37 1 0.25 ns 

     ∆_Triceps Strength 0.02 - 0.04 1.21 1.42 1 0.23 ns 

     ∆_Elbow flexion -0.02 - 0.04 -0.59 0.34 1 0.56 ns 

     ∆_Elbow extension 0.04 - 0.02 1.38 1.88 1 0.17 ns 

Model E (∆_T2-T4) Random Effects Fixed Effects 

Dependent variable  Variance 
% total 
variance 

SD  
Estimate of 
variance (β) 

% total 
variance 

SE t ꭓ2 Df p Sig 

∆_FMA-UL Subject (intercept) 1.19 32.60 1.09 Intercept -7.17 x 10-3 - 2.27 x 10-1 -0.03 - - - - 

 Residual 3.93 x 10-5 - 0.01 ∆_Movement smoothness (∆_jerk) 9.42 x 10-5 - 4.25 x 10-4 0.22 0.05 1 0.82 ns 

 (No. obs: 982)    ∆_Movement smoothness (∆_vel) 3.48 x 10-4 - 4.41 x 10-4 0.79 0.62 1 0.43 ns 

     ∆_Movement accuracy (∆_rad) -1.10 x 10-4 - 2.10 x 10-4 -0.52 0.27 1 0.61 ns 

     ∆_Movement time 2.59 x 10-4 - 5.10 x 10-4 0.51 0.26 1 0.61 ns 

     ∆_Biceps strength 8.34 x 10-2 - 2.14 x 10-4 0.39 0.15 1 0.70 ns 

     ∆_Triceps Strength -8.78 x 10-1 24.00 2.60 x 10-1 -3.37 9.24 1 0.23 x 10-2 ** 

     ∆_Elbow flexion 8.83 x 10-1 24.30 2.00 x 10-1 4.47 14.36 1 0.15 x 10-3 *** 

     ∆_Elbow extension 6.03 x 10-1 16.50 1.66 x 10-1 3.62 10.38 1 0.13 x 10-3 *** 
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Model F (∆_T2-T4) Random Effects Fixed Effects 

Dependent variable  Variance 
% total 
variance 

SD  
Estimate of 
variance (β) 

% total 
variance 

SE t ꭓ2 Df p Sig 

∆_ARAT Subject (intercept) 2.45 40.30 1.56 Intercept -0.10 - 0.33 -0.31 - - - - 

 Residual 0.22 x 10-3 - 0.01 ∆_Movement smoothness (∆_jerk) 0.23 x 10-3 - 0.10 x 10-2 0.22 0.05 1 0.82 ns 

 (No. obs 982)    ∆_Movement smoothness (∆_vel) 0.82 x 10-3 - 0.10 x 10-2 0.80 0.62 1 0.43 ns 

     ∆_Movement accuracy (∆_rad) -0.26 x 10-3 - 0.10 x 10-3 -0.5 0.27 1 0.60 ns 

     ∆_Movement time 0.62 x 10-3 - 0.12 x 10-2 0.51 0.26 1 0.61 ns 

     ∆_Biceps strength 0.69 11.30 0.31 2.24 4.55 1 0.03 * 

     ∆_Triceps Strength -0.77 12.70 0.37 -2.10 3.92 1 0.04 * 

     ∆_Elbow flexion 1.22 20.10 0.28 4.30 13.61 1 0.23 x 10-3 *** 

     ∆_Elbow extension 0.84 13.80 0.24 3.50 9.83 1 0.17 x 10-2 ** 

Model G (∆_T2-T4) Random Effects Fixed Effects 

Dependent variable  Variance 
% total 
variance 

SD  
Estimate of 
variance (β) 

% total 
variance 

SE t ꭓ2 Df p Sig 

∆_CAHAI 
Subject 
(intercept) 

5.04 46.00 2.24 Intercept -0.21 x 10-3 - 0.47 0.00 - - - - 

 Residual 0.13 x 10-3 - 0.01 ∆_Movement smoothness (∆_jerk) 0.17 x 10-3 - 0.78 x 10-3 0.22 0.05 1 0.82 ns 

 (No. obs 982)    ∆_Movement smoothness (∆_vel) 0.64 x 10-3 - 0.81 x 10-3 0.79 0.62 1 0.43 ns 

     ∆_Movement accuracy (∆_rad) -0.20 x 10-3 - 0.38 x 10-3 -0.51 0.26 1 0.61 ns 

     ∆_Movement time 0.48 x 10-3 - 0.93 x 10-3 0.51 0.26 1 0.61 ns 

     ∆_Biceps strength 1.17 10.70 0.44 2.66 6.19 1 0.01 * 

     ∆_Triceps Strength -2.19 20.00 0.53 -4.10 12.59 1 0.39 x 10-3 *** 

     ∆_Elbow flexion 1.31 12.00 0.41 3.22 8.57 1 0.34 x 10-2 ** 

     ∆_Elbow extension 1.24 11.30 0.34 3.62 10.38 1 0.12 x 10-2 ** 
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4.3.4.2 Changes Maintained Up to 6 Weeks After the End of Treatment  

From T2 to T3, change in movement smoothness (jerk) was accounted for by change in 

velocity peaks (β -0.32 (95% CI -0.38-(-0.26)), 22.4 % total variance, t = -10.36, ꭓ2 = 101.80, Df 

1, p < 2.20 x 10-16) and change in movement time (β -0.58 (95% CI -0.64-(-0.52)), 41.2 % total 

variance, t = -18.87, ꭓ2 = 303.75, Df 1, p < 2.20 x 10-16); change in movement smoothness 

(velocity peaks) was accounted for by change in movement smoothness (jerk) (β -0.31 (95% 

CI -0.37-(-0.25)), 24.70% total variance, t = -10.27, ꭓ2 = 98.69, Df 1, p < 2.20 x 10-16) and change 

in movement time (β 0.60 (95% CI 0.54-0.66), 48.20% total variance, t = 19.91, ꭓ2 = 330.22, 

Df 1, p < 2.20 x 10-16); change in movement accuracy was accounted for by change in 

movement time (β 0.18 (95% CI 0.04-0.33), 12.90 % total variance, t = 2.52, ꭓ2 = 6.23, Df 1, p 

= 0.01); change in movement time was accounted for by change in movement smoothness 

(jerk: β -0.44 (95% CI -0.49-(-0.39)), 35.30% total variance, t = -18.68, ꭓ2 = 298.43, Df 1, p < 

2.20 x 10-16; velocity peaks: β 0.48 (95% CI 0.43-0.52), 38.20 % total variance, t = 20.41, ꭓ2 = 

346.16, Df 1, p < 2.20 x 10-16) and movement accuracy (β 0.03 (95% CI 0.01-0.06), 2.7 % total 

variance, t = 2.43, ꭓ2 = 5.80, p = 0.02) (Table 4.11, Models A-D). 

4.3.4.3 Changes Maintained Up to 6 Months After the End of Treatment  

From T2 to T4, change in movement smoothness (jerk) was accounted for by change in 

velocity peaks (β -0.32 (95% CI -0.8-(-0.26)), 19.30 % total variance, t = -10.19, ꭓ2 = 98.74, Df 

1, p < 2.20 x 10-16) and change in movement time (β 0.58 (95% CI -0.65-(-0.52)), 35.60 % total 

variance, t = -18.28, ꭓ2 = 285.93, Df 1, p = 0.01); change in movement smoothness (velocity 

peaks) was accounted for by change in movement smoothness (jerk) (β -0.30 (95% CI -0.36-

(-0.24)), 23.20 % total variance, t = -10.12, ꭓ2 = 97.38, Df 1, p < 2.20 x 10-16) and change in 

movement time (β 0.63 (95% CI 0.57-0.69), 49.10 % total variance, t = 21.07, ꭓ2 = 361.77, Df 

1, p < 2.20 x 10-16); change in movement time was accounted for by change in movement 

smoothness (jerk: β -0.42 (95% CI -0.47-(-0.37)), 32.60 % total variance, t = -17.90, ꭓ2 = 276.98, 

Df 1, p < 2.20 x 10-16; velocity peaks: β 0.49 (95% CI 0.44-0.54), 38.10 % total variance, t = 

21.27, ꭓ2 = 370.87, Df 1, p < 2.20 x 10-16) and movement accuracy (β 0.04 (95% CI 0.02-0.07), 

3.40 % total variance, t = 3.31, ꭓ2 = 10.86, p = 0.89 x 10-3).  Change in movement accuracy 

between T2 and T4 was accounted for by change in movement time (β 0.26 (95% CI 0.10-

0.40), 16.10 % total variance, t = 3.43, ꭓ2 = 11.68, Df 1, p = 0.63 x 10-3) and also by change in 

elbow flexion (β 0.16 (95% CI 0.06-0.27), 10.10 % total variance, t = 3.17, ꭓ2 = 8.44, Df 1, p = 

0.36 x 10-2) (Table 4.12, Models A-D). 
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4.3.5 Did Changes in Motor Control Contribute to Changes in Clinical Scores 

and/or the Retention of Changes in Clinical Scores? 

Models were also constructed using change in each of the three clinical scores between T1-

T2, T2-T3 and T2-T4 as the dependent variable in turn (i.e. FMA-UL, ARAT and CAHAI).  The 

four kinematic parameters (movement smoothness (jerk), movement smoothness (velocity 

peaks), movement accuracy and movement time), change in biceps and triceps strength and 

change in elbow flexion and extension were included as fixed effects in the models and 

individual subject was included as a random effect.  Models were performed for the T1-T2 

data (Table 4.10, Models E-G), T2-T3 data (Table 4.11, Models E-G) and T2-T4 data (Table 

4.12, Models E-G).  These models revealed that changes in all three clinical scores were most 

closely related to changes in elbow joint range of motion and strength.  Changes in 

movement kinematics did not account for any changes in clinical scores over the four 

timepoints.   

4.3.5.1 Changes Made During Treatment    

From T1-T2, changes in FMA-UL, ARAT and CAHAI were all accounted for by changes in triceps 

strength:  Change in FMA-UL, triceps strength β 0.41 (95% CI 0.24-0.59), 21.20 % total 

variance, t = 4.97, ꭓ2 = 16.78, Df 1, p < 0.42 x 10-5; change in ARAT, triceps strength β 0.29 

(95% CI 0.12-0.45), 22.30 % total variance, t = 3.61, ꭓ2 = 10.33, Df 1, p = 0.01 x 10-2; change in 

CAHAI, triceps strength β 0.25 (95% CI 0.10-0.40), 29.20 % total variance, t = 3.42, ꭓ2 = 9.47, 

Df 1, p = 0.21 x 10-2 (Table 4.10, Models E-G). 

4.3.5.2 Changes Maintained for 6 Weeks and 6 Months After the End of Treatment  

Changes made and retained on FMA-UL, ARAT and CAHAI beyond T2 were most closely 

related to changes in elbow joint range of motion and arm strength (Table 4.11, Models E-G; 

Table 4.12, Models E-G). 

For FMA-UL, changes in biceps strength (β 3.55 (95% CI 3.00-4.10), 43.0 % total variance, t = 

13.02, ꭓ2 = 49.05, Df 1, p = 2.50 x 10-12) and triceps strength (β -3.80 (95% CI -4.72- -2.90), 

46.0 % total variance, t = -8.39, ꭓ2 = 38.30, Df 1, p = 1.32 x 10-8) accounted for change between 

T2 and T3, and changes in triceps strength (β -0.88 (95% CI -0.89-(-0.26)), 24.0 % total 

variance, t = -3.32, ꭓ2 = 9.24, Df 1, p = 0.23 x 10-2), elbow flexion (β 0.88 (95% CI 0.19-0.88), 

24.30 % total variance, t = 4.47, ꭓ2 = 14.36, Df 1, p = 0.15 x 10-3) and elbow extension (β 0.60 

(95% CI 0.60-0.16), 16.50 % total variance, t = 3.62, ꭓ2 = 10.68, Df 1, p = 0.13 x 10-3) accounted 

for change between T2 and T4.   
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For ARAT, changes in biceps strength (β 1.48 (95% CI 1.24-1.71), 14.40 % total variance, t = 

13.07, ꭓ2 = 49.79, Df 1, p = 1.71 x 10-12) and triceps strength (β -1.43 (95% CI -1.81-(-1.05)), 

14.00 % total variance, t = -7.70, ꭓ2 = 29.59, Df 1, p = 5.40 x 10-8) accounted for changes 

between T2 and T3, and biceps strength (β 0.69 (95% CI 0.06-1.32), 11.30% total variance, t 

= 2.24, ꭓ2 = 5.55, Df 1, p = 0.03), triceps strength (β -0.77 (95% CI -1.50-(-0.01)), 12.70 % total 

variance, t = -2.1,  ꭓ2 = 3.92, Df 1, p = 0.04), elbow flexion (β 1.22 (95% CI 0.64-1.80), 20.10% 

total variance, t = 4.30, ꭓ2 = 13.61, Df 1, p = 0.23 x 10-3) and elbow extension (β 0.84 (95% CI 

0.35-1.33) 13.80% total variance, t= 3.50,  ꭓ2 = 9.83, p = 0.17 x 10-2) for changes between T2 

and T4.   

For CAHAI, changes in biceps strength (β 0.91 (95% CI 0.72-1.10), 22.30 % total variance, t = 

9.69, ꭓ2 = 37.95, Df 1, p = 7.26 x 10-10), triceps strength (β -0.86 (95% CI -1.18-(-0.55)), 21.40 

% total variance, t = -5.58, ꭓ2 = 19.82, Df 1, p = 8.51 x 10-6) and elbow extension (β -0.54 (95% 

CI 1.10-0.02), 13.50 % total variance, t = -1.98, ꭓ2 = 3.60, Df 1, p = 0.04) accounted for change 

between T2 and T3, and biceps strength (β 1.17 (95% CI 0.27-2.07), 10.70 % total variance, t 

= 2.66,  ꭓ2 = 6.19, Df 1, p = 0.01), triceps strength (β -2.19 (95% CI -3.28-(-1.09)), 20.00 % total 

variance, t = -4.10, ꭓ2 = 12.59, Df 1, p =0.39 x 10-3), elbow flexion (β 1.31 (95% CI 0.48-2.14), 

12.00 % total variance, t = 3.22, ꭓ2 = 8.57, Df 1, p = 0.34 x 10-2) and elbow extension (β 1.24 

(95% CI 0.54-1.94), 11.30 % total variance, t = 3.62, ꭓ2 = 10.38, Df 1, p = 0.12 x 10-2) for change 

between T2 and T4. 

 

4.3.6 Did QSUL-Group Patients Who Completed T1-T2 Only Differ from Patients 

Who Completed T1-T4?  

Just over half (54%) of patients who completed T1 and T2 testing sessions remained in the 

study to complete the T3 and T4 testing sessions.  There were several reasons for this.  Eleven 

patients (22%) did not attend their QSUL 6-week and/or 6-month clinical follow-up 

appointment, and therefore did not attend the study testing session either. Seven patients 

did attend their clinic appointment, but did not wish to undergo the study testing session and 

were not obliged to explain why.  However, three of these patients did give their apologies 

and explained they could stay no longer due to their NHS clinical appointments running so 

late that they would miss their pre-booked transport back home.  One patient was so 

exhausted after her NHS appointments that she no longer wanted to do the study session or 

re-book.  Other factors included a technical failure with the 2D-robotic manipulandum. 
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When the group of patients who dropped out after T2 (n = 23) were compared with the group 

who went on to complete all four study timepoints, there were no significant differences in 

the amount of change which occurred between T1-T2 for any of the kinematic measures, arm 

strength, elbow range, or FMA-UL in the impaired arm (all p values ≥ 0.27) (Table 4.13).  There 

was also no significant difference in the severity of motor impairment on admission to QSUL:  

The median baseline FMA-UL score at T1 was 22.0 points (IQR 19.0) for the patients who 

completed T1-T2 only and 22.0 points (IQR 25.0) (p = 0.76) for the patients who completed 

T1-T4. 

 
Table 4.13 Characteristics of patients who left the study at T2. 

Comparison of the amount of change in kinematic and clinical measures between T1-T2 for all patients 
in the QSUL-group who left the study at T2 (n = 23), compared to those patients who remained in the 
study to complete assessments at T3 and T4 (n = 28). 

 

 

  

Change in measure (T1-T2) 

Study timepoints completed 

p Sig T1-T2 only (n = 23) T1-T4 (n = 28) 

Median IQR Median IQR 

Movement smoothness (no. velocity 
peaks) 

-0.50 1.00 0.00 1.00 0.49 
ns 

Movement smoothness (jerk) 0.74 1.26 0.72 1.14 0.77 ns 

Movement accuracy (deg) -0.03 0.06 -0.03 0.06 0.92 ns 

Movement time (ms) -207.50 415.00 -196.30 397.50 0.74 ns 

No. successful trials 11.00 17.50 6.00 16.80 0.61 ns 

Elbow flexion (deg) 2.00 5.00 3.00 5.00 0.98 ns 

Elbow extension (deg) 0.00 9.50 -3.50 11.30 0.27 ns 

Biceps strength (kgf) 0.80 1.87 1.00 1.83 0.58 ns 

Triceps strength (kgf) 0.50 2.00 1.22 2.13 0.95 ns 

FMA-UL 6.00 5.00 7.00 4.00 0.41 ns 

Baseline FMA-UL on admission (T1) 22.0 19.0 22.0 25.0 0.76 ns 
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4.4 Discussion 

This study shows that motor control recovery is achievable in the chronic phase of stroke 

with high dose, high intensity treatment, and that gains made in motor control, strength and 

range were retained 6 months after treatment had ended.  Improvements in motor control 

occurred independently from gains in strength and range.  Alongside improvements in motor 

control, there were increases in clinical scores of upper limb impairment (FMA-UL) and 

activity/function (ARAT/CAHAI), which were also retained 6 months after treatment had 

ended and which were accounted for by changes in elbow joint range and strength. 

These data replicate the findings presented in Chapter 1, albeit in a smaller cohort of patients 

in the QSUL-group who completed all four time points in the study protocol. 

 

4.4.1 Gains Made During Rehabilitation Were Evident Up to 6 Months After 

Treatment Had Ended    

4.4.1.1 Improvements in Motor Control Were Retained  

As evident in the whole QSUL-group, this smaller QSUL-group cohort made significant 

improvements in motor control between T1-T2 with their impaired arm.  The amount of 

change that occurred between T2-T3 was significantly less than T1-T2, demonstrating no 

further improvement in motor control over the 6-week period following the end of 

treatment, but importantly no deterioration in motor control either. Similarly, there were no 

significant changes in motor control between T2-T4, indicating stable motor performance for 

6-months after treatment had ended.  Speculatively, if further treatment had been given, 

further improvement in motor control beyond T2 might have been seen.  Overall, however, 

the retention of gains made during the treatment period suggests a fundamental shift in 

motor control processes in the chronic phase of stroke which has not previously been 

reported.  

4.4.1.2 Improvements in Strength and Range Were Retained  

Similar trends were seen for arm strength and range, with significant improvements in the 

impaired arm occurring between T1-T2 which were retained at 6-week and 6-month follow-

up.  No further significant improvement occurred beyond the end of treatment in either 

strength or range, but there was also no significant deterioration in either measure once the 

intervention had ended. 
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4.4.1.3 Improvements on Some Clinical Scores Continued to Increase After Treatment 

Had Ended  

Gains made on FMA-UL, ARAT and CAHAI between T1-T2 were also retained at 6-month 

follow-up.  Interestingly, ARAT and CAHAI scores did show further improvement beyond the 

end of the treatment period when measured at both T3 and T4.  FMA-UL scores were a little 

higher at T3 than at T2, but decreased at T4.  Nonetheless all clinical scores remained 

significantly higher at T4 than on admission at T1.   

The reason for the slight deterioration in FMA-UL scores but not ARAT or CAHAI scores at T4 

is not clear.  Multiple linear regression mixed models showed that the explanatory variables 

contributing to the change in FMA-UL between T2-T3 were biceps and triceps strength.  

Between T2-T4, the significant explanatory variables were triceps strength and elbow flexion 

and extension, none of which significantly changed over this period and all of which also 

influenced change on ARAT and CAHAI.  It may simply be due to a group-level effect of 

individual patient variability given the smaller sample size of this QSUL-group cohort.  

Previous published data have shown a continued improvement in FMA-UL, ARAT and CAHAI 

at 6-month follow-up relative to discharge from QSUL in a much larger patient cohort (Ward 

et al., 2019).   

The continued gains made on clinical scores and not clinical measures of strength, range and 

motor control is not necessarily unexpected because these scores broadly assess motor 

impairment (all components thereof), function and activity and so capture strength, range, 

motor synergies, spasticity and both behavioural and compensatory mechanisms of motor 

recovery.  During QSUL, gains made in strength, range and motor control, consolidated 

through coaching and education, are likely to have provided the foundation on which 

patients then continued to improve their upper limb functional abilities and increasingly 

incorporate their impaired arm into activities over the subsequent weeks and months. 

 

4.4.2 Improvement in Movement Kinematics Represents a True and Persistent 

Change in Motor Control  

The same control analyses, discussed in detail in Chapter 3.4.2, were performed for this 

QSUL-group cohort to ensure that the changes seen in movement kinematics in these data 

were not directly related to changes in speed, strength and/or range between T1-T2, T2-T3 

or T2-T4 over the course of the whole 32-week study period. 
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There was a significant increase in the number of successful trials scored between T1-T2, 

which was maintained at T2-T3 and T2-T4 with no corresponding reduction in movement 

speed.  This suggests an overall improvement in motor control and not an improvement in 

movement accuracy resulting from a reduction in movement speed.   

With velocity-stratification applied to the data to select only the fastest trials (maximum 

velocity ≥ 0.10 m/s) and thus remove the possibility of a strength requirement contaminating 

results, re-analysis revealed significant improvements in motor control between T1-T2 and 

retention of these gains over the following 6 months.  

When trials with maximum velocity in the range 0.06 to 0.11 m/s were selected and re-

analysed to increase the size of the velocity-stratified sample and minimise individual 

variability influencing group-level effects, significant gains were again observed between T1-

T2 and retained at 6-month follow-up. 

Multiple linear regression mixed models for these data revealed that changes in kinematic 

measures between T1-T2, T2-T3 and T2-T4 were not explained by changes in strength or 

range.   

Analyses of the primary outward submovement of whole movement trajectories using 

velocity-stratified data confirmed significant changes between T1-T2 in the quality of the 

initial planned movement segment, indicating improved execution rather than enhanced 

feedback control and the same result was observed for the T2-T3 and T2-T4 data.   

As discussed in Chapter 3.4.2, it is unlikely that the improvements in movement kinematics 

observed between T1-T2 were due to task practice.  The normal arm of the QSUL-group and 

the impaired and normal arms of the SC-group did not significantly change between T1-T2 

yet received the same exposure to the 2D-robotic reaching task.  It is also unlikely that the 

improvements seen in the impaired arm of the QSUL-group are due to generalisation of 

motor skill learning resulting from practice on a similar but not identical task during QSUL, as 

QSUL does not have a similar 2D-planar reaching task or encourage practice of similar 

reaching movements because they are not required in everyday activities.  Intuitively, the 6-

month time period between the end of treatment and re-exposure to the 2D-robotic 

reaching task at T4, during which patients had no access to any sort of robotic task, would 

make both these possibilities even less likely.   

These data therefore demonstrate that a true change in motor control occurred during the 

treatment period, and was retained at 6-month follow-up. 
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4.4.3 Retention of Improvements in Motor Control Suggests that Motor Learning 

Has Occurred   

The persistence of improvement in motor control demonstrated in this study suggests that 

motor learning has occurred in hemiparetic chronic stroke patients to produce a fundamental 

shift in upper limb motor control processes.  Motor learning occurs when there is: (i) 

acquisition of a new aspect or improvement in an existing aspect of motor control; (ii) 

retention of this improvement (i.e. the ability to demonstrate the same improvement 

following a time delay with no practice); (iii) a degree of transferability of the improvement 

to similar but non-identical movements (Kitago et al., 2015; Muratori et al., 2013).  Motor 

skill learning mechanisms are not necessarily impaired after a stroke:  Hemiparesis is 

essentially a motor control deficit, and by definition motor control and the processes 

underlying the execution of motor skills are damaged, but not the learning of those motor 

skills (Krakauer, 2006; Winstein et al., 1999).   

Considering points (i-iii) above, in this QSUL-group cohort, true improvements in motor 

control were observed following high dose high intensity complex treatment (i), and these 

improvements were retained 6-months after treatment had ended (ii).  Motor control was 

measured using a behavioural assay on which patients did not specifically train and could not 

practice in-between testing sessions (iii), again indicating a general improvement in motor 

control processes through motor learning, and not a task-specific training effect (Muratori et 

al., 2013; Zeiler and Krakauer, 2013).  

 

4.4.4 Motor Learning Does Not Equal Repair 

It is generally accepted that motor learning cannot reverse loss of motor control in chronic 

stroke patients, and that that no generalised motor learning effect or improvement in motor 

control can occur, but that learning can lead to small, task-specific improvements over time 

and with practice (Krakauer and Carmichael, 2017b; Kitago et al., 2015; Kitago et al., 2013; 

Zeiler and Krakauer, 2013).  The results of this study dispute this and show that generalised, 

lasting improvements in motor control can occur in chronic stroke patients who have 

received high dose, high intensity complex treatment.  By definition therefore, motor 

learning has occurred.  But how have these changes come about?   
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In the chronic phase of stroke, the sensitive period for generalised recovery has long since 

ended and chronic stroke patients are no different to healthy individuals in terms of 

underlying brain plasticity and the way in which they learn motor skills (Kitago et al., 2015).  

In fact, the ‘learning’ of compensatory behavioural changes which are immediately relied 

upon to improve function do not come about through practice or motor learning in the usual 

sense and can happen in the absence of any plasticity (Krakauer, 2015; Kitago et al., 2013; 

Zeiler and Krakauer, 2013).   

But chronic stroke patients do differ from healthy individuals in that they have structural 

damage to their motor nervous system.  Motor learning in healthy individuals occurs within 

a structurally normal nervous system, so that all necessary movement commands can be sent 

and executed to perform what has been learnt.  In chronic stroke patients, if the structures 

(for example the CST) required to enact the results of learning were damaged by the stroke, 

motor learning will not be expressible as a change in motor performance.  Learning therefore 

can occur but does not equal repair, and no amount of motor learning will reverse chronic 

CST damage. 

The improvements in motor control in the impaired arm of the QSUL-group were evident 

after a three-week programme of treatment which included motor training (discussed 

further in Chapter 4.4.7).  Structural nervous system repair could not possibly have occurred 

during this time, even if motor learning did equal repair!  So logic follows that motor learning 

must be operating within the residual structural capacity of the motor nervous system 

following the initial stroke injury and any immediate general recovery made during the 

sensitive period within the first three months.  Motor learning probably leads to an 

improvement in generalised motor control processes within this residual motor capacity.      

 

4.4.5 Chronic Stroke Patients ‘Work with What They Have’  

The hypothesis that QSUL-group patients are using residual motor capacity to improve motor 

control is supported by several studies which have looked at ways to clinically predict the 

likelihood of future motor recovery potential in the upper limb.  The presence of some degree 

of voluntary finger extension in two or more fingers, and/or the thumb, and/or shoulder 

abduction in the first three to eleven days after a stroke significantly increases the likelihood 

of achieving recovery of hand dexterity two to six months on (Winters et al., 2016; Winters 

et al., 2015; Nijland et al., 2010; Smania et al., 2009; Smania et al., 2007; Katrak et al., 1998).  
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In addition, evidence from transcranial magnetic stimulation (TMS) work has shown that the 

presence or absence of a motor-evoked potential (MEP) in abductor digiti minimi (an intrinsic 

hand muscle) one week after a stroke is highly predictive for recovery of hand dexterity at 6 

months (van Kuijk et al., 2009).  The focus of these studies was on how chronic stroke patients 

could be reliably stratified to identify those most likely to respond to treatment, and 

therefore those who should continue to receive it (which will be discussed further in Chapter 

6.5).  But taken together, these observations suggest that some CST fibres must still be intact 

following the stroke, and that this might be the critical factor determining subsequent 

recovery of hand dexterity.  In other words, future motor control recovery in the chronic 

phase of stroke depends on the viable neurological substrate remaining after the stroke 

injury and initial sensitive period for recovery.   

 

4.4.6 Targeted Motor Control Training May Exploit Residual Yet Unused Normal 

Movement Patterns  

A chronic stroke patient’s residual capacity for motor performance may therefore be latent, 

meaning that although present since the end of the sensitive period for recovery post-stroke, 

it has never been fully utilised for motor control (Krakauer and Carmichael, 2017b).  This at 

first seems paradoxical:  Hemiparesis is primarily a motor control deficit, yet chronic stroke 

patients have had the structural capacity for higher levels of motor control since the time of 

their stroke and not used it.  Within the context and constraints of current clinical stroke 

services however, it is not surprising.  A patient’s instinctive focus in the immediate aftermath 

of stroke is on functional gains and task accomplishment in order to regain sufficient 

independence as quickly as possible and leave hospital.  This approach is reinforced by 

standard rehabilitation therapy approaches which encourage and teach the use of less 

demanding compensatory movement patterns in the interests of rapid progress, but which 

do not make full use of the capacity that remains for motor control (Izawa et al., 2022; Kitago 

et al., 2013; Levin et al., 2009; Michaelsen et al., 2004; Roby-Brami et al., 2003; Levin et al., 

2002; Cirstea and Levin, 2000).  This motor control capacity therefore remains latent, unless 

there is a shift to more difficult but more normal movement patterns which are initially less 

successful than compensatory ones.  Such a shift is then only likely to occur following 

targeted motor training with an emphasis on movement quality and not task 

accomplishment (Izawa et al., 2022; Ward et al., 2019). 
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The QSUL-group received high dose high intensity complex treatment, with a focus on 

movement quality (discussed further in Chapter 4.4.7 below), which may therefore have 

targeted and retrained this unused capacity for motor control, bringing it into operation to 

result in a general improvement in movement quality.  Motor learning resulted in retention 

of this improvement.  Together with simultaneous gains in upper limb strength and range, 

this translates into significant increases on clinical scores of impairment, function and 

activity.    

 

 

4.4.7 Treatment in Chronic Stroke Should Include High Dose, High Intensity 

Targeted Motor Control Training with a Focus on Movement Quality  

As discussed in Chapter 3.4, treatment must be of sufficiently high dose and high intensity to 

effect significant change in clinical and kinematic measures.  QSUL is a three-week intensive 

inpatient programme during which patients receive six hours per day, five days per week of 

therapy targeting the upper limb.  A key aim of the therapy is to reduce motor impairment 

and promote re-education of motor control within activities of daily living (ADLs), with a focus 

on movement quality as opposed to task accomplishment.  QSUL incorporates strength-

training, active and passive stretching to improve range and tone, and motor training through 

the repeated practice of individualised meaningful tasks which might be deconstructed, 

adapted or assisted at first to ultimately facilitate task mastery with a focus on quality of 

movement (Ward et al., 2019).  These data show that motor training promotes motor 

learning, exploits latent motor capacity and improves motor performance in QSUL-group 

chronic stroke patients within the limits of their post-stroke structural capacity for motor 

control.  If compensatory strategies are initially employed to enable function, simultaneous 

motor control training encourages the shift to more normal movement patterns (‘best 

quality’) as soon as able.   

Education, self-efficacy and goal setting are integral components of the programme and 

coaching is used throughout to embed new skills and knowledge into individual daily 

routines, thus re-enforcing motor learning and ensuring that patients understand the 

importance of the shift from easier compensatory to more difficult but more normal motor 

patterns.  Patients consequently increase their participation and confidence in desired goals, 

which enhances their self-efficacy and motivation to sustain behavioural change beyond the 

end of the active treatment period (Ward et al., 2019).The beneficial effects of this treatment 
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approach on motor impairment are evident to see on each outcome measure tested in this 

study (arm function/activity, strength, range and motor control), and in the retention of 

these improvements 6 months after the treatment had ended.   

The next step will be to formally test the effect of targeted motor impairment subcomponent 

training on these outcome measures to better understand how to map treatment 

subcomponents onto different patients, depending on what is required. 

 

4.4.8 Chronic Stroke Patients May Have Reduced Variability of Motor 

Performance 

An interesting question to consider is whether the QSUL-group patients have improved 

motor performance, or reduced motor variability, or indeed both if reduced variability 

equates/contributes to improved motor performance.  In other words, has motor 

performance exceeded the best that could be achieved prior to the QSUL intervention, or 

have the worst attempts improved to a level more consistent with but not exceeding the 

better attempts, which remain constant.  

This study measured movement kinematic parameters derived from a 2D-robotic reaching 

task which served as a behavioural assay for motor control, looking for a generalised 

improvement in motor control processes.  This was not a motor skill learning task in itself, 

thus it is hard to define best motor performance beyond trials being as “fast and accurate” 

as possible and landing successfully within the target.  However, the data were analysed using 

measures of central tendency and it is possible that the change seen in each kinematic 

measure represents loss of the bottom values and therefore a reduction in variability. 

In recent years, different perspectives have emerged regarding the meaning of variability in 

motor performance and how this relates to motor control and motor learning (Dhawale et 

al., 2017; Komar et al., 2015).  It is generally accepted that movement variability means ‘the 

variance of movements generated by an individual under the same task conditions’ (Komar 

et al., 2015), but variability in the organisation of movement and its potential adaptive and 

functional role is separable from variability in performance output, which is synonymous with 

inconsistency and considered erroneous (Caballero et al., 2017; Dhawale et al., 2017).  

Furthermore, there is some evidence that variability in motor output may predict motor 

learning, and that motor training can reshape the temporal structure of motor variability and 

align it with the trained task to improve learning (Wu et al., 2014).   



4 Are Improvements in Motor Control Retained Beyond the End of Treatment? 

 

 
224 

 

However, within the limits of the current data analyses, an overall improvement in motor 

control was evidenced by increases in movement accuracy and decreases in movement 

smoothness (jerk and velocity peaks) and movement time following the QSUL intervention.  

Whether or not this represents reduction in movement variability and removal of “worst 

values” as opposed to achieving new “best values” for each kinematic measure does not 

detract from the fact that overall movement quality has improved following treatment in 

these chronic stroke patients, and this improvement is retained. 

Along with novel methods of trajectory analysis, formal analysis of motor variability could be 

undertaken in future work to consolidate these findings and these concepts will be discussed 

further in Chapter 6.3 – General Discussion.  

 

4.4.9 Summary 

In summary, this study provides further evidence that chronic stroke patients can make 

significant and lasting improvements in motor control following high dose, high intensity 

complex treatment. Improvements in motor control were retained 6 months after treatment 

had ended, suggesting that targeted motor training leads to motor learning and a shift 

towards more normal movement patterns within the limits of latent residual structural 

capacity for motor control that has been present, but not fully utilised, since the stroke 

occurred.  This allows chronic stroke patients to recover higher levels of motor performance, 

and therefore upper limb function, than otherwise possible.  Motor control should remain a 

therapeutic target well beyond the current 3 to 6-month post-stroke therapy window.  
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5 Does Upper Limb Motor Control Change with 

Healthy Ageing? 

 

5.1 Introduction  

5.1.1 Background  

Knowledge of the effects of normal healthy ageing processes on upper limb motor control is 

relevant to the study of recovery from upper limb motor impairment in the chronic phase of 

stroke, because many people who have a stroke and suffer upper limb dysfunction requiring 

neurorehabilitation therapy are in the elderly population (Mayston et al., 2009).  The changes 

associated with normal ageing particularly impact on the quality of upper limb movements 

in older adults, and motor performance declines (Grabiner and Enoka, 1995).  Movements 

become slower, more variable and less accurate as age increases, and although older adults 

can make considerable improvements in the learning and execution of fine and gross motor 

skills through practice, performance levels remain consistently lower than for younger adults 

(Voelcker-Rehage, 2008). 

Older adults are also compromised by sarcopenia, which leads to the loss of muscle force and 

strength.  Sarcopenia further impacts on movement quality, upper limb function and activity 

to the extent that elderly adults may be unable to perform basic ADLs and live independently.  

However, substantial adaptive neuromuscular plasticity does occur in response to strength 

training in older adults, with the potential to compensate to some extent for age-related 

declines in muscle size and neuronal function, resulting in improved functional capacity 

(Aagaard et al., 2010).   

Stroke patients of all ages are likely to rely on cortical adaptability and increased motor 

network activity for some degree of behavioural restitution and/or compensatory upper limb 

functional recovery following a stroke (Weiller et al., 1993; Chollet et al., 1991).  

Reorganisation of the brain post stroke injury will be limited by the structural damage caused 

by the stroke in all patients (Kolb et al., 1998), but the adaptive cortical changes observed as 

part of the normal ageing process may further limit the capacity for reorganisation and limit 
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functional recovery in elderly patients (Ward and Frackowiak, 2003).  This has implications 

for what can be expected from therapeutic behavioural interventions designed to promote 

cerebral reorganisation and recovery after stroke (Ward and Frackowiak, 2003).   

 

Understanding the effects of normal ageing on upper limb motor control at the mechanistic 

level of movement kinematics is therefore important to improving knowledge of the overall 

pathophysiology and management of upper limb dysfunction following stroke.  In particular, 

this has implications when estimating the potential for recovery from motor impairment in 

elderly patients, including consideration of what ‘normal motor control’ might mean for the 

patient’s age and therefore that expectations for behavioural restitution are realistic and 

appropriate goals are set in neurorehabilitation.  In addition to deficits at the level of motor 

control, elderly patients may already have functional impairments due to ageing prior to their 

stroke, and therefore clinical scores of arm function and activity will be abnormal for them 

at baseline which would need to be accounted for both in the clinical and research settings.  

Importantly, older adults do have the capability for motor learning and can improve motor 

performance following training.  They can also make substantial adaptive neuromuscular 

gains in response to strength training.  Age in itself is therefore not a reason to exclude older 

adults from stroke neurorehabilitation therapy. 

 

5.1.2 Purpose of Study  

There are two exploratory themes to this study. 

Firstly, it will demonstrate the effects of normal ageing on upper limb motor control by 

measuring movement kinematics in the largest cohort of healthy young to elderly adults 

studied at the time of writing, making a useful contribution to a relatively sparse literature.  

The same 2D-robotic reaching task will be used to assay movement quality in this study 

population as will be used to assess stroke patients, and the experimental protocol is 

specifically designed to eliminate compensatory movements and dissociate control from 

strength by de-weighting the arm to allow precise measurement of upper limb planar 

reaching kinematics (Kitago et al., 2015; Kitago et al., 2013; Rohrer et al., 2002; Krebs et al., 

1999).  In addition, measurements of arm strength and elbow joint range of motion will be 

made to determine the extent to which changes in these musculoskeletal measures with age 

might be influencing motor control. 
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Secondly, these data will provide a comprehensive age-matched control data set for the 

chronic stroke patient population, allowing comparison and contrast with patients who have 

residual upper limb motor dysfunction due to stroke, to determine the degree to which 

motor control in chronic stroke patients differs from the healthy age-matched population, 

and the extent to which motor control returns to normal following a period of intensive upper 

limb neurorehabilitation. 

 

5.1.3 Research Questions 

1. Does motor control decline with increasing age in healthy adults? 

a) Are movement trajectories performed by older adults on a 2D-robotic reaching task 

slower, less smooth and less accurate than those made by younger adults? 

b) Are any changes in motor control with ageing occurring independently of changes in 

movement speed? 

c) Are any changes in motor control with ageing occurring independently of changes in 

arm strength and/or arm range of motion? 

2. Is there a difference in motor control between the dominant and non-dominant arms 

with increasing age? 

3. To what extent is upper limb motor control in chronic stroke patients impaired relative 

to the healthy adult population and how does this change following a period of intensive 

upper limb neurorehabilitation? 

 

5.1.4 Impact of Research  

Given the paucity of movement kinematic studies in the ageing upper limb, this work will 

make a useful contribution to current knowledge about how normal motor control processes 

change with increasing age.  This will also inform the continued development and delivery of 

upper limb neurorehabilitation treatment interventions for stroke patients of all ages, but 

particularly the older population.  
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5.2 Analysis Plan 

A detailed description of the Materials and Methods used in this study is provided in Chapter 

2 – General Methods.  In addition, the specific analysis plan for this Chapter will be described 

below. 

 

5.2.1 Are there changes in motor control, elbow range and arm strength with 

increasing age, and do these changes differ between the dominant and 

non-dominant arms?  

Kinematic measures (movement smoothness, movement accuracy, movement time) derived 

from whole movement trajectory analyses, elbow flexion and extension, and biceps and 

triceps muscle strength measured in the dominant and non-dominant arms of the HC-group 

were compared between ‘younger’ (20-39 years), ‘older’ (40-69 years) and ‘elderly’ (70-99 

years) age subgroups and between dominant and non-dominant arms using 2x2 mixed 

ANOVAs and subsequent multiple pairwise t-tests for significant age group x arm interactions 

using the Bonferroni method to adjust p values for multiple comparisons.  All statistical tests 

were performed in R Studio (version 3.6.1 (2019-07-05)). 

 

5.2.2 If there is a change in movement kinematics with ageing, is this due to a 

change in motor control?   

Subsequent control analyses were performed to determine whether any differences seen in 

kinematic measures according to age in the HC-group represented a true difference in motor 

control, or an artefact of changes in movement speed, strength or joint range. 

5.2.2.1 Is there a speed-accuracy ‘trade-off’? 

Maximum speed per trial and the number of successful trials12 scored (taken as an overall 

measure of movement accuracy) were compared at group level and for each individual 

participant to establish whether there was an association between movement speed and 

                                                           
12 Trials were labelled successful if they met the following criteria:  Movement length > 4cm; 
maximum speed > 6 cm/s or 0.06 m/s; direction at peak speed < 90⁰ away from target angle, and 
landed within the target square. 
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accuracy, using Spearman’s Rank correlations and applying the Bonferroni correction method 

for multiple comparisons. 

5.2.2.2 Is any change in motor control with age independent of change in strength with 

age?   

Next, the kinematic data from whole movement trajectories were stratified and matched on 

maximum velocity per trial to preclude the contamination of motor control by a strength 

requirement of the task (John Krakauer, personal communication, 2020; Cortes et al., 2017; 

Shmuelof et al., 2012).  The original kinematic analyses were then repeated for each set of 

velocity-matched trials, comparing HC-group participants by age and arm dominance using 

2x2 mixed ANOVAs and subsequent multiple pairwise t-tests for significant age group x arm 

interactions applying the Bonferroni method to adjust p values for multiple comparisons: - 

Velocity stratification 1 – fastest trials (maximum velocity ≥ 0.10 m/s) 

Velocity stratification 2 – middle 68% of data (0.06 ≤ maximum velocity ≤ 0.11 m/s)  

5.2.2.3 Are any differences in motor control evident in these data due to execution of 

the primary outward submovement?    

To check whether any changes in motor control evident in the whole movement trajectory 

analyses with increase in age were due to altered execution of the primary movement, as 

opposed to altered feedback control, the primary outward submovement (i.e. the 

feedforward component) segments of each whole movement trajectory were analysed.  The 

primary outward submovement was defined as the initial portion of the whole movement 

trajectory before a minimum velocity of < 0.005 m/s (Figure 3.13).  Changes in submovement 

smoothness, submovement accuracy and duration of the primary outward submovement 

were compared using 2x2 mixed ANOVAs and subsequent multiple pair-wise t-tests for 

significant age group x arm interactions using the Bonferroni method to adjust p values for 

multiple comparisons.  The primary outward submovement analyses were repeated on 

kinematic data, firstly with velocity stratification 1 and subsequently with velocity 

stratification 2 applied. 
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5.2.3 How do Age, Arm Dominance, Strength and Movement Speed Contribute 

to any Changes in Motor Control with Increase in Age?   

Multiple linear regression mixed model analyses were performed to establish the extent to 

which individual kinematic measures (i.e. movement smoothness (jerk and number of 

velocity peaks), movement accuracy and movement time) could be accounted for by other 

kinematic measures, elbow range and strength, arm dominance and age.  Models were 

designed with the kinematic measure of interest as the dependent variable, arm strength, 

elbow range of motion, arm dominance and age as fixed effects, and individual subject as a 

random effect.  All multiple linear regression mixed model analyses were performed in R 

(version 3.6.1 (2019-07-05)) using the lme4 package (Bates et al., 2015).  All variables were 

scaled so as to centre on a mean of zero with a standard deviation of one.  Models were fitted 

using restricted maximum likelihood (REML) as the default parameter estimation criterion 

for linear mixed models.  To determine the significance of the contribution made by each 

fixed effect, an alternative model without this fixed effect was constructed.  Classical model 

comparison was then performed using an ANOVA test with the model objects as arguments 

to compare the fits of the alternative and null models, accepting a p value of < 0.05 as 

significant.   Models were performed on the original kinematic data, and repeated for the 

velocity-stratified data. 

 

5.2.4 How Impaired is Motor Control in Chronic Stroke Patients Before and After 

Treatment, Relative to Healthy Adults? 

 
Key kinematic measures of movement smoothness, movement time and movement accuracy 

for velocity-matched trials using Velocity stratification 2 – middle 68% of data (0.06 ≤ 

maximum velocity ≤ 0.11 m/s) were compared between the normal and impaired arms of the 

whole QSUL-group (n = 52), the SC-group (n = 29) and the dominant and non-dominant arms 

of the HC-group (n = 57) using one-way ANOVAs and subsequent Tukey-Kramer post-hoc 

tests for significant ANOVA results.  Comparisons were performed on the T1 data for the 

QSUL-group and SC-group, and then repeated for the T2 data.  The kinematic data for the 

smaller QSUL-group cohort (n = 28) who completed all four study timepoints were also 

compared with the HC-group data using one-way ANOVAs and subsequent Tukey-Kramer 

post-hoc tests for significant ANOVA results.  Data collected at each timepoint were 

compared with the HC-group data, in turn.  
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5.3 Results  

5.3.1 Study Population   

All 57 healthy adult volunteers aged between 22 and 82 years, who expressed an interest in 

taking part in the study and completed the confidential health screening questionnaire, were 

eligible to participate and were subsequently enrolled into the healthy control group (HC-

group).  All 57 healthy adult participants completed the whole study protocol and all 

collected data were included in the analyses with no data excluded due to incompleteness 

or unacceptable quality. 

The demographic characteristics of the healthy control study population are shown in Table 

5.1.  To allow for comparison between ‘younger’, ‘older’ and ‘elderly’ adults and dominant 

and non-dominant arm, participants were subdivided into six different age groups:  20-39 

years (n = 20, 35% total study population), 40-69 years (n = 21, 37% total) and 70-99 years (n 

= 16, 28% total) and then each age group was divided into dominant and non-dominant arm 

sub groups (Table 5.2).  The terms ‘younger’, ‘older’ and ‘elderly’ will be used to refer to the 

three age groups throughout this Chapter, along with the group codes shown in Table 5.2. 

 

Table 5.1 Demographic characteristics of the healthy control group (HC-group). 

 

 

 

 

 

Demographics of Study Population (n = 57) 

 n % 

Gender 
Male 23 40.4 

Female 34 59.6 

Age (years) 
Average 53.5 - 

Range 22-82 (60) - 

Age-group (years) 

20-39 20 35 

40-69 21 37 

70-99 16 28 

Arm dominance 
Right 55 96.5 

Left 2 3.5 

HADS* Anxiety (total 21 points), mean (SD) 5.8 (3.5) - 

HADS Depression (total 21 points), mean (SD) 3.6 (2.6) - 

*HADS – Hospital Anxiety and Depression Scale 
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Table 5.2 HC-group classification into subgroups and their descriptions. 

 

 

5.3.2 Motor Control Deteriorated as Age Increased  

For all measures of motor control, the dominant arm was compared between different age 

groups, and the non-dominant arm was compared between different age groups.  Dominant 

and non-dominant arms were also then compared within age groups.  This allowed 

comparison of motor control in either the dominant or non-dominant arm across the age 

spectrum, and then between the dominant and non-dominant arms for each particular age. 

5.3.2.1 The Number of Successful Trials on the 2D-Reaching Task Decreased with Ageing 

When whole movement trajectories were examined by eye, a subtle decrease in movement 

smoothness and accuracy were evident with increasing age, and this trend was most evident 

in the non-dominant arm.  Reaching movements made by the younger group were smoother 

and straighter, while reaching movements made by the elderly group were less direct and 

more variable (Figure 5.1(a-b)).  The older and elderly participants had a higher number of 

red trajectories than the younger participants, indicating a higher rate of failed compared to 

successful trials. 

The number of successful trials achieved on the robotic 2D-reaching task represents an 

overarching measure of motor control ability, with a higher number of successful trials 

(maximum total: 120) indicating better motor control.  As expected, all HC-group participants 

scored highly given that the task serves as a behavioural motor control assay for stroke 

patients with upper limb motor impairment and is not difficult for neurologically-intact 

individuals, but there was a trend towards a lower number of successful trials and a higher 

variability in trial success rate with increasing age, and particularly with the non-dominant 

arm (Figure 5.1(c), Table 5.3 and Table 5.4).  However, there were no significant differences 

Healthy Control (HC) participant classification and terminology 

Arm dominance Age group (years) Group code Group description 

Dominant 

20 to 39 inclusive D20-39 Younger 

40 to 69 inclusive D40-69 Older 

70 to 99 inclusive D70-99 Elderly 

Non-dominant 

20 to 39 inclusive ND20-39 Younger 

40 to 69 inclusive ND40-69 Older 

70 to 99 inclusive ND70-99 Elderly 
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Figure 5.1 The quality and success of reaching movements declined with age. 

 

 

  

 

 

 

Examples of reaching movement trajectories made by four HC-group participants between 27 and 
82 years of age with their dominant (a) and non-dominant arms (b).  Trajectory smoothness and 
accuracy declined as age increased, particularly in the non-dominant arm. Blue trajectories: 
successful trials; red trajectories: failed trials.  (c) The number of successful trials scored by the HC-
group according to age and arm dominance. Success rate was more variable in the elderly group, 
particularly with the non-dominant arm, but there were no significant differences between the 
subgroups. Maximum number of trials: 120. D20_39: Dominant arm, age 20-39 years; D40_69: 
dominant arm, age 40-69 years; D70_99: Dominant arm, age 70-99 years; ND20_39: Non-dominant 
arm, age 20-39 years; ND40_69: non-dominant arm, age 40-69 years; ND70_99 Non-dominant 
arm, age 70-99 years. p ≤ 0.0001 ‘****’, p ≤ 0.001 ‘***’, p ≤ 0.01 ‘**’, p ≤ 0.05 ‘*’.  
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Table 5.3 Kinematic and musculoskeletal measures in the dominant arm of the HC-group, and wellbeing score data (n = 57). 

 

 

 All trials (with no velocity stratification) 

Dominant arm  Younger 20-39 years (n=20) Older 40-69 years (n=21) Elderly 70-99 years (n=16) 

 Median IQR Mean SD Range Median IQR Mean SD Range Median IQR Mean SD Range 

Kinematic measures    

Number of successful trials 120.0 2.0 119.2 1.3 4.0 120.0 1.0 119.4 1.2 5.0 119.5 2.3 118.7 1.8 5.0 

Movement time (ms) 782.5 131.3 790.8 101.5 2.2 805.0 150.0 796.3 113.7 1.91 895.0 271.8 881.7 147.8 492.5 

Movement smoothness (no. velocity peaks) 1.8 1.0 1.5 0.5 1.0 2.0 1.0 1.6 0.5 1.0 2.0 1.0 1.6 0.5 1.0 

Movement smoothness (jerk) -31.40 1.26 -31.30 0.70 2.20 -31.32 0.64 -31.29 0.51 1.91 -31.54 0.95 -31.53 0.66 2.44 

Movement accuracy (deg) 0.28 0.02 0.30 0.01 0.0 0.28 0.01 0.29 0.01 0.05 0.29 0.01 0.30 0.01 0.04 

Maximum speed per trial (m/s) 21.9 3.0 22.6 3.1 14.2 21.0 3.4 22.1 5.2 20.9 19.7 6.8 19.8 3.9 10.8 

Maximum velocity per trial (m/s) 0.11 0.01 0.11 0.01 0.06 0.10 0.02 0.11 0.02 0.08 0.10 0.03 0.10 0.02 0.8 

Musculoskeletal measures    

Elbow flexion (⁰) 142.5 6.5 114.6 4.5 17.0 144.0 5.0 144.0 5.0 20.0 140.5 3.8 141.9 4.2 15.0 

Elbow extension (⁰) 0.00 0.00 0.25 0.79 3.00 0.00 0.00 0.00 0.54 3.00 0.00 0.00 0.13 0.50 2.00 

Biceps strength (Kgf) 13.0 4.0 13.9 2.7 8.8 11.3 8.0 13.2 4.6 12.6 11.5 4.0 12.4 3.0 9.0 

Triceps strength (Kgf) 11.2 5.1 12.8 3.5 10.9 11.6 6.7 13.3 4.9 17.1 11.4 5.1 12.7 3.2 10.1 

Wellbeing scores    

Level of pain (0-10) 0.0 0.3 0.4 0.9 4.0 0.0 1.0 0.5 1.1 4.0 0.0 0.5 0.3 0.5 1.6 

Level of fatigue (0-10) 8.5 2.3 8.1 1.9 7.0 7.0 2.0 7.2 1.5 5.0 7.4 1.8 7.0 2.2 7.0 

Level of alertness (0-10) 9.0 2.3 8.2 1.8 7.0 8.0 2.5 7.6 1.9 6.0 7.3 2.6 9.5 8.3 2.4 

HADS_Anxiety 4.5 3.2 5.3 3.5 13.0 6.0 7.0 6.7 5.1 16.0 5.5 2.5 5.3 1.8 6.0 

HADS_Depression 3.0 4.0 2.7 2.2 7.0 3.4 4.0 3.7 2.7 9.0 3.5 4.3 4.4 2.8 9.0 
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Table 5.4 Kinematic and musculoskeletal measures in the non-dominant arm of the HC-group (n = 57). 

 

 

 All trials (with no velocity stratification) 

Non-dominant arm  Younger 20-39 years (n=20) Older 40-69 years (n=21) Elderly 70-99 years (n=16) 

 Median IQR Mean SD Range Median IQR Mean SD Range Median IQR Mean SD Range 

Kinematic measures                

Number of successful trials 119..5 2.0 118.7 1.7 6.0 120.0 2.0 118.8 1.9 7.0 119.0 4.3 117.9 2.2 5.0 

Movement time (ms) 847.5 69.4 855.1 104.8 482.5 922.5 225.0 899.5 132.6 445.0 981.3 225.6 977.8 141.2 417.5 

Movement smoothness (no. velocity peaks) 2.0 1.0 1.6 0.5 1.0 2.0 0.0 1.8 0.4 1.0 2.0 0.6 1.7 0.4 1.0 

Movement smoothness (jerk) -31.44 0.50 -31.56 0.42 1.50 -31.84 0.87 -31.72 0.49 1.63 -32.21 1.15 -31.98 0.59 1.53 

Movement accuracy (deg) 0.30 0.02 0.29 0.01 0.05 0.30 0.02 0.30 0.01 0.04 0.30 0.01 0.30 0.01 0.04 

Maximum speed per trial (m/s) 21.5 4.0 21.6 2.7 11.0 21.0 5.6 21.2 4.7 17.4 18.9 4.2 19.3 2.7 8.3 

Maximum velocity per trial (m/s) 0.10 0.02 0.10 0.01 0.05 0.10 0.08 0.10 0.02 0.07 0.09 0.02 0.09 0.01 0.04 

Musculoskeletal measures    

Elbow flexion (⁰) 143.5 7.3 145.6 5.3 16.0 144.0 6.0 144.1 5.8 24.0 140.5 4.3 142.2 3.8 12.0 

Elbow extension (⁰) 0.00 0.00 0.35 0.93 3.00 0.00 0.00 0.10 0.90 5.00 0.00 0.00 0.13 0.50 2.00 

Biceps strength (Kgf) 12.3 4.4 13.5 2.9 10.5 10.8 6.9 12.8 4.3 13.0 11.0 4.2 12.0 3.1 9.3 

Triceps strength (Kgf) 11.2 5.6 13.0 4.5 15.8 11.7 7.5 13.1 4.9 17.7 11.2 5.1 12.4 3.1 9.4 
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between the total number of successful trials across the age groups or between dominant 

and non-dominant arms within age groups:  Dominant (D) 20-39 median 120.0 (IQR 2.0 

(118.0-120.0)) trials, Non-dominant (ND) 20-39 median 119.5 (IQR 2.0 (118.0-120.0)) trials; 

D40-69 median 120.0 (IQR 1.0 (119.0-120.0) trials, ND40-69 median 120.0 (IQR 2.0 (118.0-

120.0)) trials; D70-99 median 119.5 (IQR 2.0 (118.0-120.0) trials, ND70-99 median 119.0 (IQR 

4.0 (116.0-120.0)) trials; F(5,108) = 1.77, p = 0.24). 

5.3.2.2 Key Kinematic Measures Declined with Ageing   

Movement smoothness (jerk) significantly increased (i.e. movement trajectories became less 

smooth) as age increased and this trend was evident in both arms but most marked in the 

non-dominant arm (F(5,108) = 3.65, p = 0.44 x 10-2) (Figure 5.2(a), Table 5.3 and Table 5.4).  

Movements made by the non-dominant arm of the younger group were significantly 

smoother (median 31.4 (IQR 0.5 (31.2-31.7)) than movements made by the non-dominant 

arm of the elderly group (median 32.2 (IQR 1.2 (31.3-32.5)); p = 0.01).  The dominant arms of 

both the older and elderly groups were significantly smoother than their non-dominant arms:  

Older group dominant arm median smoothness 31.1 (IQR 0.6 (30.9-31.6)); non-dominant arm 

median 31.8 (IQR 0.9 (31.3-32.2)), p = 0.01.  Elderly group dominant arm median smoothness 

31.5 (IQR 1.0 (31.0-32.0)); non-dominant arm median 32.2 (IQR 1.2 (31.3-32.5); p = 0.04.  

However, the number of velocity peaks per trial (an alternative measure of movement 

smoothness) did not significantly differ between age and/or arm (F(5,108) = 0.74, p = 0.60) 

(Table 5.3 and Table 5.4). 

Movement time significantly increased with increase in age in both arms, but to a greater 

extent in the non-dominant arm (F(5,108) = 6.20, p = 0.43 x 10-4) (Figure 5.2(b)).  In the non-

dominant arm, the elderly group had a significantly greater movement time (median 981.3 

(IQR 225.6 (879.1-1097.5))) compared to the younger group (median 847.5 (IQR 69.4 (808.1-

877.5)), p = 0.02).  Movement time in the older group was also significantly greater in the 

non-dominant arm (median 922.5 (IQR 225.0 (765.0-990.0))) compared to the dominant arm 

(median 805.0 (IQR 150.0 (717.5-867.5)), p = 0.01) (Table 5.3 and Table 5.4). 

Movement accuracy deteriorated with increasing age (F(5,108) = 3.66, p = 0.43 x 10-2) (Figure 

5.2(c)), and this trend was most apparent in the dominant arm.  In the dominant arm, the 

younger group were significantly more accurate (median 0.29 (IQR 0.02 (0.28-0.30))) than 

the elderly group (median 0.29 (IQR 0.01 (0.29-0.31)), p = 0.04) while the elderly group were 

more accurate than the older group (median 0.29 (IQR 0.02 (0.28-0.30)), p = 0.02)).  The older  
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Figure 5.2 Comparison of key kinematic measures in the HC-group by age and arm dominance. 

 

  

(a) Movement smoothness (jerk) decreased with increasing age, and the non-dominant arm was 
less smooth than the dominant arm for all age groups. (b) Movement time increased with 
increasing age and was greater for the dominant arm, compared with the non-dominant arm. (c) 
Movement accuracy was more variable across the age groups, but the older and elderly groups 
were less accurate than the younger. D20_39: Dominant arm, age 20-39 years; D40_69: dominant 
arm, age 40-69 years; D70_99: Dominant arm, age 70-99 years; ND20_39: Non-dominant arm, age 
20-39 years; ND40_69: non-dominant arm, age 40-69 years; ND70_99 Non-dominant arm, age 70-
99 years. p ≤ 0.0001 ‘****’, p ≤ 0.001 ‘***’, p ≤ 0.01 ‘**’, p ≤ 0.05 ‘*’.  
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Figure 5.3 Slower movement speeds with ageing do not compensate for movement accuracy.   

(a) Maximum speed per trial decreased with increase in age in both the dominant and the non-

dominant arms, with the younger group significantly faster than the elderly group in each arm.  

Trial speed did not significantly differ between the dominant and non-dominant arms for each age 

group. (b) Spearman’s rank correlation plots for the number of successful trials (i.e. a measure of 

task accuracy) and maximum trial speed by age and arm dominance.  There were no significant 

correlations between trial speed and accuracy to suggest that the older and elderly groups were 

reducing speed to maintain accuracy.  Maximum number of trials: 120. D20_39: Dominant arm, age 

20-39 years; D40_69: dominant arm, age 40-69 years; D70_99: Dominant arm, age 70-99 years; 

ND20_39: Non-dominant arm, age 20-39 years; ND40_69: non-dominant arm, age 40-69 years; 

ND70_99 Non-dominant arm, age 70-99 years. p ≤ 0.0001 ‘****’, p ≤ 0.001 ‘***’, p ≤ 0.01 ‘**’, p ≤ 

0.05 ‘*’.   
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group were significantly more accurate with their dominant arm than their non-dominant 

arm (median 0.30 (IQR 0.02 (0.29-0.31)), p = 0.02)) (Table 5.3 and Table 5.4). 

Maximum speed per trial significantly differed by with age and/or arm (F(5,108) = 2.90, p = 

0.01) (Figure 5.3(a)).  Trials were significantly faster in the younger compared with elderly 

groups in both the dominant (younger median 21.9 (IQR 3.0 (20.7-23.7)); elderly median 19.7 

(IQR 6.8 (16.4-23.3)), p = 0.04) and non-dominant arms (younger median 21.5 (IQR 4.0 (19.5-

23.5)); elderly median 18.9 (IQR 4.2 (17.4-21.6)), p = 0.02).  There were no significant 

differences between the dominant and non-dominant arms for maximum trial speed at any 

age.  

Maximum velocity per trial was also slightly lower in the elderly groups compared to the 

younger and older groups in both the dominant and non-dominant arms, but did not 

significantly differ between age or arm (F(5,108) = 1.69, p = 0.14) (Table 5.3 and Table 5.4).  

Velocity will be explored further in Chapter 5.3.6 below.  

 

5.3.3 Musculoskeletal Measures Did Not Significantly Change with Increase in 

Age 

5.3.3.1 Arm Strength Slightly Decreased with Ageing  

Biceps and triceps strength did not significantly differ by age or handedness across the HC-

group (Biceps strength:  F(5,108) = 0.63, p = 0.68; Triceps strength: F(5,108) = 0.11, p = 0.99) 

although there was a subtle trend towards a decrease in both biceps and triceps strength 

with increase in age, and particularly in the non-dominant arm compared to the dominant 

arm (Figure 5.4(a), Table 5.3 and Table 5.4). 

5.3.3.2 Elbow Joint Range Did Not Change with Ageing  

There were no significant differences or clear non-significant trends in elbow range of motion 

across the HC-group, and/or between dominant and non-dominant arms (Elbow flexion: 

F(5,108) = 2.65, p = 0.30; Elbow extension: F(5,108) = 1.89, p = 0.10) (Table 5.3 and Table 5.4).  

This result was expected, as elbow joint range of motion should not change to a significant 

extent with increase in age in the absence of a musculoskeletal or other disease (Mayston et 

al., 2009).   
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Figure 5.4 Clinical factors which might influence motor control did not differ with age.   
 (a) Biceps and triceps strength (kgf) were slightly weaker in the elderly group compared with the 

younger group.  (b) Energy levels and alertness decreased with increasing age, while level of 

depression increased, but there were no significant differences between age subgroups. The mean 

scores for each group are plotted; the error bars represent standard deviation.  Visual analogue 

scales were scored out of a maximum 10 points for levels of pain, energy and alertness.  HADS: 

Hospital Anxiety and Depression Scale score for anxiety (HADS_A) and depression (HADS_D); 8 

points or more indicate clinically significant levels of anxiety and/or depression.  
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5.3.4 Was Movement Speed Reduced to Compensate for Movement Accuracy?   

Movement speed (Figure 5.3(a)) and measures of movement accuracy (Figure 5.1(c) and 

Figure 5.2(c)) all decreased as age increased in both the dominant and non-dominant arms:  

The elderly and older groups were slower and less accurate compared with the younger 

group.  Spearman’s Rank correlations applying the Bonferroni correction method for multiple 

comparisons revealed no correlations between the average maximum speed per trial and the 

number of successful trials scored for any age/arm group (Figure 5.3(b)):  Younger dominant 

arm R = -0.12, p = 0.61, non-dominant arm R = 0.24, p = 0.30; Older dominant arm R = 0.10, 

p = 0.65, non-dominant arm R = -0.04, p = 0.85; Elderly dominant arm R = 0.27, p = 0.32, non-

dominant arm R = 0.01, p = 0.97.  Thus, the reduction in movement speed seen with 

increasing age did not allow maintenance of movement accuracy in the elderly group relative 

to the younger and older groups, and both movement speed and accuracy deteriorated as 

age increased.  Indeed, the lack of association between speed and accuracy in any age/arm 

group reinforces the nature of the 2D-reaching task as a behavioural assay of generalised 

motor control processes at a particular point in time, and not a motor skill task requiring 

learning.  

 

5.3.5 Is the Decline in Motor Control with Ageing Due to Changes in Arm 

Strength or Joint Range? 

Multiple linear regression mixed model analyses were performed on all data to explore the 

extent to which age, arm dominance, arm strength, arm joint range, and movement speed 

might be influencing motor control.  Models were constructed with movement smoothness 

(jerk or velocity peaks), movement time and movement accuracy as the dependent variable 

in turn.  Biceps strength, triceps strength, elbow flexion, elbow extension, age and arm 

dominance (dominant or non-dominant arm) were included as fixed effects in the models, 

and individual subject was included as a random effect. 

Age and arm dominance were highly significant explanatory variable for movement 

smoothness, movement time and movement accuracy.  Maximum speed and arm strength 

also contributed to movement smoothness and movement time (Table 5.5, Models A-D 

contains further details of these models). 
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Table 5.5 Multiple linear regression mixed model analyses for the HC-group (n = 57). 

Dependent variables:  Model A – Movement smoothness (jerk); Model B – Movement smoothness (velocity peaks); Model C – Movement time; Model D – Movement 
accuracy. 

 

 

 

 

  

Model A Random Effects Fixed Effects 

Dependent variable  Variance 
% total 

variance 
SD  

Estimate of 
variance (β) 

% total 
variance 

SE t ꭓ2 Df p Sig 

Movement 
smoothness (jerk) 

Subject 
(intercept) 

0.04 8.00 0.21 Intercept 0.24 x 10-3 - 0.03 0.01 - - - - 

 Residual 0.94 - 0.97 Maximum speed  0.07 12.80 0.01 7.12 50.53 1 0.12 x 10-11 *** 

 (No. obs 13628)    Biceps strength 0.10 18.70 0.04 2.42 5.80 1 0.02 * 

     Triceps Strength -0.16 28.90 0.04 -3.68 13.47 1 0.24 x 10-3 *** 

     Elbow flexion 0.03 4.77 0.03 1.05 1.07 1 0.30 ns 

     Elbow extension -0.01 1.33 0.02 -0.44 0.19 1 0.66 ns 

     Age 0.10 18.70 0.03 3.20 9.29 1 0.23 x 10-2 ** 

     Dominant/Non-dominant arm  0.09 16.20 0.01 9.92 98.05 1 < 0.22 x 10-15 *** 

Model B Random Effects Fixed Effects 

Dependent variable  Variance 
% total 

variance 
SD  

Estimate of 
variance (β) 

% total 
variance 

SE t ꭓ2 Df p Sig 

Movement smoothness  
(velocity peaks) 

Subject 
(intercept) 

0.03 7.13 0.18 Intercept 0.22 x 10-3 - 0.03 0.009 - - - - 

 Residual 0.95 - 0.98 Maximum speed  0.05 10.91 0.01 4.99 24.81 1 0.64 x 10-6 *** 

 
(No. obs 
13628) 

   Biceps strength 0.07 16.00 0.04 1.85 3.38 1 0.07 ns 

     Triceps Strength -0.13 27.80 0.04 -3.16 9.91 1 0.16 x 10-2 ** 

     Elbow flexion 0.04 8.31 0.02 1.64 2.60 1 0.11 ns 

     Elbow extension 0.11 x 10-2 0.26 0.02 0.07 0.01 1 0.94 ns 

     Age 0.09 20.59 0.03 3.50 11.12 1 0.86 x 10-3 *** 

     Dominant/Non-dominant arm  0.07 16.12 0.01 16.12 69.45 1 < 0.22 x 10-15 *** 
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Model C Random Effects Fixed Effects 

Dependent variable  Variance 
% total 

variance 
SD  

Estimate of 
variance (β) 

% total 
variance 

SE t ꭓ2 Df p Sig 

Movement time 
Subject 
(intercept) 

0.07 10.32 0.26 Intercept 0.53 x 10-4 - 0.04 0.20 x 10-2 - - - - 

 Residual 0.86 - 0.93 Maximum speed  -0.12 18.43 0.01 -12.53 153.65 1 <0.22 x 10-15 *** 

 (No. obs 13628)    Biceps strength 0.07 10.24 0.05 1.45 2.12 1 0.15 ns 

     Triceps Strength -0.15 23.85 0.05 -3.30 10.84 1 0.10 x 10-2 *** 

     Elbow flexion 0.05 7.56 0.03 1.81 3.25 1 0.07 ns 

     Elbow extension -0.03 4.15 0.02 -1.61 2.59 1 0.12 ns 

     Age 0.13 19.81 0.04 3.51 11.13 1 0.85 x 10-3 *** 

     Dominant/Non-dominant arm  0.10 15.87 0.01 12.15 146.78 1 <0.22 x 10-15 *** 

Model D Random Effects Fixed Effects 

Dependent 
variable 

 Variance 
% total 

variance 
SD  

Estimate 
of variance 

(β) 

% total 
variance 

SE t ꭓ2 Df p Sig 

Movement 
accuracy 

Subject (intercept) 0.80 x 10-2 30.65 0.01 Intercept 0.34 x 10-4 - 0.14 x 10-1 0.20 x 10-2 - - - - 

 Residual 0.99 - 0.99 Maximum speed  -0.39 x 10-2 1.50 0.96 x 10-2 -0.41 0.16 1 0.69 ns 

 (No. obs 13628)    Biceps strength 0.51 x 10-2 2.00 0.26 x 10-1 0.19 0.04 1 0.85 ns 

     Triceps Strength -0.16 x 10-2 6.24 0.26 x 10-1 -0.61 0.37 1 0.54 ns 

     Elbow flexion -0.79 x 10-2 2.61 0.15 x 10-1 -0.52 0.28 1 0.60 ns 

     Elbow extension 0.10 x 10-2 3.95 0.13 x 10-1 0.81 0.65 1 0.42 ns 

     Age 0.44 x 10-1 16.80 0.15 x 10-1 2.80 7.40 1 0.65 x 10-2 ** 

     Dominant/Non-dominant arm  0.27 x 10-1 10.22 0.86 x 10-2 3.10 9.42 1 0.21 x 10-2 ** 
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Movement smoothness (jerk) (Table 5.5, Model A) was accounted for by maximum speed (β 

0.07 (95% CI 0.05-0.09), 12.8% total variance, t = 7.12, ꭓ2 = 50.53, Df 1, p = 0.12 x 10-11), biceps 

strength (β 0.10 (95% CI 0.02-0.19), 18.7% total variance, t = 2.42, ꭓ2 = 50.53, Df 1, p = 0.02), 

triceps strength (β -0.16 (95% CI -0.25-(-0.07)), 28.9% total variance, t = -3.68, ꭓ2 = 13.47, Df 

1, p = 0.24 x 10-3), age (β 0.10 (95% CI 0.04-0.16), 18.7% total variance, t = 3.20, ꭓ2 = 9.29, Df 

1, p = 0.23 x 10-2) and arm dominance (β 0.09 (95% CI 0.07-0.10), 16.2% total variance, t = 

9.92, ꭓ2 = 98.05, Df 1, p < 0.22 x 10-15).   

Movement smoothness (velocity peaks) (Table 5.5, Model B) was accounted for by maximum 

speed (β 0.05 (95% CI 0.03-0.07), 10.9% total variance, t = 4.99, ꭓ2 = 24.81, Df 1, p = 0.64 x 10-

6), triceps strength (β -0.13 (95% CI -0.21-(-0.05)), 27.8% total variance, t = -3.16, ꭓ2 = 9.91, Df 

1, p = 0.16 x 10-2), age (β 0.09 (95% CI 0.04-0.15), 20.6% total variance, t = 3.50, ꭓ2 = 11.12, Df 

1, p = 0.86 x 10-3) and arm dominance (β 0.07 (95% CI 0.06-0.09), 16.1% total variance, t = 

16.12, ꭓ2 = 69.45, Df 1, p < 0.22 x 10-15). 

Movement time (Table 5.5, Model C) was accounted for by maximum speed (β -0.12 (95% CI 

-0.14-(-0.10)), 18.4% total variance, t = -12.53, ꭓ2 = 153.65, Df 1, p < 0.22 x 10-15), triceps 

strength (β -0.15 (95% CI -0.25-(-0.06)), 23.9% total variance, t = -3.30, ꭓ2 = 10.84, Df 1, p = 

0.10 x 10-2), age (β 0.13 (95% CI 0.06-0.20), 19.8% total variance, t = 3.51, ꭓ2 = 11.13, Df 1, p 

= 0.85 x 10-3) and arm dominance (β 0.10 (95% CI 0.09-0.12), 15.9% total variance, t = 12.15, 

ꭓ2 = 146.78, Df 1, p < 0.22 x 10-15). 

Movement accuracy (Table 5.5, Model D) was accounted for by age (β 0.04 (95% CI 0.01-

0.08), 16.8% total variance, t = 2.80, ꭓ2 = 7.40, Df 1, p = 0.65 x 10-2) and arm dominance (β 

0.03 (95% CI 0.01-0.04), 10.2% total variance, t = 3.10, ꭓ2 = 9.42, Df 1, p = 0.21 x 10-2). 

Overall therefore, motor control largely depends on age and arm dominance.  Strength and 

speed contribute to movement smoothness and time in these data, but not to movement 

accuracy.  Arm range of motion was not a significant factor in any model.  

 

5.3.6 Is Strength Confounding the Assessment of Motor Control with Ageing?    

5.3.6.1 Velocity-Stratification Precludes Contamination of Motor Control by Strength  

Movement kinematics allow measurement of the quality of motor control processes during 

the performance of a particular task.  These measures will vary according to how ‘good’ an 

individual’s motor performance is, and can be improved through practice and motor learning 
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to some extent.  But movement kinematics might also change if the motor control demands 

of a task are altered as a direct function of movement speed, which would not be changeable 

through learning, i.e. particular features of the movement trajectory might be determined 

by the speed at which it is executed (Shmuelof et al., 2012).  In addition, there is typically a 

‘trade-off’ between movement speed and movement accuracy when learning to make new 

skilled movements, whereby movement speed is reduced to allow for greater accuracy 

(Krakauer and Carmichael, 2017; Kitago et al., 2015; Kitago et al., 2013).   

In the multiple linear regression mixed models, movement accuracy was accounted for by 

age and arm dominance.  However, in addition to age and arm dominance, movement speed 

and arm strength both contributed to the decline in movement smoothness and movement 

time seen with ageing (Chapter 5.3.5). 

As discussed in Chapters 1 and 4, trials which have been performed at a lower velocity might 

be more susceptible to a strength requirement contaminating motor control, and only if 

velocities are matched can initial outward submovements in particular be deemed to 

represent pure motor control (Cortes et al., 2017).  Previous similar work has used maximum 

velocity ≥ 0.10 m/s (10 cm/s) to determine ‘fast’ trials during which the velocity is sufficiently 

high to prelude the contamination of motor control by strength (Prof John Krakauer, 2020, 

personal communication; Cortes et al., 2017).   

5.3.6.2 The Proportion of ‘Fast Trials’ Decreased as Age Increased  

The average maximum velocity per trial across the whole HC-group was 0.106 m/s (SD 0.027) 

for the dominant arm and 0.101 m/s (SD 0.023) for the non-dominant arm (Figure 5.5(a); See 

also Figure 3.18).  The HC-group as a whole achieved a maximum velocity of ≥ 0.1 m/s for 

66/120 trials (55%) on average with their dominant arm, and 59/120 trials (49%) on average 

with their non-dominant arm.  With increasing age, the average maximum velocity per trial 

decreased in both arms, but remained slightly higher in the dominant arm compared to the 

non-dominant arm across all age groups.  

The proportion of fast trials therefore declined with increasing age, and the proportion of 

fast trials performed by the dominant arm was always greater than the proportion of fast 

trials performed by the non-dominant arm at any age (Figure 5.5(b)).  There were no 

significant differences between the average maximum velocities (F(5,108) = 1.69, p = 0.14) 

or the proportion of ‘fast trials’ performed (F(5,108) = 2.64, p = 0.27) in the age/arm  
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Figure 5.5 Change in maximum velocity with age and arm dominance.  

 

 

 

 

 

 

(a) Average maximum velocity per trial across all trials performed by the HC-group with the 
dominant and non-dominant arms. The elderly subgroup was slower than the other age subgroups, 
and the non-dominant arm was slower than the dominant arm for all age subgroups. The dashed 
grey line indicates maximum velocity 0.10 m/s.  (b) Number of trials performed by the HC-group 
which achieved maximum velocity ≥ 0.10 m/s, by age and arm dominance.  The elderly subgroup 
performed fewer fast trials than the other groups, but there were no significant differences in the 
number of fastest trials between any groups, allowing fair comparison of trials meeting the ‘fastest 
trials’ velocity criterion. D20_39: Dominant arm, age 20-39 years; D40_69: dominant arm, age 40-
69 years; D70_99: Dominant arm, age 70-99 years; ND20_39: Non-dominant arm, age 20-39 years; 
ND40_69: non-dominant arm, age 40-69 years; ND70_99 Non-dominant arm, age 70-99 years.  
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dominance subgroups, allowing a fair comparison between these groups using this velocity 

stratification.   

Velocity stratification by nature reduces the sample size for analysis, but given the large size 

of the HC-group and the number of trials (120 per participant) performed, sufficient 

kinematic data remained for further analysis (Table 5.6) with an average number of between 

43 and 80 trials with a maximum velocity of ≥ 0.10 m/s included per HC-group participant. 

 

Table 5.6 The average number of trials included in velocity-stratified data analyses per HC-group 
participant (n = 57). 

 

 

However, for the chronic stroke patients as discussed in Chapters 1 and 4, velocity 

stratification on maximum velocity ≥ 0.10 m/s reduced the average number of trials included 

in the analyses to between 10 and 20 trials per patient in both the QSUL- and SC-groups, 

which were insufficient  numbers to ensure robust findings.  Additional velocity criteria were 

therefore set for the chronic stroke patients, including trials with maximum velocity in the 

range 0.06 ≤ maximum velocity ≤ 0.11 m/s.  This encompassed all trials within one standard 

deviation of the mean maximum velocity per trial for all trials performed by the QSUL-group 

impaired arm at T1 (i.e. the slowest group) and therefore the approximate mid-range 68% of 

the original data, removing the slowest and fastest trials (Figure 3.10; Figure 3.18).  This 

included a mean number of between 40 and 48 trials for analysis per patient in the QSUL-

group and the SC-group (vs. the original 60 trials per patient).  When applied to the HC-group,  

 Number of Trials with max velocity ≥ 0.10 m/s 

Age/Arm group D20_39 D40_69 D70_99 ND20_39 ND40_69 ND70_99 

Mean 79.2 64.6 49.7 70.9 60.3 43.3 

STD 24.7 37.4 38.2 29.9 37.4 32.2 

Min 12.0 0.0 0.0 10 6 3 

Max 120.0 120.0 101.0 118 119 96 

Range 108.0 120.0 101.0 108 113 93 

 

 Number of Trials with 0.06 ≤ max velocity ≤ 0.11 m/s 

Age/Arm group D20_39 D40_69 D70_99 ND20_39 ND40_69 ND70_99 

Mean 84.1 87.4 97.7 90.0 92.0 100.1 

STD 26.0 35.9 18.4 23.2 30.1 14.9 

Min 6.0 5.0 58.0 34.0 10.0 74.0 

Max 116.0 117.0 117.0 115.0 116.0 120.0 

Range 110.0 112.0 59.0 81.0 106.0 46.0 
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Figure 5.6 Effect of velocity stratification on number of successful trials by age subgroup. 

  
(a) When only trials with maximum velocity ≥ 0.10 m/s were included in the analysis, the number 
of successful trials appeared to decrease with increase in age. (b) When only trials with 0.06 ≤ 
maximum velocity ≤ 0.11 m/s were included in the analysis, the number of successful trials 
appeared to increase with increase in age in both the dominant and non-dominant arms.  This is 
likely to be an artefact of there being fewer trials made by the younger group included in the 0.06 ≤ 
maximum velocity ≤ 0.11 m/s stratification relative to the older and elderly groups, and vice versa 
for the maximum velocity ≥ 0.10 m/s stratification.  There were no significant differences between 
any of the groups with either velocity stratification applied.  Maximum number of trials: 120. 
D20_39: Dominant arm, age 20-39 years; D40_69: dominant arm, age 40-69 years; D70_99: 
Dominant arm, age 70-99 years; ND20_39: Non-dominant arm, age 20-39 years; ND40_69: non-
dominant arm, age 40-69 years; ND70_99 Non-dominant arm, age 70-99 years.  p ≤ 0.0001 ‘****’, 
p ≤ 0.001 ‘***’, p ≤ 0.01 ‘**’, p ≤ 0.05 ‘*’.  
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this included a mean number of 84 to 100 trials with 0.06 ≤ maximum velocity ≤ 0.11 m/s per 

participant. 

The data were therefore stratified according to these velocity parameters and the complete 

analyses then repeated for only trials which met the velocity criteria: -   

1. The ‘fastest’ trials with maximum velocity in the range ≥ 0.10 m/s, which encompassed 

only the very fastest trials and thus excluded contamination by a strength component 

with even greater certainty (John Krakauer, personal communication December 2020 

and in line with previous work by Cortes et al., 2017).   

2. Trials with maximum velocity in the range 0.06 ≤ maximum velocity ≤ 0.11 m/s to allow 

comparison with the chronic stroke patient population.    

5.3.6.3 Does Strength Account for Changes in Motor Control, with Velocity-Stratification 

Applied to the Kinematic Data? 

5.3.6.3.1 Velocity stratification 1 – fastest trials (maximum velocity ≥ 0.10 m/s) 

When only the fastest trials were analysed, the same trends in movement kinematics were 

observed with increase in age.  The number of successful trials scored on the task decreased 

as age increased (F(5,108) = 2.91, p = 0.02) and the elderly group scored significantly fewer 

successful trials than the younger group and were more variable with both their dominant 

arm (elderly median 65.5 trials (IQR 78.0 (20.0-98.0)); younger median 88.0 trials (IQR 25.0 

(80.0-105.0)), p = 0.03) and non-dominant arm (elderly median 50.5 trials (IQR 55.0 (25.0-

80.0)); younger median 90.0 trials (IQR 44.5 (60.5-105.0)), p = 0.04) (Figure 5.6(a), Table 5.7).  

Movement smoothness (jerk) decreased as age increased, and the non-dominant arm was 

less smooth than the dominant arm across each age group (Figure 5.7(a), Table 5.7), but there 

were no significant differences between any groups (F(5,108) = 1.83, p = 0.11).  The number 

of velocity peaks per trial did not significantly differ by age/arm (F(5,108) = 0.19, p = 0.96) as 

expected – there were no significant differences when all trials were analysed, and the fastest 

trials will by definition have fewer velocity peaks.  

Movement time significantly increased as age increased (F(5,108) = 3.91, p = 0.27 x 10-2) and 

was higher in the non-dominant arm for each age group compared to the dominant arm 

(Figure 5.7(b), Table 5.7). The elderly group had a significantly higher movement time 

(median 887.5 (IQR 185.0 (838.8-1023.8))) than the younger group (median 795.0 (IQR 81.0 

(755.0-836.0)), p = 0.04) in the non-dominant arm.  Movement time was also significantly 

higher in the non-dominant arm of the older group (median 840.0 (IQR 272.5 (730-1002.5))) 

compared to the dominant arm (median 737.5 (IQR 177.5 (660-837.5)), p = 0.04). 
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Figure 5.7 Change in kinematic measures with increase in age for trials with maximum velocity ≥ 
0.10 m/s. 

  
When control analyses were performed and only the ‘fastest’ trials with maximum velocity ≥ 0.10 
m/s were included, similar trends in motor control were evident: (a) reduced movement 
smoothness with increase in age, (b) increased movement time with increase in age, (c) similar 
movement accuracy across all age groups. D20_39: Dominant arm, age 20-39 years; D40_69: 
dominant arm, age 40-69 years; D70_99: Dominant arm, age 70-99 years; ND20_39: Non-dominant 
arm, age 20-39 years; ND40_69: non-dominant arm, age 40-69 years; ND70_99 Non-dominant 
arm, age 70-99 years.  p ≤ 0.0001 ‘****’, p ≤ 0.001 ‘***’, p ≤ 0.01 ‘**’, p ≤ 0.05 ‘*’. 
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Table 5.7 Kinematic measures in the dominant and non-dominant arms of the HC-group, for trials with maximum velocity ≥ 0.10 m/s (n = 57).

 All trials with maximum velocity ≥ 0.10 m/s 

Dominant arm  Younger 20-39 years (n=20) Older 40-69 years (n=21) Elderly 70-99 years (n=16) 

Kinematic Measures Median IQR Mean SD Range Median IQR Mean SD Range Median IQR Mean SD Range 

Number of successful trials 88.0 27.0 90.0 21.7 97.0 82.0 42.0 74.2 37.0 118.0 65.5 78.0 59.6 40.4 109.0 

Movement time (ms) 741.3 159.4 772.5 131.2 495 737.5 177.5 741.5 102.9 390.0 795.0 226.3 833.6 184.2 705.0 

Movement smoothness (no. velocity peaks) 2.0 1.0 1.6 0.5 1.0 2.0 1.0 1.6 0.5 1.0 1.5 1.0 1.6 0.6 2.0 

Movement smoothness (jerk) -31.6 1.34 -31.5 0.77 2.33 -31.5 0.8 -31.3 0.7 2.6 -31.6 1.4 -31.6 1.0 3.2 

Movement accuracy (deg) 0.29 0.02 0.29 0.01 0.05 0.29 0.02 0.29 0.02 0.07 0.30 0.02 0.30 0.03 0.13 

Maximum speed per trial (m/s) 0.11 0.01 0.11 0.01 0.04 0.11 0.01 0.11 0.01 0.06 0.11 0.01 0.11 0.01 0.07 

  

Non-dominant arm  Younger 20-39 years (n=20) Older 40-69 years (n=21) Elderly 70-99 years (n=16) 

Kinematic Measures Median IQR Mean SD Range Median IQR Mean SD Range Median IQR Mean SD Range 

Number of successful trials 90.0 44.5 81.2 27.7 101.0 81.0 59.0 69.3 37.2 111.0 50.5 55.3 53.3 34.8 101.0 

Movement time (ms) 795.0 81.3 816.3 109.6 497.5 840.0 272.5 879.3 175.2 675 887.5 185.0 910.6 122.1 360 

Movement smoothness (no. velocity peaks) 2.0 1.0 1.6 0.5 1.0 2.0 1.0 1.7 0.6 2.0 2.0 1.0 1.7 0.5 1.0 

Movement smoothness (jerk) -31.63 0.84 -31.60 0.50 1.78 -31.84 0.78 -31.78 0.67 2.78 -31.95 1.00 -31.91 0.64 1.92 

Movement accuracy (deg) 0.30 0.01 0.29 0.02 0.06 0.30 0.02 0.30 0.03 0.12 0.30 0.01 0.29 0.01 0.04 

Maximum speed per trial (m/s) 0.11 0.01 0.11 0.01 0.03 0.11 0.01 0.11 0.01 0.04 0.11 0.01 0.11 0.01 0.02 
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Overall, there was no significant trend in movement accuracy (F(5,108) = 0.50, p = 0.78), 

although a slight decrease with age was evident in the dominant arm (Figure 5.7(c), Table 

5.7).  Interestingly, the elderly group were as accurate with their non-dominant arm as the 

younger group (elderly median 0.30 (IQR 0.01 (0.29-0.31)); younger median 0.30 (IQR 0.01 

(0.29-0.30)), p = 1.00) although slightly more variable.   

 

Multiple linear regression mixed model analyses were then performed on these fastest trials 

data to explore the extent to which age, arm dominance, arm strength, arm range and 

movement speed might be influencing motor control.  Age remained a significant 

contributory variable for movement smoothness, movement time and movement accuracy.  

Movement speed was a significant contributory variable for movement smoothness (jerk and 

velocity peaks), while arm strength and arm dominance also still accounted for movement 

smoothness and movement time (Table 5.8, Models A-D contains further details of these 

models).  

Movement smoothness (jerk) (Table 5.8, Model A) was accounted for by maximum speed (β 

0.14 (95% CI 0.11-0.16), 26.4% total variance, t = 11.69, ꭓ2 = 135.47, Df 1, p < 0.22 x 10-15), 

biceps strength (β 0.10 (95% CI (0.44 x 10-2)-0.20), 19.3% total variance, t = 2.05, ꭓ2 = 4.21, Df 

1, p = 0.04), triceps strength (β -0.13 (95% CI -0.24-(-0.03)), 25.5% total variance, t = -2.64, ꭓ2 

= 6.91, Df 1, p = 0.89 x 10-2), age (β 0.05 (95% CI 0.01-0.11), 10.1% total variance, t = 4.51, ꭓ2 

= 11.13, Df 1, p = 0.04) and arm dominance (β 0.04 (95% CI 0.02-0.07), 8.8% total variance, t 

= 4.03, ꭓ2 = 16.17, Df 1, p = 0.58 x 10-4). 

Movement smoothness (velocity peaks) (Table 5.8, Model B) was accounted for by maximum 

speed (β 0.10 (95% CI 0.07-0.12), 21.0% total variance, t = 8.34, ꭓ2 = 69.29, Df 1, p < 0.22 x 10-

15), triceps strength (β -0.13 (95% CI -0.24-(-0.04)), 28.7% total variance, t = -2.77, ꭓ2 = 7.59, 

Df 1, p = 0.58 x 10-2), age (β 0.06 (95% CI (0.21 x 10-2)-0.21)), 12.8% total variance, t = 1.93, ꭓ2 

= 3.59, Df 1, p = 0.04) and arm dominance (β 0.04 (95% CI 0.02-0.06), 9.12% total variance, t 

= 3.78, ꭓ2 = 14.23, Df 1, p = 0.16 x 10-3). 

Movement time (Table 5.8, Model C) was accounted for by triceps strength (β -0.15 (95% CI 

-0.27-(-0.04)), 28.7% total variance, t = -2.62, ꭓ2 = 6.83, Df 1, p = 0.90 x 10-2), age (β 0.09 (95% 

CI 0.01-0.17), 16.5% total variance, t = 2.12, ꭓ2 = 4.33, Df 1, p = 0.04) and arm dominance (β 

0.09 (95% CI 0.07-0.12), 18.0% total variance, t = 8.43, ꭓ2 = 70.70, Df 1, p < 0.22 x 10-15). 

Movement accuracy (Table 5.8, Model D) was accounted for by age (β 0.05 (95% CI 0.01-

0.08), 50.00% total variance, t = 2.70, ꭓ2 = 6.81, Df 1, p = 0.90 x 10-2). 
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Overall therefore, when only the fastest trials were considered, the same trends in 

movement kinematics were observed as age increased, and essentially the same significant 

explanatory variables, including strength, emerged in the multiple linear regression mixed 

models, as had been the case when all trials were considered (Table 5.9).  

5.3.6.3.2 Velocity stratification 2 – middle 68% of data (0.06 ≤ maximum velocity ≤ 0.11 

m/s)  

Interestingly, with the chronic stroke patient velocity stratification applied, the number of 

successful trials appeared to increase (i.e. improve) with increasing age (Figure 5.6(b) and 

Table 5.10), although there were no significant differences between the age/arm subgroups 

(F(5,108) = 0.98, p = 0.44).  The difference between the dominant and non-dominant arms 

was also less apparent for each age group.  This is likely to be an artefact of there being fewer 

trials made by the younger group included in the 0.06 ≤ maximum velocity ≤ 0.11 m/s 

stratification relative to the trials included which were made by the older and elderly groups, 

and vice versa for the maximum velocity ≥ 0.10 m/s stratification.  In other words, this 

apparent trend in the number of successful trials is an artefact of velocity-stratification, and 

not an absolute result. 

Movement smoothness (jerk:  F(5,108) = 6.06, p = 0.56 x 10-4; velocity peaks F(5,108) = 2.30, 

p = 0.04) significantly decreased (Figure 5.8(a), Table 5.10) and movement time (F(5,108) = 

6.20, p = 0.44 x 10-4) (Figure 5.8(b)) significantly increased with increase in age (Table 5.10).  

In the non-dominant arm, movement smoothness was significantly worse (i.e. more jerk) in 

the older and elderly groups compared to the younger group:  movement smoothness, jerk 

elderly median 31.9 (IQR 1.0 (31.4-32.4)); younger median 31.2 (IQR 0.7 (31.0-37.0)), p = 0.03, 

velocity peaks older median 2.0 (IQR 1.0 (1.0-2.0)); younger median 1.0 (IQR 1.0 (1.0-2.0)), p 

= 0.04.  The dominant arm was also significantly smoother than the non-dominant arm for 

the younger (dominant arm median jerk 30.7 (IQR 1.0 (30.5-31.5)); non-dominant arm 

median jerk 31.2 (IQR 0.7 (31.0-37.0)), p = 0.03) and older (dominant arm median jerk 31.1 

(IQR 0.8 (30.7-31.5)); non-dominant arm median jerk 31.5 (IQR 0.9 (31.3-32.1)), p = 0.03) 

groups.   

Movement time (Figure 5.8(b), Table 5.10) was significantly higher in the dominant arm of 

the older group (median 815.0 (IQR 100.0 (765.0-865.0)) compared to the dominant arm of 

the younger group (median 775.0 (IQR 185.6 (714.4-900.0)), p = 0.03) and the non-dominant 

arm of the older group (median 950.0 (IQR 170.0 (820.0-990.0)), p = 0.74 x 10-2).   

The elderly group had a prolonged movement time relative to the younger group with both 

the dominant (elderly median 905.0 (IQR 156.3 (828.8-985.0)); younger median 775.0 (IQR 
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Table 5.8 Multiple linear regression mixed model analyses for the HC-group for trials with maximum velocity ≥ 0.10 m/s (n = 57). 

Dependent variables:  Model A – Movement smoothness (jerk); Model B – Movement smoothness (velocity peaks); Model C – Movement time; Model D – Movement 
accuracy. 

 

 

 

Model A Random Effects Fixed Effects 

Dependent variable  Variance 
% total 

variance 
SD  

Estimate of 
variance (β) 

% total 
variance 

SE t ꭓ2 Df p Sig 

Movement 
smoothness (jerk) 

Subject 
(intercept) 

0.05 9.00 0.21 Intercept 0.01 - 0.03 0.35 - - - - 

 Residual 0.94 - 0.97 Maximum speed  0.14 26.40 0.01 11.69 135.47 1 < 0.22 x 10-15 *** 

 (No. obs 8275)    Biceps strength 0.10 19.30 0.05 2.05 4.21 1 0.04 * 

     Triceps Strength -0.13 25.50 0.05 -2.64 6.91 1 0.89 x 10-2 ** 

     Elbow flexion 0.02 4.60 0.03 0.87 0.73 1 0.39 ns 

     Elbow extension -0.02 3.00 0.02 -0.75 0.56 1 0.45 ns 

     Age 0.05 10.10 0.03 2.61 4.51 1 0.04 * 

     Dominant/Non-dominant arm  0.04 8.80 0.01 4.03 16.17 1 0.58 x 10-4 *** 

Model B Random Effects Fixed Effects 

Dependent variable  Variance 
% total 

variance 
SD  

Estimate of 
variance (β) 

% total 
variance 

SE t ꭓ2 Df p Sig 

Movement 
smoothness (velocity 
peaks) 

Subject 
(intercept) 

0.04 8.80 0.20 Intercept 0.01 - 0.03 0.32 - - - - 

 Residual 0.95 - 0.97 Maximum speed  0.10 21.00 0.01 8.34 69.29 1 < 0.22 x 10-15 *** 

 (No. obs 8275)    Biceps strength 0.09 18.90 0.05 1.87 3.49 1 0.06 ns 

     Triceps Strength -0.13 28.70 0.05 -2.77 7.59 1 0.58 x 10-2 ** 

     Elbow flexion 0.03 7.20 0.03 1.22 1.45 1 0.23 ns 

     Elbow extension 0.10 x 10-2 0.22 0.02 0.05 0.26 x 10-2 1 0.96 ns 

     Age 0.06 12.80 0.03 1.93 3.59 1 0.04 * 

     Dominant/Non-dominant arm  0.04 9.12 0.01 3.78 14.23 1 0.16 x 10-3 *** 
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Model C Random Effects Fixed Effects 

Dependent variable  Variance 
% total 

variance 
SD  

Estimate of 
variance (β) 

% total 
variance 

SE t ꭓ2 Df p Sig 

Movement time 
Subject 
(intercept) 

0.08 15.30 0.28 Intercept 0.05 - 0.04 1.27 - - - - 

 Residual 0.90 - 0.95 Maximum speed  -0.05 1.20 0.01 -0.53 0.28 1 0.60 ns 

 (No. obs 8275)    Biceps strength 0.08 15.30 0.05 1.45 2.09 1 0.15 ns 

     Triceps Strength -0.15 28.70 0.06 -2.62 6.83 1 0.90 x 10-2 ** 

     Elbow flexion 0.03 5.50 0.03 0.89 0.78 1 0.38 ns 

     Elbow extension -0.03 5.00 0.02 -1.22 1.49 1 0.22 ns 

     Age 0.09 16.50 0.04 2.12 4.33 1 0.04 * 

     Dominant/Non-dominant arm  0.09 18.00 0.01 8.43 70.70 1 < 0.22 x 10-15 *** 

Model D Random Effects Fixed Effects 

Dependent variable  Variance 
% total 

variance 
SD  

Estimate of 
variance (β) 

% total 
variance 

SE t ꭓ2 Df p Sig 

Movement accuracy 
Subject 
(intercept) 

0.64 x 10-2 7.30 0.08 Intercept 0.38 x 10-2 - 0.02 0.25 - - - - 

 Residual 0.99 - 0.99 Maximum speed  -0.01 14.80 0.01 -1.16 1.29 1 0.26 ns 

 (No. obs 8275)    Biceps strength 0.89 x 10-2 9.90 0.03 0.32 0.10 1 0.75 ns 

     Triceps Strength -0.01 16.03 0.03 -0.50 0.25 1 0.62 ns 

     Elbow flexion -0.19 x 10-3 0.21 0.02 -0.01 0.10 x 10-3 1 0.99 ns 

     Elbow extension 0.01 14.10 0.02 0.85 0.72 1 0.40 ns 

     Age 0.05 50.00 0.02 2.70 6.81 1 0.90 x 10-2 ** 

     Dominant/Non-dominant arm  0.42 x 10-2 4.70 0.01 0.38 0.14 1 0.70 ns 
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Table 5.9 Comparison between the significant explanatory variables for key kinematic measures 
with velocity stratification applied to kinematic data. 

 

 

185.6 (714.4-900.0)), p = 0.02) and non-dominant (elderly median 987.5 (IQR 251.3 (865.0-

1116.3); younger median 858.8 (IQR 113.1 (775.0-888.1)), p = 0.01) arms. 

Movement accuracy did not significantly differ between age/arm groups (F(5,108) = 1.13, p 

= 0.35) (Figure 5.8(c), Table 5.10). 

 

Multiple linear regression mixed model analyses on these velocity-stratified data revealed 

that age and arm dominance were significant contributory variables to movement 

smoothness, movement time and movement accuracy.  Movement smoothness (jerk and 

velocity peaks) and movement time were also accounted for by maximum speed and arm 

strength (Table 5.11, Models A-D contains further details of these models). 

Movement smoothness (jerk) (Table 5.11, Model A) was accounted for by maximum speed 

(β -0.09 (95% CI -0.11-(-0.07)), 16.8% total variance, t = -7.77, ꭓ2 = 60.17, Df 1, p = 0.87 x 10-

14), triceps strength (β -0.10 (95% CI -0.19-(-0.02)), 19.80% total variance, t = -2.56, ꭓ2 = 6.54, 

Df 1, p = 0.01), age (β 0.10 (95% CI 0.04-0.15), 10.7% total variance, t = 3.45, ꭓ2 = 10.70, Df 1, 

p = 0.12 x 10-2) and arm dominance (β 0.12 (95% CI 0.09-0.13), 20.2% total variance, t = 10.65, 

ꭓ2 = 112.67, Df 1, p < 0.22 x 10-15). 

Movement smoothness (velocity peaks) (Table 5.11, Model B) was accounted for by 

maximum speed (β -0.06 (95% CI 0.07-(-0.03)), 13.4% total variance, t = -4.80, ꭓ2 = 22.97, Df  

Dependent variable Significant Independent variables 

 All Trials 
Maximum velocity ≥ 

0.10 m/s 
0.06 ≤ Maximum 

velocity ≤ 0.11 m/s 

Movement smoothness 
(jerk) 

Maximum speed 
Biceps strength 
Triceps strength 
Arm dominance 

Age 

Maximum speed 
Biceps strength 
Triceps strength 
Arm dominance 

Age 

Maximum speed 
- 

Triceps strength 
Arm dominance 

Age 

Movement smoothness 
(no. velocity peaks) 

Maximum speed 
Triceps strength 
Arm dominance 

Age 

Maximum speed 
Triceps strength 
Arm dominance 

Age 

Maximum speed 
Triceps strength 
Arm dominance 

Age 

Movement time 

Maximum speed 
Triceps strength 
Arm dominance 

Age 

- 
Triceps strength 
Arm dominance 

Age 

Maximum speed 
Triceps strength 
Arm dominance 

Age 

Movement accuracy 
Arm dominance 

Age 
- 

Age 
Arm dominance 

Age 



5 Does Upper Limb Motor Control Change with Healthy Ageing? 

 

 
257 

 

 

 

 

 

 

Figure 5.8 Change in kinematic measures with increase in age for trials with 0.06 ≤ maximum 
velocity ≤ 0.11 m/s.   
(a) Movement smoothness decreased with increasing age, and the non-dominant arm was 

significantly less smooth than the dominant arm in younger and older age groups.  (b) Movement 

time increased with increasing age and was significantly higher in the elderly group than the 

younger group in both the dominant and non-dominant arms. (c)  Movement accuracy remained 

similar between the age groups. D20_39: Dominant arm, age 20-39 years; D40_69: dominant arm, 

age 40-69 years; D70_99: Dominant arm, age 70-99 years; ND20_39: Non-dominant arm, age 20-39 

years; ND40_69: non-dominant arm, age 40-69 years; ND70_99 Non-dominant arm, age 70-99 

years.  p ≤ 0.0001 ‘****’, p ≤ 0.001 ‘***’, p ≤ 0.01 ‘**’, p ≤ 0.05 ‘*’.  
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Table 5.10 Kinematic measures in the dominant and non-dominant arms of the HC-group, for trials with 0.06 ≤ maximum velocity ≤ 0.11 m/s (n = 57). 

 

 

 
 
 

 All trials with velocity 0.06 ≤ max. velocity ≤ 0.11 m/s 

Dominant arm  Younger 20-39 years (n=20) Older 40-69 years (n=21) Elderly 70-99 years (n=16) 

Kinematic Measures Median IQR Mean SD Range Median IQR Mean SD Range Median IQR Mean SD Range 

Number of successful trials 83.0 36.8 75.4 28.2 113.0 92.0 47.0 79.4 39.1 117.0 102.0 46.8 88.6 29.8 87.0 

Movement time (ms) 775.0 185.6 790.8 118.2 440.0 815.0 100.0 812.5 109.7 475.0 905.0 156.3 901.6 134.2 480.0 

Movement smoothness (no.velocity peaks) 1.0 0.6 1.3 0.4 1.0 1.0 1.0 1.4 0.5 1.0 1.8 1.0 1.6 0.6 2.0 

Movement smoothness (jerk) -30.74 1.03 -30.98 0.66 2.19 -31.05 0.82 -31.04 0.50 1.60 -31.64 0.81 -31.42 0.61 2.30 

Movement accuracy (deg) 0.29 0.01 0.20 0.01 0.07 0.29 0.02 0.29 0.02 0.11 0.30 0.01 0.30 0.01 0.04 

Maximum speed per trial (m/s) 0.10 0.01 0.10 0.01 0.03 0.10 0.01 0.10 0.01 0.04 0.10 0.01 0.10 0.01 0.03 

  

Non-dominant arm  Younger 20-39 years (n=20) Older 40-69 years (n=21) Elderly 70-99 years (n=16) 

Kinematic Measures Median IQR Mean SD Range Median IQR Mean SD Range Median IQR Mean SD Range 

Number of successful trials 84.0 42.4 81.0 27.4 96.0 93.0 37.0 83.6 36.6 110 103.0 33.5 96.3 20.1 61.0 

Movement time (ms) 858.8 113.1 855.9 111.9 520 950.0 170.9 915.6 123.2 467.5 987.5 251.3 985.6 147.9 440 

Movement smoothness (no. velocity peaks) 1.0 1.0 1.4 0.5 1.0 2.0 1.0 1.7 0.5 1.0 2.0 1.0 1.7 0.5 1.0 

Movement smoothness (jerk) -31.23 0.69 -31.39 0.48 1.69 -31.60 0.89 -31.60 0.54 1.67 -31.88 0.98 -31.81 0.61 1.92 

Movement accuracy (deg) 0.30 0.02 0.29 0.02 0.07 0.30 0.02 0.30 0.01 0.06 0.30 0.01 0.29 0.01 0.05 

Maximum speed per trial (m/s) 0.10 0.01 0.10 0.01 0.03 0.10 0.01 0.10 0.01 0.03 0.09 0.01 0.09 0.01 0.03 
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Table 5.11 Multiple linear regression mixed model analyses for the HC-group for trials with 0.06 ≤ maximum velocity 0.11 m/s (n = 57). 

Dependent variables:  Model A – Movement smoothness (jerk); Model B – Movement smoothness (velocity peaks); Model C – Movement time; Model D – Movement 
accuracy. 

 

 

 

 

Model A Random Effects Fixed Effects 

Dependent variable  Variance 
% total 

variance 
SD  

Estimate of 
variance (β) 

% total 
variance 

SE t ꭓ2 Df p Sig 

Movement 
smoothness (jerk) 

Subject 
(intercept) 

0.03 5.92 0.18 Intercept 0.88 x 10-2 - 0.03 0.34 - - - - 

 Residual 0.93 - 0.97 Maximum speed  -0.09 16.80 0.01 -7.77 60.17 1 0.87 x 10-14 *** 

 (No. obs 9573)    Biceps strength 0.07 13.50 0.04 1.74 3.03 1 0.08 ns 

     Triceps Strength -0.10 19.75 0.04 -2.56 6.54 1 0.01 * 

     Elbow flexion 0.04 7.86 0.03 1.68 2.68 1 0.10 ns 

     Elbow extension 0.01 2.60 0.02 0.80 0.63 1 0.43 ns 

     Age 0.10 17.71 0.03 3.45 10.70 1 0.12 x 10-2 ** 

     Dominant/Non-dominant arm  0.12 20.20 0.01 10.65 112.67 1 < 0.22 x 10-15 *** 

Model B Random Effects Fixed Effects 

Dependent variable  Variance 
% total 

variance 
SD  

Estimate of 
variance (β) 

% total 
variance 

SE t ꭓ2 Df p Sig 

Movement smoothness 
(velocity peaks) 

Subject 
(intercept) 

0.02 5.80 0.16 Intercept 0.61 x 10-2 - 0.02 0.26 - - - - 

 Residual 0.95 - 0.97 Maximum speed  -0.06 13.40 0.01 -4.80 22.97 1 0.16 x 10-5 *** 

 (No. obs 9573)    Biceps strength 0.04 10.33 0.04 1.12 1.24 1 0.27 ns 

     Triceps Strength -0.08 19.12 0.04 -2.07 4.29 1 0.04 * 

     Elbow flexion 0.05 11.40 0.02 2.04 3.90 1 0.06 ns 

     Elbow extension 0.91 x 10-2 2.20 0.02 0.54 0.29 1 0.59 ns 

     Age 0.09 21.10 0.02 3.54 11.35 1 0.75 x 10-3 *** 

     Dominant/Non-dominant arm  0.09 21.00 0.01 8.56 72.98 1 < 0.22 x 10-15 *** 
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Model C Random Effects Fixed Effects 

Dependent variable  Variance 
% total 

variance 
SD  

Estimate of 
variance (β) 

% total 
variance 

SE t ꭓ2 Df p Sig 

Movement time 
Subject 
(intercept) 

0.03 5.10 0.18 Intercept -0.38 x 10-2 - 0.03 -0.15 - - - - 

 Residual 0.88 - 0.94 Maximum speed  -0.23 37.10 0.01 -20.34 399.58 1 < 0.22 x 10-15 *** 

 (No. obs 9573)    Biceps strength 0.05 7.87 0.04 1.19 1.38 1 0.24 ns 

     Triceps Strength -0.10 15.60 0.04 -2.35 5.49 1 0.02 * 

     Elbow flexion 0.04 7.00 0.02 1.75 2.99 1 0.08 ns 

     Elbow extension -0.74 x 10-3 0.12 0.02 -0.04 0.19 x 10-2 1 0.97 ns 

     Age 0.09 14.70 0.03 3.32 10.19 1 0.14 x 10-2 *** 

     Dominant/Non-dominant arm  0.11 17.00 0.01 10.61 111.93 1 < 0.22 x 10-15 *** 

Model D Random Effects Fixed Effects 

Dependent variable  Variance 
% total 

variance 
SD  

Estimate of 
variance (β) 

% total 
variance 

SE t ꭓ2 Df p Sig 

Movement accuracy 
Subject 
(intercept) 

0.88 x 10-2 7.70 0.09 Intercept -0.73 x 10-3 - 0.02 -0.04 - - - - 

 Residual 0.99 - 0.99 Maximum speed  0.57 x 10-2 5.00 0.01 0.49 0.24 1 0.62 ns 

 (No. obs 9573)    Biceps strength 0.16 x 10-2 1.40 0.03 0.06 0.30 x 10-2 1 0.96 ns 

     Triceps Strength -0.86 x 10-2 7.65 0.03 -0.29 0.09 1 0.77 ns 

     Elbow flexion -0.40  x 10-2 3.53 0.02 -0.23 0.05 1 0.82 ns 

     Elbow extension 0.02 18.80 0.01 1.48 2.20 1 0.14 ns 

     Age 0.04 38.30 0.02 2.46 5.77 1 0.02 * 

     Dominant/Non-dominant arm  0.03 24.60 0.01 2.69 7.20 1 0.73 x 10-2 ** 
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1, p = 0.16 x 10-5), triceps strength (β -0.08 (95% CI -0.16-(-0.42 x 10-2)), 19.1% total variance, 

t = -2.07, ꭓ2 = 4.29, Df 1, p = 0.04), age (β 0.09 (95% CI 0.04-0.14), 21.1% total variance, t = 

3.54, ꭓ2 = 11.35, Df 1, p = 0.75 x 10-3) and arm dominance (β 0.09 (95% CI 0.07-0.12), 21.0% 

total variance, t = 8.56, ꭓ2 = 72.98, Df 1, p < 0.22 x 10-15). 

Movement time (Table 5.11, Model C) was accounted for by maximum speed (β -0.23 (95% 

CI -0.25-(-0.21)), 37.1% total variance, t = -20.34, ꭓ2 = 399.58, Df 1, p < 0.22 x 10-15), triceps 

strength (β -0.10 (95% CI -0.18-(-0.02)), 15.6% total variance, t = -2.35, ꭓ2 = 5.49, Df 1, p = 

0.02), age (β 0.09 (95% CI 0.04-0.15), 14.7% total variance, t = 3.32, ꭓ2 = 10.19, Df 1, p = 0.14 

x 10-2) and arm dominance (β 0.11 (95% CI 0.09-0.12), 17.0% total variance, t = 10.61, ꭓ2 = 

111.93, Df 1, p < 0.22 x 10-15). 

Movement accuracy (Table 5.11, Model D) was accounted for by age (β 0.04 (95% CI (0.82 x 

10-2)-0.08), 38.3% total variance, t = 2.46, ꭓ2 = 5.77, Df 1, p = 0.02) and arm dominance (β 0.03 

(95% CI (0.75 x 10-2)-0.05), 24.6% total variance, t = 2.69, ꭓ2 = 7.20, Df 1, p = 0.73 x 10-2). 

 

Thus, when only trials with 0.06 ≤ maximum velocity ≤ 0.11 m/s were considered, the same 

trends in movement kinematics with increase in age were evident, and broadly the same 

explanatory variables emerged in the models (Table 5.9).  Taken together, these analyses 

imply that motor control declines as age increases, and more so in the non-dominant arm.  

Decline in movement accuracy is not directly related to movement speed or strength, but 

decline in movement smoothness and time may be related to declines in both strength and 

speed in addition to age.  

 

5.3.7 Is the Deterioration in Motor Control with Increase in Age Due to Impaired 

Movement Execution? 

Deconstructing whole movement trajectories into submovements allows a more fine-grained 

assessment of motor control.  Submovements are essentially the ‘building blocks’ of 

voluntary movement and may represent an optimal discrete controlled unit for the task 

and/or online corrections of an ongoing movement trajectory (Shmuelof et al., 2012; Fradet 

et al., 2008; Ketcham et al., 2002; Pratt et al., 1994).   

In this study, the primary outward submovement of the whole movement trajectory (also 

known as a Type 1 submovement (Fradet et al., 2008)) was defined by truncating the 

trajectory at the first minimum velocity recorded below 0.005 m/s (i.e. first zero-crossing in 
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velocity profile) (Figure 3.13).  This represents the planned movement, prior to any corrective 

submovements. 

Primary outward submovements were examined for both sets of velocity-stratified trials, to 

determine whether the deterioration in movement kinematics with age relates to execution 

of the planned movement, as opposed to feedback control.   

5.3.7.1 Velocity stratification 1 – fastest trials (maximum velocity ≥ 0.10 m/s) 

When only the fastest trials were considered, primary outward submovement smoothness 

significantly decreased as age increased (F(5,94) = 4.00, p = 0.25 x 10-2) (Figure 5.9(a), Table 

5.12).  The elderly group had significantly more jerk than the younger group in the non-

dominant arm (elderly median primary outward submovement jerk 31.5 (IQR 0.4 (31.3-

31.7)); younger group median 31.2 (IQR 0.4 (30.9-31.3)), p = 0.01) and the older group were 

significantly less smooth with their non-dominant arm (median primary outward 

submovement jerk 31.4 (IQR 0.5 (31.1-31.6))) than their dominant arm (median primary 

outward submovement jerk 31.0 (IQR 0.5 (30.7-31.2)), p = 0.03). 

Primary outward submovement accuracy did not significantly differ between age/arm groups 

(F(5,94) = 2.23, p = 0.06) but there was a trend towards a decrease in accuracy with increase 

in age (Figure 5.9(b), Table 5.12). 

The primary outward submovement as a proportion of the whole movement trajectory did 

not significantly differ between groups (F(5,94) = 2.00, p = 0.06) but again, there was a trend 

towards a reduction in the proportion with increase in age, particularly evidence in the non-

dominant arm (Figure 5.9(c), Table 5.12). 

5.3.7.2 Velocity stratification 2 – middle 68% of data (0.06 ≤ maximum velocity ≤ 0.11 

m/s)  

Primary outward submovement smoothness significantly reduced as age increased (i.e. the 

amount of jerk increased with increasing age) (Figure 5.10(a), Table 5.13) (F(5,94) = 5.38, p = 

0.22 x 10-3).  In the dominant arm, the elderly group had significantly more jerk than the older 

group (elderly median outward submovement jerk 31.4 (IQR 0.6 (30.9-31.5)); older median 

outward submovement jerk 30.9 (IQR 0.7 (30.6-31.3)), p = 0.04).  In the non-dominant arm, 

the younger group (median outward submovement jerk 31.0 (IQR 0.4 (30.8-31.2)) had 

significantly less jerk than both the elderly group (median outward submovement jerk 31.5 

(IQR 0.7 (31.2-31.9)), p = 0.17 x 10-2) and the older group (median outward submovement 

jerk 31.4 (IQR 0.7 (31.0-31.6)), p = 0.03).  The older group was also significantly smoother  
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Figure 5.9 Primary outward submovement kinematic measures for trials with maximum velocity ≥ 
0.10 m/s.  

(a) Submovement smoothness and (b) accuracy deteriorated as age increased, although did not 
significantly differ between age/arm groups. (c) The duration of the primary outward submovement 
as a proportion of the whole movement trajectory reduced as age increased, most evidently in the 
non-dominant arm. D20_39: Dominant arm, age 20-39 years; D40_69: dominant arm, age 40-69 
years; D70_99: Dominant arm, age 70-99 years; ND20_39: Non-dominant arm, age 20-39 years; 
ND40_69: non-dominant arm, age 40-69 years; ND70_99 Non-dominant arm, age 70-99 years.  p ≤ 
0.0001 ‘****’, p ≤ 0.001 ‘***’, p ≤ 0.01 ‘**’, p ≤ 0.05 ‘*’.  
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Table 5.12 Primary outward submovement kinematic measures in the dominant and non-dominant arms of the HC-group for trials with maximum velocity ≥ 0.10 m/s. 

 

 

 

 

 

 All trials with maximum velocity ≥ 0.10 m/s 

Dominant arm  Younger 20-39 years (n=20) Older 40-69 years (n=21) Elderly 70-99 years (n=16) 

Kinematic Measures Median IQR Mean SD Range Median IQR Mean SD Range Median IQR Mean SD Range 

Submovement smoothness (jerk) -30.96 0.56 -30.87 0.43 1.62 -30.98 0.48 -30.91 0.40 1.39 -31.20 1.00 -31.37 0.69 2.60 

Submovement accuracy (deg) 0.36 0.05 0.35 0.03 0.10 0.36 0.05 0.36 0.03 0.10 0.37 0.02 0.38 0.05 0.18 

Submovement % whole trajectory 92.4 11.5 86.9 7.3 21.4 86.5 10.7 85.7 7.5 24.3 82.1 16.1 81.3 11.7 39.3 

  

Non-dominant arm  Younger 20-39 years (n=20) Older 40-69 years (n=21) Elderly 70-99 years (n=16) 

Kinematic Measures Median IQR Mean SD Range Median IQR Mean SD Range Median IQR Mean SD Range 

Submovement smoothness (jerk) -31.23 0.39 -31.14 0.29 1.08 -31.36 0.50 -31.34 0.38 1.55 -31.49 0.41 -31.47 0.41 1.47 

Submovement accuracy (deg) 0.37 0.03 0.37 0.04 0.16 0.37 0.04 0.37 0.03 0.12 0.42 0.09 0.40 0.06 0.20 

Submovement % whole trajectory 87.1 10.4 84.1 9.3 36.4 84.4 17.6 79.4 12.0 38.4 71.3 22.7 76.4 12.7 32.2 
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Table 5.13 Primary outward submovement kinematic measures in the dominant and non-dominant arms of the HC-group for trials with 0.06 ≤ maximum velocity ≤ 0.11 
m/s. 

  

 All trials with 0.06 ≤ maximum velocity ≤ 0.11 m/s 

Dominant arm  Younger 20-39 years (n=20) Older 40-69 years (n=21) Elderly 70-99 years (n=16) 

Kinematic Measures Median IQR Mean SD Range Median IQR Mean SD Range Median IQR Mean SD Range 

Submovement smoothness (jerk) -31.03 0.57 -30.91 0.48 1.52 -30.97 0.69 -30.92 0.40 1.25 -31.40 0.61 -31.25 0.50 1.75 

Submovement accuracy (deg) 0.34 0.03 0.35 0.03 0.12 0.35 0.05 0.35 0.04 0.10 0.35 0.04 0.35 0.03 0.13 

Submovement % whole trajectory 89.7 5.9 88.1 8.1 27.6 91.5 5.9 88.6 8.4 31.1 92.7 3.4 88.3 10.3 30.8 

  

Non-dominant arm  Younger 20-39 years (n=20) Older 40-69 years (n=21) Elderly 70-99 years (n=16) 

Kinematic Measures Median IQR Mean SD Range Median IQR Mean SD Range Median IQR Mean SD Range 

Submovement smoothness (jerk) -31.05 0.41 -31.03 0.33 1.22 -31.44 0.65 -31.32 0.41 1.32 -31.51 0.65 -31.54 0.45 1.49 

Submovement accuracy (deg) 0.35 0.02 0.35 0.02 0.08 0.36 0.06 0.37 0.03 0.11 0.37 0.05 0.37 0.04 0.14 

Submovement % whole trajectory 91.9 3.9 88.8 7.3 23.8 89.7 13.0 85.1 9.4 32.6 90.3 17.4 84.2 10.8 29.5 
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Figure 5.10 Primary outward submovement kinematic measures for trials with 0.06 ≤ maximum 
velocity ≤ 0.11 m/s. 

  
(a) Submovement smoothness significantly decreased with increasing age, especially in the non-
dominant arm. (b) There was a trend towards reduced accuracy with increasing age in the non-
dominant arm. (c) Primary outward submovement duration as a proportion of the whole movement 
trajectory decreased with increasing age in the non-dominant arm. D20_39: Dominant arm, age 20-
39 years; D40_69: dominant arm, age 40-69 years; D70_99: Dominant arm, age 70-99 years; 
ND20_39: Non-dominant arm, age 20-39 years; ND40_69: non-dominant arm, age 40-69 years; 
ND70_99 Non-dominant arm, age 70-99 years.  p ≤ 0.0001 ‘****’, p ≤ 0.001 ‘***’, p ≤ 0.01 ‘**’, p ≤ 
0.05 ‘*’.  
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with the dominant arm compared to the non-dominant arm (median dominant outward 

submovement jerk 30.9 (IQR 0.7 (30.6-31.3)); median non-dominant outward submovement 

jerk 31.4 (IQR 0.7 (31.0-31.6)), p = 0.43 x 10-2).  

There were no significant differences by age/arm group for primary outward submovement 

accuracy (F(5,94) = 1.63, p = 0.16) but a non-significant trend towards worsening accuracy 

with increasing age in the non-dominant arm (Figure 5.10(b), Table 5.13). 

The primary outward submovement as a proportion of the whole movement trajectory did 

not significantly differ between age/arm group (F(5,94) = 0.8, p = 0.55) (Figure 5.10(c), Table 

5.13), but there was considerable variability in all subgroups   However, there is a trend 

towards a decrease in outward submovement proportion with increase in age in the non-

dominant arm.   

Overall therefore, primary outward submovement smoothness significantly decreases with 

increase in age, and more so in the non-dominant arm compared to the dominant arm.   

There is a non-significant trend towards a deterioration in primary outward submovement 

accuracy, and the primary outward submovement proportion of the whole movement 

trajectory.  This suggests that the planned movement trajectory itself is not as impacted by 

increase in age as the quality of the execution of the planned movement, which deteriorates 

as the trial progresses.  These changes in primary submovement kinematics support a decline 

in motor control with increase in age.  

 

5.3.8 Self-Reported Wellbeing Scores Did Not Differ with Ageing  

The HC-group self-reported levels of pain, alertness and energy (i.e. a lack of fatigue) during 

the testing session were broadly similar across all age groups, although slightly lower levels 

of alertness and energy levels were reported by elderly adults (Figure 5.4(b)).     

Similar levels of anxiety and depression were also reported across all ages on the HADS 

questionnaire and the average HADS Anxiety and Depression scale scores for each age group 

were within normal limits, indicating no clinically significant degree of anxiety and/or 

depression.  However, depression scores did slightly increase with increase in age.   

While all of these measures of well-being could potentially impact on motor performance, 

the HC-group participants reported no significant differences according to age and these 

factors were therefore not considered further. 
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5.3.9 How Does Motor Control in the HC-Group Compare with Motor Control in 

Chronic Stroke Patients? 

To assess the difference in motor control between healthy individuals and chronic stroke 

patients on the 2D-planar reaching task, and the extent to which the impaired arm of the 

QSUL-group returned towards normal movement patterns following neurorehabilitation, 

velocity-matched kinematic data (0.06 ≤ maximum velocity ≤ 0.11 m/s) for the whole HC-

group were compared with the QSUL-group and SC-group, and subsequently also with the 

smaller QSUL-group cohort who completed all four timepoints of the study.  The dominant 

and non-dominant arms of the HC-group were considered separately. 

5.3.9.1 Motor Control was Significantly Impaired in Both Arms of the Chronic Stroke 

Patient Groups at T1 compared to the HC-Group  

The HC-group (n = 57) was compared with the whole QSUL-group cohort (n = 52) and the SC-

group (n = 29) at T1, and then at T2.  Movement smoothness (jerk) was significantly worse in 

both the impaired and weak arms of the QSUL-group and SC-group compared with the HC-

group at T1 (Figure 5.11(a)) (F(5,260) = 144.50, p < 0.20 x 10-15) (QSUL-group normal arm 

median jerk 32.2 (IQR 0.8 (31.8-32.6)); QSUL-group impaired arm median jerk 34.7 (IQR 1.5 

(33.8-35.3); SC-group normal arm median jerk 31.9 (IQR 1.1 (31.7-32.7)); SC-group impaired 

arm median jerk 34.2 (IQR 1.7 (33.6-35.2)) compared with HC-group dominant arm median 

jerk 31.1 (IQR 1.1 (30.6-31.6)) p values all < 0.20 x 10-15 and compared with HC-group non-

dominant arm median jerk 31.5 (IQR 1.0 (31.0-32.0)) p values all < 0.20 x 10-3) (Table 5.14).   

A similar trend was seen in the number of velocity peaks, with a significant difference 

between the HC-group and the QSUL-group and SC-group at T1 (F(5,260) = 93.15, p < 0.20 x 

10-15) (QSUL-group normal arm median number of velocity peaks 2.0 (IQR 0.0); QSUL-group 

impaired arm median 3.5 (IQR 1.0 (3.0-4.0)); SC-group normal arm median 2.0 (IQR 0.0); SC-

group impaired arm median 3.0 (IQR 1.0 (3.0-4.0)) compared with the dominant arm of the 

HC-group median 1.0 (IQR 0.0), p values all ≤ 0.84 x 10-5 and the non-dominant arm of the 

HC-group median 2.0 (IQR 1.0), p values all < 0.01) (Table 5.14).   

Movement time was significantly longer for the QSUL-group and the SC-group compared with 

the HC-group at T1 (F(5, 260) = 112.80, p < 0.20 x 10-15) (Table 5.14).  Post-hoc pairwise tests 

revealed significant differences between the impaired arm of the QSUL-group (median 

movement time 1733.8 (IQR 1374.4 (679.4-2053.8))) and the impaired arm of the SC-group 

(median 1600.0 (IQR 460.0 (1437.5-1897.5))) compared with the dominant arm of the HC-
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Table 5.14 Movement kinematic measures in the impaired and normal arms of the QSUL-group and SC-group at T1 and T2, compared with the dominant and non-
dominant arms of the HC-group. 

 

 HC-Group (n = 57) QSUL-Group Normal Arm (n = 52) QSUL-Group Impaired Arm (n = 52) 

 
Dominant Arm 

(D) 
Non-Dominant 

Arm (ND) 
T1 T2 T1 T2 

 Median IQR Median IQR Median IQR 
p  

(D) 
p  

(ND) 
Median IQR 

p  
(D) 

p 
(ND) 

Median IQR 
p  

(D) 
p  

(ND) 
Median IQR 

p  
(D) 

p 
(ND) 

Movement 
smoothness (jerk) 

31.1 1.1 31.5 1.0 32.3 0.8 
0.26 x 
10-11 

0.17 x 
10-5 

32.2 1.0 
0.87 
x 10-

10 

0.30 
x 10-4 

34.7 1.5 
0.20 x 
10-15 

0.20 
x 10-

15 
33.1 1.4 

0.20 
x 10-

15 

0.29 
x 10-

14 

Movement 
smoothness (no. 
velocity peaks) 

1.0 1.0 2.0 1.0 2.0 1.0 
0.20 x 

10-7 
0.18 x 

10-4 
2.0 0.0 

0.17 
x 10-

6 

0.15 
x 10-3 

3.5 1.0 
0.20 x 
10-15 

0.20 
x 10-

15 
3.0 1.5 

0.98 
x 10-

14 

0.31 
x 10-

12 

Movement time 
(ms) 

825.0 157.5 895.0 170.0 1045.0 228.1 
0.76 x 

10-8 
0.19 x 

10-3 
870.0 211.9 

0.81 
x 10-

9 

0.13 
x 10-3 

1733.8 679.4 
0.20 x 
10-15 

0.20 
x 10-

15 
1105.0 300.6 

0.80 
x 10-

10 

0.18 
x 10-

5 

Movement 
accuracy (deg) 

0.29 0.02 0.30 0.02 0.30 0.03 0.36 0.83 0.30 0.03 0.21 0.86 0.34 0.08 
0.39 x 
10-11 

0.46 
x 10-

10 
0.32 0.03 

0.45 
x 10-

8 

0.23 
x 10-

7 

 HC-Group (n = 57) SC-Group Normal Arm (n = 29) SC-Group Impaired Arm (n =29) 

 
Dominant Arm 

(D) 
Non-Dominant 

Arm (ND) 
T1 T2 T1 T2 

 Median IQR Median IQR Median IQR 
p  

(D) 
p 

(ND) 
Median IQR 

p  
(D) 

p 
(ND) 

Median IQR 
p  

(D) 
p 

(ND) 
Median IQR 

p  
(D) 

p 
(ND) 

Movement 
smoothness (jerk) 

31.1 1.1 31.5 1.0 31.9 1.1 
0.13 x 

10-7 
0.65 x 

10-4 
32.0 0.7 

0.39 
x 10-

6 

0.42 
x 10-2 

34.2 1.7 
0.52 x 
10-13 

0.52 
x 10-

13 
33.7 2.1 

0.18 
x 10-

12 

0.83 
x 10-

11 

Movement 
smoothness (no. 
velocity peaks) 

1.0 1.0 2.0 1.0 2.0 0.0 
0.13 x 

10-5 
0.16 x 

10-3 
2.0 0.0 

0.85 
x 10-

4 

0.96 
x 10-2 

3.0 1.0 
0.72 x 
10-13 

0.82 
x 10-

13 
3.0 1.5 

0.38 
x 10-

11 

0.26 
x 10-

10 

Movement time 
(ms) 

825.0 157.5 895.0 170.0 1055.0 268.8 
0.48 x 

10-5 
0.24 x 

10-3 
970.0 190.0 

0.81 
x 10-

6 

0.13 
x 10-

11 
1600.0 460.0 

0.13 x 
10-12 

0.45 
x 10-

12 
1502.5 621.3 

0.63 
x 10-

2 

0.88 
x 10-

10 

Movement 
accuracy (deg) 

0.29 0.02 0.30 0.02 0.29 0.02 0.80 0.20 0.30 0.02 0.50 0.93 0.33 0.04 
0.18 x 

10-8 
0.11 
x 10-7 

0.33 0.04 
0.22 
x 10-

9 

0.12 
x 10-

8 
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Figure 5.11 Motor control in healthy adults compared with chronic stroke patients. 

 

  

(a) Movement smoothness and (b) movement accuracy in the dominant and non-dominant arms of the HC-group, compared with the normal and impaired arms of the 
QSUL-group and the SC-group at T1 and T2.  Despite the improvement which occurred in the QSUL-group between T1-T2, motor control still remained significantly 
impaired relative to the HC-group.  The normal arms of both the QSUL-group and SC-group were significantly less smooth than the HC-group, but no different for 
movement accuracy.  p ≤ 0.0001 ‘****’, p ≤ 0.001 ‘***’, p ≤ 0.01 ‘**’, p ≤ 0.05 ‘*’. 
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group (median 825.0 (IQR 157.5 (747.5-905.0)), p values < 0.20 x 10-15) and the non-dominant 

arm of the HC-group (median 895.0 (IQR 170.0 (820.0-990.0)), p values < 0.20 x 10-15), but 

the differences between the normal arms of the QSUL-group (median movement time 1045.0 

(IQR 228.1 (913.1-1141.3))) and the SC-group (median 1055.0 (IQR 268.8 (912.5-1181.3))) 

were only significant compared with the dominant arm of the HC-group (p values ≤ 0.23 x 10-

2) and not the non-dominant arm (QSUL-group normal arm p = 0.07; SC-group normal arm p 

= 0.18). 

Movement accuracy also differed significantly between the groups at T1 (F(5,260) = 37.95, p 

< 0.20 x 10-15) (Figure 5.11(b), Table 5.14). The impaired arm of the QSUL-group (median 

movement accuracy 0.37 (IQR 0.08 (0.31-0.39))) and the impaired arm of the SC-group 

(median 0.33 (IQR 0.04 (0.31-0.35))) were significantly less accurate than the dominant arm 

of the HC-group (median 0.29 (IQR 0.02 (0.28-0.30)), both p values < 0.20 x 10-15) and the 

non-dominant arm of the HC-group (median 0.30 (IQR 0.02 (0.29-0.31), both p values < 0.20 

x 10-15).  But there were no significant differences in movement accuracy between the normal 

arms of both the QSUL-group (median 0.30 (IQR 0.03 (0.28-0.31))) and SC-group (median 0.29 

(IQR 0.02 (0.28-0.31) and the dominant arm of the HC-group (both p values = 0.99) or the 

non-dominant arm of the HC-group (both p values = 0.99).   

5.3.9.2 Motor Control Remained Significantly Impaired in Both Arms of the Chronic 

Stroke Patient Groups at T2 compared to the HC-Group, Despite the 

Improvement in the QSUL-Group 

Despite the improvement in movement smoothness (jerk) in the QSUL-group between T1-

T2, movement smoothness (jerk) remained significantly worse at T2 compared with the 

dominant and non-dominant arms of the HC-group (F(5,260) = 72.04, p < 0.20 x 10-15)  (QSUL-

group normal arm median jerk 32.2 (IQR 1.0 (31.8-32.8); QSUL-group impaired arm median 

jerk 33.4 (IQR 1.4 (32.5-34.0)); SC-group normal arm median jerk 32.0 (IQR 0.7 (31.6-32.3)); 

SC-group impaired arm median jerk 33.7 (IQR 2.1 (32.5-34.6)) compared with HC-group 

dominant arm median jerk 31.1 (IQR 1.1 (30.6-31.6)) p values all ≤ 0.54 x 10-5 and compared 

with the HC-group non-dominant arm median jerk 31.5 (IQR 1.0 (31.1-32.1)) p values all ≤ 

0.16 x 10-3) (Figure 5.11(a), Table 5.14). 

At T2, the number of velocity peaks remained significantly different between the HC-group 

and the QSUL-group and SC-group at T2 (F(5,260) = 51.61, p < 0.20 x 10-15) (QSUL-group 

normal arm median number of velocity peaks 2.0 (IQR 0.0); QSUL-group impaired arm 

median 3.0 (IQR 1.5 (2.0-3.5)); SC-group normal arm median 2.0 (IQR 0.0); SC-group impaired 
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arm median 3.0 (IQR 1.5 (2.0-3.5)) compared with the dominant arm of the HC-group median 

1.0 (IQR 0.0) p values all < 0.01 and the non-dominant arm of the HC-group median 2.0 (IQR 

1.0), p values all < 0.01) (Table 5.14). 

Significant differences in movement time between the groups remained at T2 (F(5,260) = 

40.76, p < 0.20 x 10-15).  The impaired arm of the QSUL-group (median movement time 1105.0 

(IQR 300.6 (945.6-1246.3))) and the impaired arm of the SC-group (median 1502.5 (IQR 621.3 

(1090.0-1711.3))) were still significantly slower than the dominant arm (p values < 0.20 x 10-

15) and the non-dominant arm (p values ≤ 0.80 x 10-6) of the HC-group.  The normal arms of 

the QSUL-group and SC-group were also significantly slower than the dominant arm of the 

HC-group (p values ≤ 0.02), but were no different to the non-dominant arm of the HC-group 

(QSUL-group normal am p = 0.07; SC-group normal arm p = 0.60).   

At T2, the same significant trends in movement accuracy remained (Figure 5.11(b), Table 

5.14), despite the improvement in the QSUL-group (F(5,260) = 22.98, p < 0.20 x 10-15).  The 

impaired arm of the QSUL-group (median movement accuracy 0.32 (IQR 0.03 (0.31-0.34))) 

and the impaired arm of the SC-group (median movement accuracy 0.33 (IQR 0.04 (0.31-

0.35)) remained significantly less accurate than the dominant (both p values < 0.20 x 10-15) 

and non-dominant (both p values < 0.20 x 10-15) arms of the HC-group. The normal arms of 

the QSUL-group (median 0.30 (IQR 0.03 (0.28-0.31))) and the SC-group (median 0.30 (IQR 

0.02 (0.28-0.31))) were not significantly different from either arm of the HC-group (all p 

values = 0.99). 

Overall therefore, movement smoothness (both jerk and velocity peaks) was significantly 

impaired in the normal arm of both the QSUL-group and SC-group, compared to the 

dominant and non-dominant arms of the HC-group. Movement time in the normal arms of 

the QSUL- and SC-groups was significantly slower than the dominant arm of the HC-group, 

but similar to the non-dominant arm of the HC-group.  There were no significant differences 

in movement accuracy between the normal arms of the QSUL- and SC-groups and the 

dominant and non-dominant arms of the HC-group.   

The impaired arms of the QSUL-group and the SC-group remained significantly impaired on 

measures of movement smoothness, movement time and movement accuracy at T1 and T2, 

despite the improvement seen in the impaired arm of the QSUL-group during treatment. 
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5.3.9.3 Motor Control in the Normal Arm of the Smaller QSUL-Group Cohort was Less 

Impaired Relative to the HC-Group; The Impaired Arm Did Not Significantly 

Change  

The HC-group was also compared to the smaller QSUL-group cohort who completed all four 

timepoints.  There were significant differences in movement smoothness between the HC-

group and the QSUL-group (F(9,288) = 63.44, p < 0.20 x 10-15) (Table 5.15).  Compared with 

the dominant arm of the HC-group (median jerk 31.1 (IQR 1.1 (30.6-31.6))), movement 

smoothness in the normal arm of the QSUL-group remained significantly worse from T1-T4 

(T1 median jerk 32.5 (IQR 0.7 (31.9-32.6)), p = 0.21 x 10-5; T2 median 32.0 (IQR 0.5 (31.9-

32.5)), p = 0.15 x 10-3; T3 median 32.0 (IQR 0.9 (31.3-32.2)), p = 0.01; T4 median 31.9 (IQR 0.8 

(31.4-32.3)), p = 0.01).  Compared to the non-dominant arm of the HC-group (median jerk 

31.5 (IQR 1.0 (31.1-32.1))), the normal arm of the QSUL-group was significantly less smooth 

at T1 (p = 0.03) but there were no significant differences in movement smoothness T2-T4 (p 

values all ≥ 0.29) (Table 5.15).  The impaired arm of the QSUL group remained significantly 

less smooth than the dominant arm of the HC-group from T1-T4 (QSUL-group impaired arm 

T1 median jerk 35.0 (IQR 1.3 (34.1-35.5)), p = 0.36 x 10-11; T2 median 33.9 (IQR 2.0 (33.2-

35.1)), p = 0.77 x 10-10; T3 median 33.6 (IQR 1.8 (32.7-34.6)), p = 0.35 x 10-10; T4 median 34.3 

(IQR 2.2 (32.5-34.7)), p = 0.23 x 10-10) and also significantly less smooth than the non-

dominant arm of the HC-group (p values all < 0.17 x 10-8). 

The number of velocity peaks per trial also significantly differed between the HC- and QSUL-

groups (F(9,288) = 45.24, p < 0.20 x 10-15).  Compared with the dominant arm of the HC-group 

(median number of velocity peaks 1.0 (IQR 1.0 (0.5-1.5))) the normal arm of the QSUL-group 

had significantly more velocity peaks at all timepoints (QSUL-group normal arm T1 median 

2.0 (IQR 0.0), p = 0.11 x 10-5; T2 median 2.0 (IQR 0.0), p = 0.11 x 10-3; T3 median 2.0 (IQR 0.3), 

p = 0.26 x 10-2; T4 median 2.0 (IQR 0.0), p = 0.16 x 10-2).  Compared with the non-dominant 

arm of the HC-group (median number of velocity peaks 2.0 (IQR 1.0 (1.0-2.0))), the normal 

arm of the QSUL-group had a significantly higher number of velocity peaks at T1 (p = 0.84 x 

10-4) and T2 (p = 0.04) but not at T3 (p = 0.10) or T4 (p = 0.06).  The number of velocity peaks 

for the impaired arm of the QSUL-group remained significantly higher (i.e. movement was 

less smooth) across T1-T4 when compared with the dominant arm of the HC-group (QSUL-

group impaired arm T1 median 4.0 (IQR 1.0 (3.0-4.0)), p = 0.96 x 10-12; T2 median 3.0 (IQR 1.5 

(2.3-3.8)), p = 0.52 x 10-10; T3 median 3.0 (IQR 1.0 (2.0-3.0)), p = 0.11 x 10-9; T4 median 3.0 

(IQR 1.8 (2.0-3.8)), p = 0.22 x 10-9) and the non-dominant arm of the HC-group (T1 p = 0.71 x 
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10-12; T2 p = 0.18 x 10-9; T3 p = 0.48 x 10-9; T4 p = 0.13 x 10-8), despite the improvement in 

movement smoothness between T1-T2 (Table 5.15). 

Movement time significantly differed between the QSUL-group and the HC-group F(2,288) = 

49.51, p < 0.20 x 10-15).  There were no significant differences between the normal arm of the 

QSUL group and the dominant arm of the HC-group across all timepoints (HC-group dominant 

arm movement time median 825.0 (IQR 157.5 (747.5-905.0)); QSUL-group normal arm T1 

median 1040.0 (IQR 197.5 (917.5-1115.0)), p = 0.10; T2 median 960.0 (IQR 176.3 (897.5-

1073.8)), p = 0.24; T3 median 905.0 (IQR 173.8 (845.0-1018.8)), p = 0.72; T4 median 925.0 

(IQR 113.8 (800.0-1013.8)), p = 0.65).  There were also no significant differences between the 

normal arm of the QSUL-group and the non-dominant arm of the HC-group at any of the four 

timepoints (HC-group non-dominant arm median movement time 895.0 (IQR 170.0 (820.0-

990.0)):  T1 p = 0.85, T2, p = 0.97, T3 p = 0.99, T4 p = 0.99) (Figure 5.12(a), Table 5.15).  From 

T1-T4, movement time in the impaired arm of the QSUL-group was significantly impaired 

compared with movement time in the dominant arm of the HC-group, despite the 

improvement between T1 and T2 (QSUL-group movement time impaired arm T1 median 

1912.5 (IQR 666.3 (1487.5-2153.8)), p = 0.65 x 10-11; T2 median 1380.0 (IQR 810.0 (1032.5-

1842.50), p = 0.43 x 10-9; T3 median 1490.0 (IQR 498.9 (1115.0-1613.8)), p = 0.67 x 10-9; T4 

median 1415.0 (IQR 617.5 (1162.5-1780.0)), p = 0.22 x 10-11).  Movement time in the impaired 

arm of the QSUL-group also remained significantly higher than movement time in the non-

dominant arm of the HC-group (p values all ≤ 0.97 x 10-7) (Figure 5.12(a), Table 5.15). 

Movement accuracy also significantly differed between the HC-group and QSUL-group 

(F(2,288) = 27.41, p < 0.20 x 10-15) (Figure 5.12(b), Table 5.15).  The dominant arm of the HC-

group (movement accuracy median 0.29 (IQR 0.02 (0.29-0.30))) did not significantly differ 

from the normal arm of the QSUL-group at any of the four timepoints (QSUL-group normal 

arm movement accuracy T1 median 0.29 (IQR 0.02 (0.29-0.30)), p = 0.61; T2 median 0.29 (IQR 

0.02 (0.29-0.31)), p = 0.52; T3 median 0.30 (IQR 0.02 (0.29-0.31)), p = 0.11; T4 median 0.30 

(IQR 0.03 (0.28-0.31)), p = 0.24).  The non-dominant arm of the HC-group (movement 

accuracy median 0.30 (IQR 0.02 (0.29-0.31))) also did not significantly differ from the normal 

arm of the QSUL-group on movement accuracy at any of the four timepoints (T1 p = 0.55, T2 

p = 0.59, T3 p = 0.45, T4 p = 0.73) (Figure 5.12(b), Table 5.15).  From T1-T4, the impaired arm 

of the QSUL-group remained significantly less accurate than the dominant arm of the HC-

group (QSUL-group impaired arm movement accuracy T1 median 0.35 (IQR 0.06 (0.34-0.40)), 

p = 0.31 x 10-10; T2 median 0.32 (IQR 0.03 (0.32-0.35)), p = 0.50 x 10-8; T3 median 0.31 (IQR 

0.03 (0.29-0.33)), p = 0.64 x 10-4; T4 median 0.31 (IQR 0.05 (0.31-0.35)), p = 0.19 x 10-5), and  
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Table 5.15 Movement kinematic measures in the impaired and normal arms of the QSUL-group from T1 to T4, compared with the dominant and non-dominant arms of 
the HC-group

 HC-Group (n = 57) QSUL-Group Normal Arm (n = 28) 

 
Dominant Arm 

(D) 
Non-Dominant 

Arm (ND) 
T1 T2 T3 T4 

 Median IQR Median IQR Median IQR 
p  

(D) 
p 

(ND) 
Median IQR 

p  
(D) 

p 
(ND) 

Median IQR 
p  

(D) 
p 

(ND) 
Median IQR 

p  
(D) 

p 
(ND) 

Movement 
smoothness (jerk) 

31.1 1.1 31.5 1.0 32.5 0.7 
0.21 
x 10-5 

0.03 32.0 0.5 
0.15 
x 10-3 

0.30 32.0 0.9 0.01 0.92 31.9 0.8 0.01 0.87 

Movement 
smoothness 
(no. velocity peaks) 

1.0 1.0 2.0 1.0 2.0 0.0 
0.11 
x 10-5 

0.84 
x 10-4 

2.0 0.0 
0.11 
x 10-3 

0.04 2.0 0.3 
0.26 
x 10-2 

0.10 2.0 0.0 
0.16 
x 10-2 

0.06 

Movement time 
(ms) 

825.0 157.5 895.0 170.0 1040.0 197.5 0.10 0.85 960.0 176.3 0.24 0.97 905.0 173.8 0.72 0.99 925.0 113.8 0.65 0.99 

Movement 
accuracy (deg) 

0.29 0.02 0.30 0.02 0.29 0.02 0.61 0.55 0.29 0.02 0.52 0.59 0.30 0.02 0.11 0.45 0.30 0.03 0.24 0.73 

 HC-Group (n = 57) QSUL-Group Impaired Arm (n = 28) 

 
Dominant Arm 

(D) 
Non-Dominant 

Arm (ND) 
T1 T2 T3 T4 

 Median IQR Median IQR Median IQR p (D) 
p 

(ND) 
Median IQR p (D) 

p 
(ND) 

Median IQR p (D) 
p 

(ND) 
Median IQR p (D) 

p 
(ND) 

Movement 
smoothness (jerk) 

31.1 1.1 31.5 1.0 35.0 1.3 
0.36 
x 10-

11 

0.36 
x 10-

11 
33.9 2.0 

0.77 
x 10-

10 

0.17 
x 10-8 

33.6 1.8 
0.35 
x 10-

10 

0.18 
x 10-8 

34.3 2.2 
0.23 
x 10-

10 

0.57 
x 10-9 

Movement 
smoothness  
(no. velocity peaks) 

1.0 1.0 2.0 1.0 4.0 1.0 
0.96 
x 10-

12 

0.71 
x 10-

12 
3.0 1.5 

0.52 
x 10-

10 

0.18 
x 10-9 

3.0 1.0 
0.11 
x 10-9 

0.48 
x 10-9 

3.0 1.8 
0.22 
x 10-9 

0.13 
x 10-8 

Movement time 
(ms) 

825.0 157.5 895.0 170.0 1912.5 666.3 
0.65 
x 10-

11 

0.20 
x 10-

10 
1380.0 810.0 

0.43 
x 10-9 

0.97 
x 10-7 

1490.0 498.8 
0.67 
x 10-9 

0.30 
x 10-7 

1415.0 617.5 
0.22 
x 10-

11 

0.13 
x 10-8 

Movement 
accuracy (deg) 

0.29 0.02 0.30 0.02 0.35 0.06 
0.31 
x 10-

10 

0.11 
x 10-

11 
0.32 0.03 

0.50 
x 10-8 

0.65 
x 10-8 

0.31 0.03 
0.64 
x 10-4 

0.47 
x 10-2 

0.31 0.05 
0.19 
x 10-5 

0.17 
x 10-4 
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Figure 5.12 Motor control in healthy adults compared with chronic stroke patients over the 32-
week study period. 

 

  

(a) Movement time and (b) movement accuracy in the dominant and non-dominant arms of the 
HC-group, compared with the normal and impaired arms of the QSUL-group from T1-T4.  For both 
measures, there were no significant differences between the normal arm of the QSUL-group and 
the dominant or non-dominant arms of the HC-group at all four timepoints.  The impaired arm of 
the QSUL-group remained significantly worse than the dominant and non-dominant arms of the 
HC-group at all four timepoints, despite improving between T1 and T2.  For clarity, the plots 
illustrate statistical tests for the non-dominant arm only. T1:  0 weeks, T2: 3weeks, T3: 9 weeks, T4 
32 weeks. p ≤ 0.0001 ‘****’, p ≤ 0.001 ‘***’, p ≤ 0.01 ‘**’, p ≤ 0.05 ‘*’. 
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the non-dominant arm of the HC-group (p values all ≤ 0.47 x 10-2) despite the improvement 

seen between T1 and T2. 

In summary, in the smaller QSUL-group cohort, the impaired arm remained significantly 

worse on measures of movement smoothness, time and accuracy compared to the dominant 

and non-dominant arms of the HC-group across all four timepoints, despite the 

improvements seen from T1 to T2 following neurorehabilitation.  The normal arm only 

differed significantly from the HC-group on movement smoothness at T1.  From T2-T4 for 

movement smoothness, and from T1-T4 for movement accuracy and movement time, the 

normal arm of the QSUL-group did not significantly differ from either arm of the HC-group. 

 

 

 

 

 

 

 

 

 

 

 

 

  



5 Does Upper Limb Motor Control Change with Healthy Ageing? 

 

 
278 

 

5.4 Discussion  

This study has confirmed that upper limb motor control declines with normal healthy ageing, 

in the largest sample of healthy adults aged between 22 and 82 years studied to date.  The 

whole movement trajectories of 2D-planar reaching movements made by elderly adults were 

slower, jerkier, longer and less accurate than movements made by younger adults.  The 

primary outward submovements were jerkier, less accurate and of shorter duration in the 

elderly compared to younger adults.  Movement quality was worse in the non-dominant arm 

compared to the dominant arm, at all ages.  Age, movement speed and arm strength were 

significant variables accounting for this deterioration in motor control.   

The HC-group kinematic data were also compared with the QSUL-group and SC-group 

kinematic data, reported in Chapters 1 and 4.  Motor control in the normal arm of chronic 

stroke patients in this study was significantly impaired relative to motor control in both the 

dominant and non-dominant arms of healthy adults, but the performance gap was 

significantly wider with the dominant arm.  Despite the improvements described in the 

impaired arm of the QSUL-group following the treatment intervention, motor control in this 

arm remained significantly impaired compared to motor control in healthy adults over the 

whole 32-week study period.   

 

5.4.1 Motor Control Declined with Normal Healthy Ageing  

5.4.1.1 Key Kinematic Measures for Whole Movement Trajectories Deteriorated  

The trends in deterioration of kinematic measures with increase in age were observed when 

all trials were analysed (Figure 5.2, Table 5.3 and Table 5.4) and held when the data were 

stratified by velocity-matching, although were less significant when only the fastest trials 

were considered (Figure 5.7, Table 5.7) compared to trials with 0.06 ≤ maximum velocity ≤ 

0.11 m/s (Figure 5.8, Table 5.10).  There were increases in jerk and the number of velocity 

peaks (meaning that movements were less smooth), and in movement time, and a reduction 

in movement accuracy as age increased.  The maximum speed per trial and maximum velocity 

per trial also decreased as age increased, such that movements became slower.  Elderly 

adults also achieved fewer successful trials on the 2D-planar reaching task than younger 

adults, although this was not a significant difference.  When the kinematic data for all HC-

group participants were considered together, age was a significant variable accounting for 

movement smoothness, movement time and movement accuracy.   
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5.4.1.2 The Quality of the Primary Outward Submovement Deteriorated  

The primary outward submovement represents the feedforward component of the 

movement, prior to receipt of any feedback resulting in subsequent modifications to the 

original movement plan and corrective submovements to minimise developing error as the 

movement progresses. As such, analysing the primary submovement provides a 'purer' 

measure of motor control than analysing the whole movement trajectory as the latter also 

contains multiple corrective submovements influenced by online feedback (Shmuelof et al., 

2012; Ketcham et al., 2002; Pratt et al., 1994).  The primary outward submovement for this 

study was defined as the trajectory segment up until the first minimum velocity (<0.005 m/s) 

(described in detail in Chapter 3.4.1.4 and Figure 3.13). 

Examination of the primary outward submovements of each whole movement trajectory for 

the velocity-stratified trials confirmed that submovement smoothness, submovement 

accuracy and the duration of the primary submovement all deteriorated with increase in age.  

These trends were more apparent for the fastest trials only, and in the non-dominant arm 

for both analyses.  This demonstrates a decline in movement execution, which confirms that 

motor control has declined with increase in age and is in agreement with previously reported 

age-associated changes in submovement kinematics (Poston et al., 2013; Fradet et al., 2008; 

Christou et al., 2003).  When performing visually-guided reaching tasks, elderly adults are 

thought to decrease the initial force pulse of the movement to try and improve endpoint 

accuracy, due to less efficient online sensory feedback processes, which shortens the primary 

submovement and generates subsequent compensatory or corrective secondary 

submovements.  Shortening of the primary submovement then contributes to an overall 

reduction in movement speed.  Both these features are evident in these data, but this study 

has not assessed secondary submovements and feedback control, which would also be 

informative to analysing how motor control changes with age, and should be considered in 

future studies (See Chapter 6.3.2 for further discussion). 

 

5.4.2 The Age-Related Deterioration in Movement Quality was Most Apparent in 

the Non-Dominant Arm  

The age-related trends in motor control for both whole movement trajectories and the 

primary outward submovements were evident in both arms, but most evident in the non-

dominant arm.  When the whole movement trajectory kinematic data for all HC-group 
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participants were considered together, arm dominance was a significant variable accounting 

for movement smoothness, movement time and movement accuracy.  There were no 

significant differences between motor performance in the dominant arm compared to the 

non-dominant arm in the younger or elderly groups, but the older group had significantly 

worse movement smoothness, movement time and movement accuracy in their non-

dominant arm compared to their dominant arm for whole movement trajectories.   

Normal age-associated changes in motor performance should affect both sides of the body 

more or less equally and so should be apparent in both the dominant and non-dominant 

arms (Francis and Spirduso, 2000), as in these data.  But it is well documented that dominant 

hand motor performance is superior to the non-dominant hand (Annett, 1992; Todor and 

Smiley-Oyen, 1987; Todor and Cisneros, 1985; Peters, 1980; Annett et al., 1979; Peters and 

Durding, 1979) and subtle deteriorations in movement quality will therefore be most 

noticeable in the inferior hand, as seen in these data and as previously demonstrated (Poston 

et al., 2009; Francis and Spirduso, 2000).   

The significant difference in performance by the dominant and non-dominant arms in the 

older group of adults in these results is likely to reflect individual variability, and the fact that 

this ‘older’ age group captures adults between the ‘younger’ and ‘elderly’ age ranges and so 

a wider range of motor performance ability, which will be discussed in further detail in 

section 5.4.6.  Higher performance variability between the limbs has been reported with 

ageing (Chen et al., 2014; Voelcker-Rehage and Alberts, 2005), but the dominant arm 

performance should continue to be slightly better than the non-dominant arm as age 

increases as overall motor performance declines, as evident in this study.  The dominant hand 

is at its peak level of performance in adults aged 18 to 30 years, and the non-dominant hand 

is by comparison more significantly inferior than at any other stage in adult life.  Beyond 30 

years, dominant hand performance begins to decline and return to the level of performance 

of the non-dominant hand (Francis and Spirduso, 2000).  A significant between-arms 

difference was not evident in the younger group in this study, but the task itself was not 

designed to challenge dominant hand/arm motor performance.   
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5.4.3 Reduced Movement Speed Contributed to Decline in Motor Control with 

Age 

Changes in movement kinematics reflect changes in motor control which result from 

learning, but movement kinematics might also change if the motor control demands of a task 

are altered as a direct function of movement speed, which would not be changeable through 

learning.  In other words, particular features of the movement trajectory might be 

determined by the speed at which it is executed (Shmuelof et al., 2012).  In addition, there is 

a well-recognised ‘trade-off’ between movement speed and movement accuracy when 

learning to make new skilled movements, by which speed is reduced to enable greater 

accuracy (Krakauer and Carmichael, 2017; Kitago et al., 2015; Kitago et al., 2013), and which 

does not equate to an overall elevation in motor performance.  It is therefore important to 

check for interactions between movement speed and other measures of movement quality.   

The elderly group were significantly slower with both their dominant and non-dominant arms 

than the younger group, confirming what is probably the most well documented effect of 

normal healthy ageing on motor performance, namely a slowing of movement (Fradet et al., 

2008; Seidler et al., 2002; Francis and Spirduso, 2000).  But in addition to this direct effect, 

this reduction in speed was also contributing to the reduction in movement smoothness and 

increase in movement time seen in these data, leading to an overall deterioration in 

movement quality.  Slower speeds did not result in a level of movement accuracy comparable 

with the younger group on this task, as movement accuracy also declined as age increased.  

Movement accuracy, however, was not directly accounted for by movement speed. 

The slowness of movement seen in the elderly group is likely to be a direct consequence of 

the physiological changes that occur with ageing and preclude the production of high 

movement speeds, the possible underlying mechanisms for which were briefly reviewed in 

Chapter 1.4.1.4 (Fradet et al., 2008; Seidler et al., 2002; Francis and Spirduso, 2000; Newton 

and Yemm, 1986; Davies and White, 1983; Campbell et al., 1973).  However, the slowness of 

movement could also be a compensatory mechanism for other factors that have resulted 

from ageing and which compromise the accuracy of reaching movements to a target, such as 

an altered fundamental ability to structure movements, prolonged deceleration phases and 

poor control of movement extent (Poston et al., 2013; Cooke et al., 1989).  Also, elderly adults 

have an exacerbated speed accuracy trade-off when performing the same tasks as younger 

adults (Krampe, 2002; Smith et al., 1999), and so may compromise speed more readily to 
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maintain accuracy, although this was unlikely to be the case in this study given the low 

complexity of the 2D-reaching task. 

The trends towards a decline in motor control with increase in age also held when the data 

were velocity-matched, as discussed in Chapter 5.4.4 below, which further supports the role 

of movement speed as a contributing factor.  

 

5.4.4 Reduced Strength Contributed to Decline in Motor Control with Age 

The principles of control analyses using velocity-stratification were described in detail in 

Chapter 1 and Chapter 4, but essentially this precludes the contamination of the assessment 

of changes in motor control by any strength requirement of the task, or features of the 

trajectory which are determined by the speed at which it is performed and which cannot be 

changed through learning (Cortes et al., 2017; Shmuelof et al., 2012).   

A trend towards a reduction in strength with increase in age was evident in these data, 

particularly in the biceps muscle, but was not significant.  When the original kinematic data 

were analysed, with all trials included, muscle strength was a significant explanatory variable 

for movement smoothness – both jerk and number of velocity peaks – and movement time.  

When only the fastest trials were analysed (maximum velocity ≥ 0.10 m/s), muscle strength 

was still a significant explanatory variable for movement smoothness and movement time, 

and the same result was also obtained when only trials with 0.06 ≤ maximum velocity ≤ 0.11 

m/s were included.  Therefore, when controlling for velocity, strength remains a significant 

explanatory variable for the decline in movement smoothness and increase in movement 

time seen with increase in age in these data.  The age-related changes in the muscular system 

which might be impacting on strength and motor control include reduced muscle mass, 

maximum muscle strength, power, and rate of force development which lead to changes in 

muscle contractile properties and trial-to-trial variability in muscle activation (Aagaard et al., 

2010; Thompson, 2009; Faulkner et al., 2007).  Although a significant change in strength was 

not clinically detected in this study, the subtle decline that was measured may be enough to 

impact on motor control at the level of movement kinematic measures.  

Overall therefore, this implies that the contribution of strength to the decline in motor 

control with age is real, and not an artefact of the velocity with which trials were being 

performed.  
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5.4.5 Age Made No Difference to Task Accomplishment  

It is important to acknowledge the difference between endpoint measures and continuous 

time-series data in kinematic analyses.  A significant decline in whole movement trajectory 

kinematic measures was evident with increase in age, but the overall number of successful 

trials scored on the 2D-reaching task (which in itself is an over-arching measure of motor 

control) did not significantly change.  There was, however, more variability in the elderly 

group and particularly with the non-dominant arm:   Although the median number of 

successful trials were similar for the younger (median 119.5 trials (IQR 2.0)) and elderly 

groups (median 119.0 trials (IQR 4.3)) in the non-dominant arm, the IQR for the elderly group 

was more than double that of the younger group.   

This illustrates the potential fallacies with analysing movement patterns at a ‘task-

accomplishment level’ when attempting to assess motor control, as discussed in depth in the 

context of distinguishing behavioural restitution from compensation in Chapters 1 and 4, and 

reinforces the importance of qualitative attention to movement patterns.  Elderly adults are 

not apparently any different to younger adults in terms of being able to successfully complete 

the 2D-reaching task and score successful trials, but the quality of the movement they use to 

accomplish the task is significantly different, and this is why motor control can only be 

assessed using movement kinematics (Saes et al., 2022; Kwakkel et al., 2019; Kwakkel et al., 

2017).  Furthermore, endpoint accuracy measures can improve with practice in adults of any 

age, whereas movement smoothness remains invariant in elderly adults (Poston et al., 2013).  

The complexity of the task, however, might lead to differential success depending on age as 

motor performance in elderly individuals declines as a direct consequence of increasing task 

complexity, particularly when multi-joint movements are required (Voelcker-Rehage and 

Willimczik, 2006; Catalan et al., 1998; Spirduso, 1995; Vercruyssen, 1992).  The 2D-planar 

reaching task used in this study was not a complex motor skill task as its purpose was to assay 

overall movement quality in individuals of all ages and chronic stroke patients. 

 

5.4.6 The Older Group May Represent Overlap Between Young and Elderly 

Motor Control Ability   

There might be an overlap in terms of motor control ability in the older group (40 to 69 years) 

with the younger (20 to 39 years) and elderly groups (70 to 99 years) in this study, which 

might be contributing to the greater inter-individual variability within this group.  The older 
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group was the biggest group (n = 21) (younger group: n = 20; elderly group: n = 16) but it is 

unlikely that sample size is the only reason.  Significant impairment in motor ability does not 

generally become apparent until much older ages (i.e. the elderly group in this study), and 

historical studies have compared more extreme age groups, for example young 21 to 23 year-

old adults and elderly 68 to 95 year-old adults (Cooke et al., 1989).  The trends in movement 

kinematic parameters discussed above in this study are not significant between the younger 

and older groups or older and elderly groups, but are significant between the younger and 

elderly groups.  Perhaps a measurable deterioration in movement kinematics is not 

detectable until above the age of 70 years and particularly for the dominant arm on this 

simple assay of motor control.  In which case, the older group in this study may include adults 

in the transition between ‘young’ and ‘elderly’ stages of ageing, whereby some participants 

in the older group perform on a level comparable with the younger group, while others 

(towards the older end of the group) perform on a level comparable with the elderly group.  

In addition, normal physiological ageing processes will occur at slightly different rates and 

manifest in slightly different ways between individuals, underpinned by biological, genetic 

and environmental factors that are beyond the scope of this study, and the only way to 

overcome such natural variation would be through much larger study populations.  

 

5.4.7 ‘Normal’ Motor Performance is Variable at the Common Age at which 

Stroke Occurs  

The older group showed greater variability than the younger and elderly groups in this study, 

which is important in terms of what can be expected within the realms of ‘normal’ motor 

performance for this age group (40 to 69 years).  This is a common age at which stroke occurs 

in the adult population:  In this study, the average age of the QSUL-group was 52.8 years (n 

= 52) and the average age in the SC- group was 56.0 years (n = 29).  Patients falling within this 

age range could theoretically have a pre-morbid level of motor performance akin to younger 

adults in the range 20 to 39 years, and motor recovery potential as good as for adults far 

younger than them, which motor training should aim to restore.  Of course this is an 

oversimplification and other biological, genetic and environmental factors will play a part.  

Similarly, although the motor performance of elderly adults in this study is impaired relative 

to younger adults, these changes are subtle and evident only through analysis at the level of 

movement kinematics.  The principle should perhaps therefore be to assume full motor 

recovery potential in all patients, but particularly those under the age of 70 years based on 

these results.  Again, this speaks to the ‘gold standard’ rehabilitation programme being 
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tailored to the individual capabilities of the patient, taking into account pre-stroke motor 

abilities.   

 

5.4.8 Does Normal Ageing Interfere with Recovery from Motor Impairment After 

Stroke? 

Crucial to the whole scope of this work, is how the normal ageing process in the upper limb 

might impact on the ability of elderly adults to recover from motor impairment following a 

stroke.  Whilst these data do show that motor control processes deteriorate as age increases, 

these changes are subtle.  Yet if the quality of reaching movements has already deteriorated 

in elderly stroke patients, then any improvements in motor control following rehabilitation 

which occur through behavioural restitution could be expected to be even less obvious.  

Furthermore, if the ageing process has already resulted in loss of a higher level of motor 

performance, then behavioural restitution will not occur to the same extent that it might in 

a younger patient.  Finally, if residual or additional compensatory motor capacity is already 

in use in elderly patients to maintain as close to normal motor performance as possible prior 

to a stroke, this might then limit potential recovery through behavioural interventions which 

rely on re-training this capacity.  This raises an interesting question of whether an identical 

stroke lesion in an elderly patient might result in a greater degree of measurable motor 

impairment than an identical stroke lesion in a younger patient, which would clearly also 

impact on recovery potential (the neuroanatomical correlates of clinical impairment are 

discussed further in Chapter 6.4).   

Another consideration is that in these data, strength contributed to the deterioration in 

motor control.  There is evidence that elderly adults can respond to strength training and 

make gains in muscle function that are an effective way to increase functional capacity and 

combat frailty, although this may take a longer period of time than for younger patients 

(Caserotti et al., 2008b; Beyer et al., 2007; Suetta et al., 2004a; Suetta et al., 2004b; Fiatarone 

et al., 1994).  It is therefore theoretically possible that increasing muscle strength through 

training in healthy adults and rehabilitation after a stroke might facilitate better motor 

control through restitution, in addition to compensatory movement patterns.     

Much remains to be explored in terms of understanding both behavioural restitution in 

stroke, and then how this might or might not differ depending on the age of a patient.  But 

regardless, the consideration of age in stroke recovery reinforces the need for individualised 

assessment of the components of motor impairment in all patients, appropriate goal-setting 
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for each patient and targeted treatment, including motor training to achieve behavioural 

restitution. 

  

5.4.9 Motor Control in the Normal Arm of Chronic Stroke Patients is Also 

Significantly Impaired  

The ipsilesional upper limb has been relatively under-investigated compared to the 

contralateral upper limb following a unilateral stroke, and detailed knowledge of ipsilateral 

motor impairment is still lacking (Maenza et al., 2020). Motor deficits in the ipsilesional upper 

limb have been well documented in the immediate aftermath of a stroke (Sunderland, 2000; 

Sunderland et al., 1999; Haaland and Harrington, 1996), but less reported in the chronic 

phase (Noskin et al., 2008).   

In these data, significant deficits in motor control were evident in the ‘normal’ arm of the 

QSUL-group who were an average of 24.8 (SD 13.2) months post stroke, and in the ‘normal’ 

arm of the SC-group who were an average of 40.6 (SD 23.1) months post stroke, so well into 

the chronic phase of stroke.  The difference between the normal arm of the chronic stroke 

patients and the HC-group was particularly evident for measures of movement smoothness, 

where the normal arm remained significantly different to the dominant and non-dominant 

arms of the HC-group at T1 and T2 fort the whole QSUL-group and the SC-group, and from 

T1-T4 in the smaller QSUL-group cohort.  There was less of a difference between the normal 

arm and both arms of the HC-group for movement time and movement accuracy. 

As expected, motor control in the impaired arms of the larger QSUL-group (n = 52) and the 

SC-group remained significantly worse across all kinematic measures at T1 and T2, relative 

to the dominant and non-dominant arms of the HC-group, despite the improvements seen 

in the QSUL-group impaired arm during treatment.  In the smaller QSUL-group (n = 28) who 

completed all four timepoints of the study, motor control also remained significantly 

impaired in the impaired arm compared to both the dominant and non-dominant arms of 

the HC-group from T1-T4, despite the improvements seen between T1 and T2. 

The ipsilesional upper limb is typically less severely affected by motor impairment than the 

contralesional arm, as evidenced in these data, but functional performance can still be 

impacted, particularly when the ipsilesional upper limb is relied upon due to the severity of 

paresis in the contralateral upper limb (Bustrén et al., 2017; Lang et al., 2007; Wetter et al., 

2005).  The more severe the degree of initial motor impairment in the contralateral upper 
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limb, the more severely affected the ipsilateral upper limb will be (Bustrén et al., 2017), and 

as described in Chapter 3.3, the chronic stroke patient cohort in this study started with an 

average FMA-UL of 24 points indicating moderate to severe motor impairment, thus 

considerable impairment in the ipsilesional arm is to be expected. 

Studies have shown weakness in the same upper limb muscles on the ipsilesional side as on 

the contralesional side in the acute and subacute phases of stroke, only to a lesser extent (Xu 

et al., 2017; Sunderland et al., 1999), and movement kinematic studies using 2D-planar 

reaching tasks to assess movement control in the ipsilesional upper limb have demonstrated 

abnormalities compared to healthy controls (Mutha et al., 2012).  In line with the ‘dynamic 

dominance’ model which was originally developed based on work in healthy adults, stroke 

patients with left hemispheric lesions made curved trajectories with accurate final positions, 

while stroke patients with right hemispheric lesions made straight trajectories which did not 

end accurately:  The control of movement trajectories has been linked to the left hemisphere, 

while the control of steady-state position has been linked to the right hemisphere (Schaefer 

et al., 2009; Schaefer et al., 2007).   

In recent years, studies of the ipsilesional arm in stroke have focused mostly on the 

differential effects of specific right compared with left hemispheric lesions, based on the idea 

that each hemisphere specialises in different aspects of movement control, with both 

required for optimal motor performance of either or both upper limbs (Bustrén et al., 2017; 

Schaefer et al., 2009; Haaland et al., 2004).  These data support this hypothesis, with a clear 

impairment in movement kinematics evident in both arms of the stroke patients compared 

with healthy adults.  The primary motor and lateral premotor cortices are closely connected 

through the corpus callosum, to comprise a single cortical unit essential for motor learning 

and the execution of volitional movement, so damage to one hemisphere may disrupt neural 

processing between the two hemispheres (Favre et al., 2014; Morris and Van Wijck, 2012).  

Furthermore, different aspects of motor function require different degrees of bilateral 

cortical involvement (Bustrén et al., 2017; Noskin et al., 2008).  Complex motor tasks which 

require motor planning, integration of sensorimotor information and attention to 

sequencing are associated with bilateral hemispheric activity, and the more complex the task, 

the greater the extent to which both hemipsheres are involved (Noskin et al., 2008; Krakauer, 

2005; Poldrack et al., 2005; Filippi et al., 2004; Hummel et al., 2003).  There is no evidence 

that the ipsilateral CST contributes to ipsilateral upper limb control, and loss of ipsilateral CST 

fibres following a stroke is not thought to contribute to ipsilesional motor impairment (Zaaimi 

et al., 2012; Soteropoulos et al., 2011). 
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These results show significant impairment of trajectory movement smoothness in the normal 

arm of the large QSUL-group (n = 52), the SC-group (n = 29) and the smaller QSUL-group 

cohort (n = 28) who completed all four study timepoints, at each timepoint, despite the slight 

improvement seen in movement smoothness in the normal arm following treatment in the 

QSUL-group.  Movement time was also significantly slower in the large QSUL-group and the 

SC-group. However, movement accuracy did not significantly differ between the normal arm 

of the stroke patients, and the dominant and non-dominant arms of the HC-groups at any 

timepoint.  This is interesting, because in line with the above studies (Schaefer et al., 2009; 

Schaefer et al., 2007), it might suggest that a higher proportion of patients included in this 

study had a left hemispheric stroke and therefore differentially impaired trajectory control 

compared to steady-state position.  Lesion location was not considered in this study, so 

further analyses cannot be undertaken. 

A caveat to these results is that they are group level effects, and individual variability among 

the patients will be influencing results.  The smaller sample size of the QSUL-group cohort 

that completed all four study timepoints makes this sample more vulnerable to individual 

patients factors than the larger QSUL-group as a whole.  Nonetheless, time-series kinematic 

data collected from 28 patients still gives a large sample size for analysis. 

 

5.4.10 In Chronic Stroke Patients, the Impaired Arm Needs More Treatment; The 

‘Normal’ Arm Also Needs Treatment    

The significant improvements seen in motor control in the impaired arm of the QSUL-group 

in this study are small compared with motor control in healthy adults:  The impaired arm of 

the QSUL-group remains significantly impaired on all measures of motor control.  Indeed, the 

normal arm of the QSUL-group remains impaired on measures of movement smoothness. 

The high dose, high intensity, complex approach to treatment which delivered a total of 90 

hours in this study was sufficient to produce change in motor control in the impaired arm of 

the QSUL-group as demonstrated in Chapters 3.3 and 4.3, however, the performance gap 

between the QSUL-group patients and the HC-group adults remains wide, and further 

improvement in motor control did not occur beyond the end of the treatment intervention.  

This suggests that even higher doses of treatment, over even longer periods of time, may 

need to be delivered for movement patterns in the impaired arm to return to normal – or 

closer to normal.  Furthermore, the ‘normal’ arm of the QSUL-group was not specifically 
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assessed or targeted with treatment, yet is also significantly impaired on some measures of 

motor control compared to healthy adults. This raises the question as to whether stroke 

rehabilitation therapy should in fact be specifically targeting both upper limbs, with a shift in 

concept from ‘impaired’ and ‘normal’ arms to ‘most impaired’ and ‘less impaired’ arms. 

Stroke rehabilitation does not focus on the ipsilateral arm (Maenza et al., 2020).  However, 

ipsilateral arm deficits are most severe and most disabling in patients with severe 

hemiparesis, and it is in this group of patients where the focus of rehabilitation is on task-

specific training using compensatory strategies which employ the ‘unaffected’ arm to 

compensate for the ‘affected arm’, for example in the performance of ADLs.  Functional use 

of the ipsilesional upper limb is affected following a stroke, and this is evident even when 

patients are performing ADLs (Bustrén et al., 2017), but it is not routinely clinically assessed 

or formally quantified using clinical scores.  (The CAHAI does incorporate bilateral arm 

function, but the purpose of the score is to assess the impaired arm.)  Also, if motor control 

recovery in the 'most impaired' (contralateral) upper limb is limited by the remaining viable 

residual structural capacity resulting from the original stroke injury and any restitution which 

occurred during the sensitive period of recovery in the acute phase, particularly in severe 

hemiparesis, there might be an even stronger argument for focusing on the 'less impaired' 

(ipsilateral) upper limb to overcome this ceiling effect and achieve further gains in function.  

For example, the performance of many ADLs require bimanual coordination of the hands and 

arms. Furthermore, an important implication for both clinical services and research is that 

use of the ‘normal’ (i.e. less affected) upper limb as a control or point of reference with which 

to compare motor performance in the impaired upper limb may be unreliable and 

underestimate the level of motor impairment and extent of recovery in both upper limbs 

(Maenza et al., 2020; Bustrén et al., 2017).  Failure to assess for motor impairment in both 

upper limbs might not only underappreciate the extent of motor impairment, function and 

activity limitation patients have, but also impact on all sorts of rehabilitation strategies which 

assume the ipsilateral arm is ‘normal’ from mirror therapy and CIMT to robotics and 

gamification.     

In theory, these data together with the observations reported in the current literature, 

suggest that the ipsilesional upper limb should be considered as the less-affected arm and 

clinically assessed for separable components of motor impairment in the same way as the 

impaired arm, and the less-affected arm also then targeted with appropriate treatment.  

Stroke recovery studies should then examine both arms using robust methods including 
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movement kinematics of planar reaching and functional tasks alongside clinical scores 

traditionally only performed on the impaired upper limb. 

 

5.4.11 Summary 

In summary, this study demonstrates that upper limb motor control processes decline with 

normal healthy ageing, as a consequence of the physiological changes which occur with age 

itself, including a decrease in movement speed and muscle strength.  This deterioration in 

motor control occurs in both arms, but is most evident in the non-dominant arm.   

In comparison with chronic stroke patients, this study has also shown that motor control in 

both the impaired and normal arms of chronic stroke patients is significantly impaired, 

relative to healthy adults.  While improvements in motor control were seen in the impaired 

arm of the intervention chronic stroke patient group, the impaired arm remained significantly 

impaired compared to the dominant and non-dominant arms of healthy adults following 

treatment.  

This study has implications both for delivering stroke rehabilitation treatment and 

conducting clinical trials which target motor control recovery with motor training, and assess 

behavioural restitution, as improvements in motor control may not occur to the same extent 

in elderly compared with younger stroke patients.  In addition, use of the ‘normal’ (i.e. less 

affected) upper limb as a control or point of reference with which to compare motor 

performance in the impaired upper limb may be unreliable and underestimate the level of 

motor impairment and extent of recovery in both upper limbs. 

These data suggest that the ipsilesional upper limb should be considered as the less-affected 

arm and clinically assessed for separable components of motor impairment in the same way 

as the impaired arm, and the less-affected arm also then targeted with appropriate 

treatment.  The consideration of age in stroke recovery reinforces the need for individualised 

assessment of the components of motor impairment in all patients, appropriate goal-setting 

for each patient and targeted treatment, including motor and strength training.  Stroke 

recovery studies should then examine both arms using robust methods including movement 

kinematics of planar reaching and functional tasks alongside clinical scores traditionally only 

performed on the impaired upper limb.
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6 General Discussion 

 

6.1 Prevising The Stroke Recovery and Rehabilitation 

Roundtable “Metrics” Task Force Recommendations 

“Stroke rehabilitation is a beacon of hope for stroke survivors, but stroke 

recovery is exceedingly complex, and progress towards effective 

treatments has been frustratingly slow” (Kwakkel et al., 2017)  

 

As described in Chapter 1.11, progress in preclinical and clinical stroke rehabilitation research 

– and particularly in motor recovery after stroke – has been disappointing and 

disproportionate with the number of studies and clinical trials carried out over the past 

twenty years.  Problems have included the lack of standardised terminology and consistent 

timeframes or measures to examine outcomes, poorly described methods, no agreed 

convention for developing, evaluating and reporting new treatment interventions, and 

inadequate biomarkers of recovery (Saes et al., 2022; Bernhardt et al., 2017b; Levin et al., 

2009).  In addition, sample size, age groups, and gender differences are not often considered 

in pre-clinical studies, ultimately limiting their clinical translation (Bernhardt et al., 2017a; 

Fisher et al., 2009), while many approaches have also been incongruent with current 

knowledge of the biology of stroke recovery (Bernhardt et al., 2017b; Levin et al., 2009). 

This research was conceptualised in early 2016, when clinical experience with chronic stroke 

patients admitted to QSUL had revealed significant and lasting changes on the FMA-UL of a 

magnitude which exceeded the MCID and had not previously been reported (The first cohort 

of 224 patients was subsequently reported by Ward et al., 2019, contemporaneously with 

similar work by Daly et al., 2019).  At the time, the FMA-UL was accepted to be a reliable 

clinical measure of motor impairment, uncontaminated by compensation, and motor 

impairment itself was regarded as a whole entity in terms of finding new and better ways to 

recover from it.  These large and unprecedented improvements on a clinical measure of 

motor impairment raised the question as to whether underlying motor control processes 

might also be improving, and so contributing to the change on FMA-UL, and this study set 

out to explore this further.   
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As such, a key question driving this study at its inception, was “What does the change on 

FMA-UL represent?”, with the follow-up question “Is this unprecedented change on FMA-UL 

due to behavioural restitution, as opposed to compensation?”. 

In order to answer this question, the experiments would need to discriminate between 

recovery mechanisms and movement patterns underlying functional movement, hence 

movement kinematics would need to be measured to assess movement quality at the level 

of motor control, in addition to functional outcome measures.  Previous work exploring the 

role of reward and punishment in motor adaptation in chronic stroke patients conducted in 

the lab had used a 2D-planar reaching task on a purpose-built robotic manipulandum 

(Quattrocchi et al., 2017), and it made sense from the outset to use this apparatus to measure 

movement quality in the chronic stroke patients admitted to QSUL.  The study protocol itself, 

including the 2D-robotic reaching task, was designed and pilot-tested in early 2016.  Healthy 

control recruitment and testing began later that year, and chronic stroke patient recruitment 

began in early 2017.   

Meanwhile, in May 2016 in response to the inherent problems in stroke recovery research, 

the first global Stroke Recovery and Rehabilitation Roundtable (SRRR) task force was held.  

The purpose of the SRRR was to achieve an agreed approach to the development, conduct 

and reporting of stroke recovery research.  Four priority areas in which to achieve consensus 

were identified: (i) Pre-clinical recovery research, (ii) Biomarkers of recovery, (iii) The 

development, monitoring and reporting of interventions, and (iv) Measurements in clinical 

trials (Bernhardt et al., 2017a).  The first SRRR task force advised objective measures of the 

quality of motor performance using technology for kinematic and kinetic movement 

quantification, to distinguish behavioural restitution from compensation, but did not 

recommend specific parameters (Kwakkel et al., 2017).  The second SRRR task force in 2019 

focused solely on measurement of the quality of upper limb movement.  It recommended 

that experimental protocols should include four performance assays to assess behavioural 

restitution: (i) 2D-planar reaching (as in these experiments), (ii) finger individuation, (iii) grip 

strength, and (iv) precision grip at body function level.  In addition, there should be one 

functional task to assess activity (3D-drinking task at activity level).  The recommended 2D-

reaching assays and 3D-drinking task should be measured repeatedly at fixed times post 

stroke, concomitant with other recommended clinical measurements of outcome (Kwakkel 

et al., 2019).  There were further recommendations about the type of technology (“only high-

resolution digital optoelectronic systems…to measure both performance assays and 

functional tasks”) that should be used for reliable and valid movement capture and how to 
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standardise kinematic measurement protocols to allow future pooling of data (Kwakkel et 

al., 2019).    

As a single-centre study, set up and recruiting prior to the publication of these 

recommendations, this study pre-emptively implemented a measure of movement 

kinematics using a 2D-planar reaching task, controlling as far as possible for any 

contaminating compensatory behaviour, and repeatedly measured this behavioural assay at 

successive time points, alongside upper limb strength, range of motion and other outcome 

measures of upper limb function and activity.  As such, it has successfully allowed conclusions 

to be drawn about whether or not behavioural restitution is occurring in chronic stroke 

patients who have received treatment of a sufficient dose and intensity to produce change, 

which no other study has achieved to date in the chronic phase of stroke (Saes et al., 2022).  

Indeed, in a recent systematic review of longitudinal studies that used kinematic and/or 

kinetic metrics to investigate post-stroke recovery of reaching, of the 32 studies identified, 

not a single one met all SRRR criteria or explicitly addressed the distinction between 

behavioural restitution and compensation, and only one study obtained kinematic metrics 

for both performance assays and a functional task (Saes et al., 2022).  Future studies will 

clearly need to be meticulously planned in advance, according to the SRRR 

recommendations.  

This study does not fulfil all of the recommendations of the 2019 SRRR taskforce in terms of 

the performance assays used (Kwakkel et al., 2019).  In addition, these data are not 

comparable with any other movement kinematic data collected in the chronic phase of stroke 

due to the bespoke nature of the 2D-robotic manipulandum used and the task created for it, 

and the ‘optimal technology’ with which to measure movement kinematics to ensure the 

highest quality of data was not employed.   

Nonetheless, as a ‘proof-of-concept’ study, it has delivered an exciting result in a large 

sample of chronic stroke patients and paves the way for future studies which are purposely 

designed in line with the SRRR recommendations to further explore the change in motor 

control which occurs in chronic stroke patients receiving complex, high dose, high intensity 

upper limb rehabilitation.   
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6.2 Re-Visiting Motor Impairment and the FMA-UL Score   

In more recent years and again since the inception of this study, the concept of motor 

impairment after a stroke (hemiparesis) as a syndrome of positive (spasticity, flexor 

synergies) and negative (motor control deficit, weakness) components has been re-visited, 

and its applicability to motor recovery better understood (Hadjiosif et al., 2022).  There is 

now evidence that not only are these components separable in terms of their contribution 

to the hemiparetic phenotype, but they also recover separately and at different rates 

(Hadjiosif et al., 2022; Cortes et al., 2017; Xu et al., 2017).  Treatment approaches which focus 

on appraising how each individual component is contributing to a patient’s hemiparesis, and 

subsequently target each component with the right sort of treatment for it, now seem to be 

the best way forwards in terms of improving stroke rehabilitation.  Indeed, the success of 

QSUL is likely to be due to the complex nature of the intervention, in that it combines several 

different therapeutic approaches in line with the principles of motor learning and with a 

focus on movement quality, in addition to the high intensity and high dose of the 

intervention.  While this study did not explicitly embark on testing separable components of 

motor impairment, in measuring motor control and distinguishing between behavioural 

restitution and compensation, strength, range and clinical scores of function and activity, it 

has done so, and speaks to the importance of motor training for motor control recovery. 

There has also been progress in terms of what the FMA-UL represents, and it is now better 

understood as a clinical measure of motor impairment which primarily focuses on the role of 

synergies in upper limb motor impairment, and which is not wholly immune to strength and 

compensatory behaviours (Hadjiosif et al., 2022; Krakauer and Carmichael, 2017c).  In this 

regard, changes in motor control would not be expected to be measurable on a composite 

score such as FMA-UL, which is far more sensitive to changes in strength and joint range.  

These data also support this, as the changes observed in motor control in this study did not 

contribute to the changes seen on the FMA-UL, or any clinical scores, which were attributable 

to changes in strength and range.  

Thus, there has been considerable progress in the current understanding and concepts 

regarding upper limb motor impairment recovery research since the inception of this work, 

and publication of clear recommendations for measuring movement kinematics when 

assessing efficacy of treatment interventions, yet as a single centre observational study, it 

still remains highly relevant to the Field and has produced new evidence that behavioural 

restitution can occur in the chronic phase of stroke.  
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6.3 Improving the Robustness of Movement Kinematics 

Analyses  

6.3.1 Novel Methods of Trajectory Analysis Would Consolidate the Observed 

Changes in Movement Kinematics 

A possible caveat to the results of this study to date across all groups (i.e. QSUL-group, SC-

group and HC-group kinematic data) is that the chosen “traditional” kinematic measures 

(movement smoothness, movement accuracy and movement time) might have biased the 

analysis towards specific components of motor control (Cortes et al., 2017).  New methods 

of trajectory analysis have been developed since the inception of this study to overcome 

these limitations, and are based on functional principal component analysis (FPCA) extended 

to time-series data (Backenroth et al., 2018; Cortes et al., 2017; Goldsmith and Kitago, 2016; 

Kitago et al., 2015; Kitago et al., 2013).  This examines the whole trajectory of a reaching 

movement and does not focus on preselected measures to avoid biasing the analysis towards 

specific components of motor control.  It shows responsiveness for change that might go 

undetected by conventional analyses, yet reduces the dimensionality of the analysis (Kwakkel 

et al., 2019; Cortes et al., 2017).  A global kinematic measure (average squared Mahalanobis 

distance (AMD2)) which represents a mathematical distance for each impaired trajectory 

from normal trajectories obtained from a neurologically-intact reference population can be 

calculated at a whole group and individual participant level, for each target at each timepoint 

(Cortes et al., 2017; Goldsmith and Kitago, 2016; Kitago et al., 2015).  The AMD2 measure 

therefore defines recovery of motor control in terms of similarity to normal movements 

which makes it more robust to compensatory contamination than any individual kinematic 

measure (Cortes et al., 2017).     

 

For this study, the movement kinematic data collected from the 57 healthy control 

participants would serve as the neurologically-intact reference population, against which the 

kinematic data from the chronic stroke patients could be compared, and the AMD2 method 

of trajectory analysis could be performed to consolidate the findings and quantify the extent 

to which the impaired arm returned towards normal over the course of the study.  

Preliminary talks went ahead with Prof Jeff Goldsmith and Prof John Krakauer prior to the 

Covid-19 pandemic in late 2019 regarding a collaboration to allow bespoke code to be written 
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to facilitate performing the AMD2 method on these data, but unfortunately due to a 

combination of factors including the Covid-19 pandemic with ensuing research suspensions 

and mandatory clinical service commitments, and other time and resource constraints, this 

is yet to come to fruition.   

6.3.2 Further Interrogation of Whole Movement Trajectory Submovements   

Deconstructing whole movement trajectories into submovement components provides more 

fine-grained detail about the ‘building blocks’ of movement execution and underlying motor 

control processes.  Submovements are a segmentation of the overall movement into 

individually controlled components and can represent online corrections of an ongoing 

trajectory, or an optimal discrete controlled unit for the task. (Shmuelof et al., 2012).  

Examination of the primary outward submovement (of ‘feedforward’ component of the 

movement) allows a 'purer' measure of motor control than the whole movement trajectory 

itself, which also contains multiple corrective submovements influenced by online feedback 

(Shmuelof et al., 2012; Ketcham et al., 2002; Pratt et al., 1994).   

Submovements can be classified in various ways:  Type 1 submovements are defined by zero-

crossings in the velocity profile, type 2 submovements by zero-crossings in the acceleration 

profile, and type 3 submovements by zero-crossings in the jerk profile (Fradet et al., 2008).   

In this study, the primary outward submovement of the whole movement trajectory was 

defined as the movement segment up until the first minimum velocity (<0.005 m/s) in the 

velocity profile.  Visual examination of the trajectories confirmed that this corresponded with 

the original planned movement towards the target, before patients began to make any 

corrective submovements, which seemed relevant.  But there are other ways to define the 

primary outward submovement using the velocity profile, and in the motor adaptation 

literature, it is usually taken to be the initial movement segment up to the initial peak 

velocity, as maximum velocity is taken as the reference point from which to calculate initial 

directional error (Dr Joe Galea, personal communication, 2020). 

Shmuelof et al. (2012) prefer to use peaks in the time course of jerk to define submovements, 

on the basis that this might identify more submovements than would otherwise be the case 

if the velocity profile was used.  They reason that submovements might blend into one 

another if one begins before another has ended, and this might hide velocity peaks which 

would become separated by an inflection point and not a velocity minimum. 
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Traditionally, goal-directed aiming movements to visual targets, such as this 2D-planar 

reaching task, consist of an initial impulse toward the target (primary submovement) and 

then a late adjustment (secondary submovement) near the target (Milner, 1992).  The 

primary submovement is a ballistic movement portion driven by the initial control plan and 

represented by a bell-shaped velocity profile (Elliott et al., 2001; Novak et al., 2000; Abrams 

and Pratt, 1993; Chua and Elliott, 1993; Meyer et al., 1988).  Secondary submovements are 

traditionally thought to reflect inaccuracies in the initial control plan and the magnitude of 

neuromuscular noise in the primary submovement – in other words, they are small, irregular 

corrective adjustments in the final movement portion to improve accuracy (Walker et al., 

1997; Pratt et al., 1994; van Donkelaar and Franks, 1991; Meyer et al., 1988).  However, 

experiments have looked at the emergence of Type 1, 2 and 3 submovements during visually-

guided aiming movements in healthy adults, and found that the patterns of all three types of 

submovement change with the size of target, the speed of movement and whether or not 

the limb needs to be stabilised to keep a cursor inside a target, suggesting that secondary 

submovements might not all be corrective and instead could represent irregular fluctuations 

in the velocity profile of the trajectory for other reasons (Fradet et al., 2008; Wisleder and 

Dounskaia, 2007; Dounskaia et al., 2005).    

The point is that there is scope for a much broader and deeper analysis in itself of 

submovement kinematic measures in these data, including both feedforward and feedback 

components of the whole movement trajectory, to better understand the changes in motor 

control processes that are occurring in chronic stroke patients with treatment, and indeed 

the healthy control population with normal ageing.  However, as with the “traditional” 

methods of kinematic analysis for whole movement trajectories, further analyses of 

submovements in this way would carry the caveat that the selection of specific measures to 

assess, and even selection of the method by which to define submovements themselves, 

might be inadvertently biasing the analyses towards specific components of motor control, 

as discussed in Chapter 6.3.1.  This then returns to the notion that novel methods of 

trajectory analysis such as AMD2 are probably the best method by which to further test the 

robustness of the change in motor control seen in these data – unless of course the AMD2 

method was also applied to submovement kinematic data. 
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6.3.3 Quantifying Potential Reduction in Motor Variability 

The possibility that the QSUL-group patients might have reduced motor variability as 

opposed to increased motor performance, or indeed both if reduced variability 

equates/contributes to improved motor performance, was discussed in Chapter 4.4.8.   

Previous work in chronic stroke patients which investigated the biomechanics of accuracy 

improvements during a similar 2D-reaching reaching task after four days of training (420 

repetitions per day) found that movement accuracy improved through reducing trial-to-trial 

variability, while there was no significant change in endpoint bias (systematic error) 

(Hammerbeck et al., 2017).  Movements which are less variable from trial-to-trial are on 

average, more accurate (Kitago et al., 2015; Shmuelof et al., 2012).  The improvements seen 

in these chronic stroke patients were therefore probably achieved through better execution 

of motor commands already present within the existing repertoire, and were not due to the 

regaining of lost movement patterns or an increase in motor control ability per se 

(Hammerbeck et al.,2017).  However, there were also no demonstrable contemporaneous 

clinical improvements in the chronic stroke patients in the Hammerbeck et al. (2017) study 

and notably they did not receive a treatment intervention.  This then raises the question that 

both improvements in motor control and clinical measures might have been seen if there 

had been a longer training period and/or a treatment intervention (Hammerbeck et al., 

2017).  Nonetheless, this study highlights the important point that motor performance can 

improve through an overall reduction in performance variability, and not necessarily through 

an overall increase in the actual performance level, although this is still an improvement in 

movement quality. 

A question that future work should therefore address is whether motor performance post 

the QSUL intervention has exceeded the best performance level that could be achieved prior 

to the QSUL intervention, or whether the worst attempts have improved to a level more 

consistent with but not exceeding the better attempts, which remain constant.  Either way, 

the end result is an improvement in movement quality and motor performance, which will 

underpin further recovery of function and activity and which can only be beneficial to the 

patient.  But as alluded to throughout this thesis, understanding the recovery mechanisms 

underlying this improvement in movement quality is of crucial importance to the continued 

development of new treatments themselves and individualised approaches to treatment. 
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To formally assess motor variability in these data, further analyses would need to be 

performed to measure both its structure and magnitude in order to establish its functionality 

and role (Glazier and Davids, 2009).  Time-continuous data analysis could be used to study 

the amount of intra-trial variability in the movement trajectories made by patients on the 

2D-reaching task by calculating the variance or standard deviation in the time evolution of 

each kinematic variable measured (Komar et al., 2015).  Discrete data analysis could be used 

to study inter-trial or inter-subject variability by comparing trials made at a single time point 

and/or between successive time points for the same individual patient, or trials made by the 

QSUL-group compared to the SC-group in the larger study cohort reported in Chapter 1.  

Here, the aim would be to discriminate between the movement kinematic profiles made by 

each patient over 60 trials rather than characterise the nature of the variability within a time 

series.  Further analytical tools developed from calculations of variance such as root mean 

square, Cauchy criterion and cluster analysis could then be used to characterise the amount 

of variability between kinematic profiles (Komar et al., 2015). 

6.3.4 New Technology for Measuring Movement Kinematics 

As described in Chapter 6.1, the second SRRR “metrics” task force made recommendations 

about the type of technology that should be used for reliable and valid movement capture 

and how to standardise kinematic measurement protocols to allow future pooling of data 

(Kwakkel et al., 2019).  The 2D-robotic manipulandum used in this study was built around 15 

years ago and is relatively old and heavy in terms of the robotic devices now available.  This 

makes it particularly good for maintaining stability when applying force fields in motor 

adaptation paradigms, but less ideal for pure motor control protocols where there might be 

excessive inertia compared to newer robots (Dr Joe Galea, personal communication, 2020).  

This was evident in the movement speeds achieved in this study:  The healthy control 

participants did not achieve the expected maximum velocities for the task based on similar 

work by Cortes et al. (2017), never mind the chronic stroke patients.  Thus these data can 

only be analysed in relative terms, and not absolute.   

Were this study to be repeated, the 2D-robotic manipulandum would be substituted for the 

Kinarm (Kinesiological Instrument for Normal and Altered Reaching Movements (Scott, 

1999)) Exoskeleton Lab robot to assess upper limb movement quality.  The Kinarm is a 

versatile, state-of-the-art research facility, originally built in 1999 but re-designed in 2016, 

which can be used to study sensory, motor, and cognitive functions through upper limb 

behavioural tasks.  It uses a complex adjustable linkage system which allows the subject to 
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make planar movements of the arm in the horizontal plane, involving flexion and extension 

movements at the shoulder and elbow joints. Torque motors record the motion of the arm 

and can apply loads to each joint independently. The design provides feedback from, and 

control of, the shoulder and elbow joints, thus permitting loads to be applied to the shoulder 

and/or elbow joints for different applications. Patterns of joint motion are recorded, and 

muscular torques are computed by the system.  The hand is free to interact with objects in 

the environment and there is a 2D virtual/augmented reality (VR/AR) display to control visual 

stimuli delivered during a study, which can either conceal or reveal the working arm to the 

subject.  The Kinarm Exoskeleton Lab is a far more sophisticated, modern and reliable 

apparatus than the 2D-robotic manipulandum used in this study, and would efficiently allow 

more than one behavioural assay to be tested with each patient, in line with the SRRR 

kinematic measure recommendations.  Furthermore, collected data would be comparable 

with data from other centres if standardised tasks were used (Kinarm Exoskeleton Lab, 2023). 

Ultimately, of course, in line with the SRRR recommendations, the best way to assess 

movement quality is with both 2D and 3D kinematic analyses.  But performing sufficiently 

high quality 3D kinematic analyses in particular can be challenging (Arac, 2020).  Visual 

marker-based optoelectronic systems are highly accurate and reliable and use retro-

reflective markers (passive or active) which are detected by multiple video cameras to allow 

comparison of the absolute position of the markers with reference positions, but they are 

expensive and complex to set up, which limits their use (Mesquita et al., 2019b).  Markerless 

systems carry the advantage of being able to assess movement in the most natural way 

possible with no external devices or markers attached to the body.  Microsoft Kinect (now 

v2) is a markerless system for recording human motion that has been used in clinical settings 

since 2013, but still requires validation in terms of its suitability as a research tool for tracking 

movement quality (Mesquita et al., 2019b).  A recent study found that Kinect v2 quantifies 

reaching efficiency, truncal compensation, and shoulder-elbow nonuse with sufficient 

reliability, but not the number of velocity peaks or peak hand velocity, and the elbow is poorly 

tracked during seated reaching (Faity et al., 2022).  Further reliability and validity studies are 

therefore required before standard use of this system in clinical trials and settings (Arac, 

2020; Mesquita et al., 2019b).  However, Kinect v2 carries the added advantage of being 

discreet enough for use in routine clinical practice, which might then allow supplementation 

of clinical scores of arm motor impairment with movement kinematics, and the retrospective 

analysis of kinematic data in future studies (Faity et al., 2022). 
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Recent advances in machine learning, combined with markerless approaches and fewer 

cameras, have the potential to make kinematic analysis even more feasible at the bedside 

(Arac, 2020).  Deep learning methods, and in particular convolutional neural networks (CNN) 

which are particularly good for image analysis, can detect human body postures in 2D images 

from a single camera, in 3D images if multiple cameras are used, or estimate 3D body position 

from 2D image data (Arac, 2020).  ‘DeepCut’ was the first CNN-based method developed to 

predict 2D human body joint locations (Pishchulin et al., 2016), closely followed by ‘SMPL’ 

which built on DeepCut to estimate the 3D pose of the human body as well as its 3D shape, 

from a single unconstrained image (Bogo et al., 2016).  A bespoke portable two-camera 

stereo system for recording human movements, together with the deep learning toolbox 

‘DeepBehaviour’ for analysing the videos and producing 3D models of the movements being 

performed, has since been created (Arac et al., 2019).  This provides an inexpensive user-

friendly markerless solution by which to capture 3D motion and novel, video-based, 

markerless 3D pose-estimation kinematic models are now being used in research and clinical 

settings to examine 3D reaching movements and functional tasks such as raising a cup to the 

mouth (Avni et al., 2022).  A camera-based markerless movement assessment system is 

currently being developed in the ARM lab at the UCL Queen Square Institute of Neurology 

(where this research was carried out) which allows kinematic analysis of whole upper limb 

movements in function, including reaching and pointing movements but also when 

performing ADLs (Prof Sven Bestmann, personal communication, 2023).  In due course, 3D 

kinematic analyses will be performed on the chronic stroke patients admitted to QSUL as 

routine.  

6.3.5 Reporting Psychometric Properties 

Another issue regarding the measurement of movement quality is the lack of information 

describing the psychometric properties of kinematic metrics, such as reliability, validity and 

sensitivity to change (Saes et al., 2022; Mesquita et al., 2019b).  A systematic review in 2019 

which looked at methods used to analyse upper limb kinematics in healthy and post-stroke 

adults found that only three out of 14 studies identified reported psychometric properties of 

the kinematic assessments used, which were reliability and the responsiveness to external 

change (i.e. the ability to detect minimal clinically important change) (Mesquita et al., 2019b).  

This study has not reported psychometric properties of the kinematic metrics used, and 

future studies should.    
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Along with the recommendations of the SRRR (Kwakkel et al., 2019), the reporting of 

psychometric properties is important to establishing a core set of kinematic outcome 

measures both for comparing motor performance between stroke patients and healthy 

individuals, and when performing longitudinal studies assessing the change in kinematic 

measures in the same population over time.  As a discriminative measure, kinematic data 

must demonstrate construct validity and reliability based on stable between-subject 

variations; as an evaluative measure, kinematic data should show longitudinal construct 

validity, reliability based on stable within-subject variations, and responsiveness (Wagner et 

al., 2008). 

 

6.4 Lesion Location and Hemiparesis    

Brain imaging was not obtained for any patient recruited into this study, or indeed admitted 

to QSUL, and no details of the location and extent of stroke lesions were collected or included 

in the analyses of these data.  Whilst intuitively this may seem remiss given that this is a study 

of recovery from motor impairment due to a brain lesion, this is not unusual in stroke 

recovery studies (Boyd et al., 2017). 

In Chapter 1.8.2, the complex nature of motor impairment resulting from stroke and recovery 

from it were described:  The processes underlying a recognisable limitation in function such 

as hand grip are complex, as movement throughout all upper limb segments is related to 

hand function and motor control is impaired across the entire upper limb (Greenwood et al., 

2009; Lang and Beebe, 2007).  Taken one step further, it is impossible to determine the 

precise location and size of a stroke injury in the brain from the resulting clinical deficit.  In 

other words, upper limb motor impairment could result from a multitude of different stroke 

lesions from the cortex to the brainstem, yet ‘look’ the same when the patient is clinically 

assessed.  Similarly, knowledge of the extent of the stroke lesion on brain imaging does not 

contribute any further information about the likelihood and extent of subsequent recovery.  

Stroke is in fact an extremely heterogeneous group of clinical conditions, unified only by their 

vascular mechanism of injury and not by size, location, or impact of injury in terms of the 

resulting clinical phenotype (Boyd et al., 2017).  Despite this, clinical trials and indeed studies 

such as this which explore recovery and rehabilitation, typically treat stroke patients with a 

“one-size-fits-all” approach to treatment. 
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However, this variability in the extent and locations of stroke lesions may directly impact on 

efforts to standardise the approach to assessment of movement quality through movement 

kinematic measures (Mesquita et al., 2019a).  A recent systematic review of motion capture 

systems and kinematic metrics has therefore questioned whether kinematic measures 

should even be set and defined for a study, without considering the stroke lesion and 

respective clinical deficits (Mesquita et al., 2019b).  For example, there may or may not be 

deficits in, eye-hand coordination, temporal coordination, trajectory and postural control, 

sequencing, neglect, target location and motor unit recruitment in addition to the 

components of hemiparesis, all of which might influence attempts to measure movement 

quality (Mesquita et al., 2019a; Krakauer and Carmichael, 2017a).  

Nonetheless, as discussed in Chapter 1 and Chapter 1, residual integrity of the CST following 

stroke injury seems to be the critical neuroanatomical factor predicting recovery from stroke, 

and indeed ability to recover motor performance after stroke.  The default “one-size-fits-all” 

approach is supported by the very fact that regardless of the precise lesion location, the 

resulting hemiparesis – at least in the immediate aftermath of a stroke – is similar, whatever 

the level at which the stroke has disrupted the CST.  In other words, a stroke patient with a 

baseline FMA-UL of 26 points due to a cortical lesion has the same degree of motor 

impairment as a stroke patient with a baseline FMA-UL of 26 points due to a subcortical 

stroke.  Hayward et al. (2016) found no association between severity of arm motor 

impairment (defined as FMA-UL ≤ 31 points) and stroke lesion volume, location, side, and a 

CST asymmetry index (Hayward et al., 2016).  Yet Park et al. (2016) reported that while 

damage to the CST was the best indicator of deficit in patients with a subcortical stroke, this 

was not the case if patients had stroke lesions involving the CST and any one of five other 

regions of interest identified in the ipsilesional motor cortical areas, which also contributed 

to the CST (Park et al., 2016).  This, however, does not necessarily mean that the resulting 

hemiparetic phenotype is qualitatively any different between the group with a subcortical 

group compared to the group with a cortical stroke, or that the underlying mechanism (i.e. 

damage to the CST) is any different.  Also, as Krakauer and Carmichael (2017a) point out, the 

neural correlates of motor performance at any given time are not necessarily related to the 

neural correlates of subsequent motor recovery.  But where lesion characteristics might be 

differentially important is with regard to brain reorganisational processes and recovery 

potential, particularly in the acute and subacute phase of stroke during the sensitive period.  

In chronic stroke patients, when brain plasticity has returned to that of normal healthy 

individuals, this will be less relevant.   
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Detailed knowledge of lesion characteristics in this chronic stroke patient cohort might have 

been clinically interesting, but would not have made any difference to the way the study was 

conducted and the results analysed and interpreted at group level.  Major cortical deficits 

resulting from large hemispheric lesions which might have interfered with assessment of 

movement quality were ruled out by the study exclusion criteria, namely hemi-spatial 

neglect, anosognosia (for upper limb motor deficit) and dysphasia precluding ability to follow 

the study protocol. 

But knowledge of lesion characteristics would be important if individual patient responses to 

treatment had been analysed, and attempts made to determine if/why some patients 

responded better to treatment than others, which might influence group level effects.  This 

was beyond the scope of the current study but should be considered for future work. 

 

6.5 Different Patients May Respond Differently to Treatment 

in The Chronic Phase of Stroke 

The QSUL-group patients were not stratified on severity of motor impairment at admission 

to QSUL and no predictions were made about an individual patient’s likelihood of motor 

recovery.  During this study, the effects of treatment on clinical scores/measures and 

movement kinematics were assessed at group level, and changes occurring in each individual 

patient were not scrutinised.  The sample sizes of 52 patients completing two timepoints, 

and 28 patients completing four timepoints, are larger than any sample of chronic stroke 

patients published to date, yet still not large enough to be immune to inter-individual 

variability potentially influencing results.   

Recovery from stroke is unpredictable and random to some extent, but as mentioned in 

Chapter 1.9.2.1, there does seem to be a subpopulation of chronic stroke patients who 

respond less well to treatment than others (Boyd et al., 2017; Krakauer and Carmichael, 

2017b; Cramer, 2010), and if such patients were included in this study sample, this might 

have diluted treatment effects. Alternatively, if no such patients were included, the 

outcomes might be artificially optimistic. 

In this context, biomarkers which determine the likelihood of an individual patient 

responding to treatment are an attractive prospect.  This would not only allow patients to 

receive the most suitable type, dose and intensity of therapy, but would reduce sample sizes 
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required for clinical trials to be appropriately powered and also remove the potential masking 

of beneficial treatment effects by the inclusion of “non-responders” in study populations of 

chronic stroke patients (Boyd et al., 2017; Krakauer and Carmichael, 2017b; Winters et al., 

2016).  

There is no current consensus about which biomarkers have the highest predictive value for 

motor recovery after stroke (Kim and Winstein, 2017), but the two broad categories of motor 

system biomarkers that have received the most research attention to date are transcranial 

magnetic stimulation (TMS) and magnetic resonance imaging (MRI) (Connell et al., 2018).  

The presence of a motor evoked potential (MEP) (indexed by TMS) at rest (Hayward et al., 

2016; van Kuijk et al., 2009), conventional structural MRI (sMRI) alone, and a combination of 

diffusion tensor imaging (DTI), TMS, functional magnetic resonance imaging (fMRI) and sMRI 

have all been proposed (Kim and Winstein, 2017), and all are essentially measures of CST 

integrity (Connell et al., 2018).   

As discussed in Chapter 1.9.2.2, clinical examination within the first two weeks might be able 

to predict recovery potential (Winters et al., 2016; Winters et al., 2015; Nijland et al., 2010; 

Smania et al., 2009; Smania et al., 2007; Katrak et al., 1998), and the combination of clinical 

measures and biomarkers in the Predict Recovery Potential (PREP) 1 and 2 algorithms to 

predict upper limb outcome and guide neurorehabilitation for individual patients, increased 

the efficiency of neurorehabilitation without compromising clinical outcome (Connell et al., 

2018; Stinear et al., 2017).  The original PREP algorithm increased therapist confidence, 

altered the content but not dose of upper limb therapy, and was associated with a reduction 

in length of stay by 6 days (Stinear et al., 2017).  However, while being able to predict 

functional motor outcomes could help clinical teams, patients, and families to set 

appropriate rehabilitation goals and make suitable plans for the level of support the patient 

is likely to need after discharge from hospital, the caveat here is that subjective prediction of 

discharge destination can influence what rehabilitation is actually provided during the 

admission and patient outcomes (Connell et al., 2018), so predictions would have to be highly 

accurate to avoid inadvertently denying patients with the potential for recovery the chance 

to do so.  Moreover, the complexity and individualistic nature of stroke recovery has been 

alluded to throughout this thesis, and it might be an oversimplification to expect biomarkers 

to ever be able to sufficiently accurately capture this process.   

Nonetheless, the concept of biomarkers is interesting to this study for two reasons.  Firstly, 

had they been available, they might have allowed stratification of patients on admission to 
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QSUL into those more or less likely to respond to treatment, allowing a more rigorous 

assessment of the efficacy of treatment itself.  Secondly, the nature of the clinical, 

electrophysiological and radiological potential biomarkers being explored returns to the 

notion that chronic stroke patients can only recover motor control capacity within the 

confines of the structural damage resulting from their stroke injury, namely the presence or 

not of some intact CST fibres, as this study has demonstrated.   

 

6.6 Impact of Other Factors Which Might Influence Motor 

Performance  

The intervention and control groups in this study were well-matched at baseline in terms of 

demographic characteristics and severity of motor impairment and functional limitation, and 

therefore comparable.   

Levels of anxiety and depression were higher in the QSUL-group than SC-group at T1, which 

might have been associated with factors around admission to the treatment programme 

itself.  It might also reflect the shorter average time since stroke occurrence and, for example, 

less time to adjust to new disability and life implications than the SC-group who on average 

were further into the chronic phase of stroke.   

Levels of pain and alertness remained broadly similar throughout the study, although the 

QSUL-group did increase in alertness at T2, and the QSUL-group reported lower energy levels 

than the SC-group.  Despite these factors, clinical measures and motor control all improved 

in the QSUL-group so if there were any adverse effects, they were not immediately apparent 

and if anything, the QSUL-group performance could potentially be even better. 

This study is larger (total n = 81) than any published chronic stroke patient cohort to date at 

the time of writing, but the intervention group and control group are still relatively small (by 

clinical trial standards) and were not equal in number, so the potential for individual variation 

to influence group-level results remains.  However, the amount of change seen on clinical 

scores of motor impairment, arm activity and function in this QSUL-group cohort (n = 52) 

almost identically replicates those previously reported for the first 224 patients to complete 

QSUL (Ward et al., 2019).  Ideally the intervention and control groups would be the same size 

and the control group would be formed entirely from patients on the “waiting list” for 

admission to QSUL.  They could then be assessed six- and/or three-weeks prior to admission 
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to collect control data, and then on admission and at discharge from QSUL to assess the effect 

of the treatment intervention.  Alternatively, the SC-group should then be admitted to QSUL 

at T2 and assessed again on discharge.  This would allow comparison of each individual 

patient pre- and post-treatment and so minimise individual variation as far as possible, as 

each patient would provide control data for themselves.  This ideal approach was precluded 

for this study by the constraints of QSUL as a “real-life” NHS tertiary clinical service, including 

long waiting times (many months) for admission, an oversubscribed referrals list and patients 

travelling from all over the UK to access the service.  

A common complaint regarding single centre clinical services like QSUL is that only admit 

patients who are most likely to succeed on outcome measures.  However, QSUL does not 

have strict inclusion/exclusion criteria for admission and patients with a wide variety of upper 

limb impairments are accepted.  In this study’s QSUL-group, baseline FMA-UL score on 

admission (median 24) and MRS (median 3) indicate that patients tended to be towards the 

moderate-severe end of upper limb impairment and activity limitation, which in theory might 

make them less likely to succeed. 

 

6.7 Addressing possible ‘missingness bias’ in the QSUL-group 

cohort:  Patients who did not complete T3-T4 did not 

significantly differ from patients who did 

Collecting longitudinal datasets in a post-stroke cohort is challenging (Saes et al., 2022).  As 

described in Chapter 2.4, this study was designed around the QSUL NHS clinical service to 

maximise convenience for patients participating.  Many patients had significant physical 

disability as a result of their stroke, could not travel alone and found it challenging to attend 

outpatient appointments in the centre of London.  Many had travelled from such great 

distances (QSUL is a tertiary service) that they needed to stay in London overnight to attend 

appointments.  The T1 and T2 testing sessions were built into individual patient timetables 

during the 3-week admission period.  The T3 testing session was arranged on the same day 

as the 6-week NHS clinical follow-up appointment and the T4 testing session was arranged 

on the same day as the 6-month NHS clinical follow-up appointment.  The NHS clinical follow-

up appointment comprised a therapy session during which clinical scores were repeated, and 

an appointment with the QSUL consultant neurologist and/or neuro-therapists.  NHS 

appointments running very late was a key contributory factor to patients no longer wishing 
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or being able to complete the study testing session at T3 and T4, when they had attended for 

routine clinical follow-up.  With hindsight, study appointments should perhaps have been 

scheduled ahead of or in-between NHS appointments, providing this did not then lead to 

patients worrying that they would miss them.   

While the study drop-out rate is disappointing, the remaining population of 28 chronic stroke 

patients is still a larger cohort than any previously studied at the time of writing, although 

the smaller sample size does increase the possibility of individual variability contaminating 

group-level effects.  It is also important to consider the potential bias introduced by those 

patients who did not complete T3 and T4 and what this could mean for these results.  One 

possibility is that the patients who dropped out did not improve on QSUL to the extent they 

had hoped, and despondency led them to disengage with subsequent NHS and/or study 

follow-up appointments. Alternatively, it might be that patients who did not attend follow-

up were the ones who had improved the most, or were less impaired to begin with, and did 

not think it necessary to attend further appointments. If patients who were either worse 

and/or did not improve, or patients who were better and/or did improve were 

disproportionately lost to follow-up, this could invalidate the study results.   

To explore these possibilities further, patients who completed only T1-T2 were compared to 

those who completed T1-T4.  There were no significant differences at group level between 

baseline FMA-UL on admission and the amount of change in FMA-UL, strength, range and 

motor control. This suggests that patients dropped out at random, and that there is no 

significant “missingness bias” in the study. 

Furthermore, to fully overcome this issue, all data collected from the 28 patients who 

completed time points T1-T4 were analysed as a separate sample, including re-analysis of T1-

T2 clinical scores, strength, range and movement kinematics.  Treatment effects (T1-T2) were 

first examined, then whether these treatment effects were maintained at 6 weeks (T2-T3) 

and 6 months (T2-T4) after treatment had ended. 

 

6.8 Variability, Strength and Velocity in the Healthy Control 

Group  

Variability in the Healthy Control data might be confounding results, and this was particularly 

the case for the older group.  Such variability could be reduced by increasing the sample size 
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of each age group and ensuring each had an equal number of participants, for example n = 

50.  Alternatively, healthy control participants could be stratified into tighter age groups, for 

example, 20-29 years, 30-39 years and so on up to 80-89 years.  However, the tighter the age 

groups, the fewer participants they would contain without significantly increased 

recruitment:  20 participants per age group would require a total study population of 140 

people, which would be challenging to recruit, and particularly so for the older and elderly 

age ranges.  Stratifying participants into narrower age groups would allow for a more detailed 

mapping of the change in movement kinematics with increase in age, but equally, age-

associated effects might be more clearly demonstrated by a simpler comparison of extreme 

ages e.g. 20-29 years with 80-89 years, removing confounding effects of individual variability 

in terms of the rate at which individuals age given that the many biological and 

environmental factors inherent to this process cannot be controlled.  A further possibility 

might be to specifically recruit not only age-matched participants to groups, but gender-

matched, height- and weight- matched individuals to minimise individual variability within 

and between groups as far as possible.  For example, size of person might significantly impact 

on upper limb strength and speed, and therefore motor control.  But this would be even 

more challenging than trying to recruit 20 people aged 80 to 89 years. 

  

It was disappointing not to have better demonstrated a decline in strength with increase in 

age in this study.  The most likely explanation for this is the large variability in muscle strength 

within the groups.  For example, considering the dominant arm, average biceps strength for 

the younger group was 13.9 kgf, with range 8.8 kgf, for the older group 13.2 kgf with range 

12.6 kgf and for the elderly group 12.4 kgf with range 9.0 kgf.  The ranges of strength in these 

groups are very large compared to the group average, and there is extensive overlap in 

strength between the age groups.  Reducing this variability would significantly reinforce the 

trend towards decrease in strength with increase in age:  despite this variability, there was a 

negative correlation between biceps strength with increase in age, but the correlation was 

not strong enough to be statistically significant.  Increasing the group sample sizes as 

discussed above would be one way to do this.  Alternatively, more recordings of muscle 

strength per participant could be made, but the method used here (one practice trial, then 

three trials with the muscle dynamometer and the average reading taken) is a well-used 

protocol for recording muscle strength (Cortes et al., 2017; Andrews et al., 1996) and 

increasing the number of recordings might then introduce further possible confounding 

variables such as muscle fatigue, particularly in elderly participants. 
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In line with the analysis for the QSUL- and SC-groups, the HC-group data were stratified on 

velocity to include only trials with a maximum velocity of 0.06 ≤ maximum velocity ≤ 0.11 

m/s, matching the middle 66-68% of trials performed with the impaired arm of the QSUL-

group (mean ± 1SD).  This was to facilitate comparison between chronic stroke patients and 

healthy adults, matching trials by velocity to preclude strength contaminating measures of 

motor control. This would then allow comparison of the difference in motor control between 

impaired and normal upper limbs, and assessment of the extent to which the impaired upper 

limb returned to normal motor performance following treatment.  This velocity stratification 

was not therefore designed for age group comparison.  Although the overall age-related 

trends in kinematic measures were still observed, the number of successful trials became 

flawed as an over-arching measure of motor control when the fastest trials, and so a 

disproportionately large section of the trials made by younger and older adults relative to 

the elderly adults, were removed.  While this in itself is still informative, a better velocity 

stratification for the HC-group data alone would be to take the middle 66-68% of trials for 

the HC-group based on the non-dominant (slowest) arm velocity profile, so 0.08 ≤ maximum 

velocity ≤ 0.12 m/s, and this could be considered in future work. 

 

6.9 The Nature of Exploratory Studies and Absolute 

Differences in Movement Quality 

Each of the studies described in Chapters 1, 4 and 5 set out to answer clearly defined a priori 

questions:  Does motor control improve in the chronic phase of stroke following a pioneering 

treatment intervention?  If it does, are gains retained beyond the end of the treatment 

intervention?  How does motor control change in the upper limb with ageing? Or, in other 

words, what does ‘normal’ motor control look like when healthy individuals of a range of ages 

perform the same 2D-planar reaching task?  But the exploratory nature of the studies meant 

that the work continued to evolve as it was carried out, and analyses plans were refined as 

initial data were collected and analysed and preliminary observations were discussed.  Thus 

this thesis contains a large amount of results relative to the sizes of the sample populations 

– not all of which are presented in this final thesis – largely due to the extent to which 

subsequent control analyses were performed to ‘break’ the trends seen in the kinematic data 

and rule out all other possible explanations, besides an improvement in motor control.  The 
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key questions were whether the changes in kinematics might be artefactual and arising from 

changes in movement speed, velocity and arm strength.  

There were many discussions between the author (AD), Professors Sven Bestmann (SB), Nick 

Ward (NW) and John Krakauer (JK) and Dr Joe Galea (JG) about the ‘speed-accuracy trade-

off’ function inherent in motor skill learning, and whether or not the improvement seen in 

movement accuracy here was due to a reduction in movement speed in these data.  As 

described throughout the chapters, the 2D-planar reaching task was designed as a 

behavioural assay of motor control, allowing chronic stroke patients with severe motor 

impairment to perform it, and not as a motor skill learning task per se, so a speed-accuracy 

function was not inherent.  Control analyses then had to be performed looking specifically 

for any evidence of a ‘speed-accuracy trade-off’, and none was found. 

Furthermore, as described in Chapter 3.3.3.2, previous work performed in the JK lab had 

recorded higher trajectory velocities than were recorded in these studies (Cortes et al., 

2017), leading to concerns that patients were not performing the task fast enough to be sure 

a strength requirement was not contaminating motor control. JG has considerable 

experience with numerous robotic manipulandum, and testified that the 2D-robotic 

manipulandum used in this study is relatively ‘old’ and ‘heavier’ than more modern apparatus 

such as that installed in the JK lab. Sure enough when AD then scrutinised the HC-group data, 

it became apparent that even the youngest healthy adults were not achieving the trial 

velocities that JK had been expecting (discussed in Chapter 3.4.1.2 and illustrated in Figure 

3.18).  This then led to the re-analyses of the whole kinematic data set using the velocity-

stratification criteria described in detail in Chapter 3.3.3.2.  

When the same trends towards improvement following treatment in the chronic stroke 

patient intervention group remained evident in the kinematic data after trials were velocity-

matched, attention then turned to whether or not this could be due to online feedback 

corrections, as opposed to a true improvement in execution of the planned movement.  JG 

suggested a further more fine-grained analysis of the primary outward submovement to 

answer this question, and JK concurred that examination of the primary outward 

submovement of the ‘fastest’ trials would represent the ‘purest’ assessment of motor control 

that could be derived from these data. 

Finally, due to the large number of kinematic and clinical variables, and the high degree of 

covariation between them, the multiple linear regression mixed model analyses were 
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performed using the velocity-matched trials to see whether or not strength regressed out as 

a key predictive variable for changes in kinematic measures. 

The same analyses routines were then performed for all the kinematic data obtained from 

the QSUL-group, SC-group and HC-group, leading to the large volume of results presented in 

this thesis.  As discussed in Chapter 6.3.1, novel methods of trajectory analyses such as the 

AMD2 method developed by JK and Prof Jeff Goldsmith would have overcome some of these 

issues to some extent, allowing for more streamlined analyses. 

Overall, the key point here is that the numerous sequential analyses routines undertaken for 

these kinematic data were not to generate additional results, but to scrutinise the original 

results obtained and ensure their robustness.  

 

The final point to make as regards the results presented in this thesis are that the statistically 

significant differences in motor control described with increase in age in healthy individuals, 

between the dominant and non-dominant arms in healthy individuals and indeed in the 

impaired arm before and after treatment in the chronic stroke patients are very small in 

absolute terms, and may not translate to a visible difference in upper limb motor control 

between an elderly and a younger adult in ‘real life’.  During the planar reaching task, the 2D 

(x, y) position of the hand in the robotic manipulandum was collected at a sampling rate of 

200 Hz, which gives a very precise measure of movement quality and allows the detection of 

differences which would otherwise go unnoticed (Figure 5.1(a-b)).   

This was demonstrated in the QSUL-group through multiple linear regression mixed models, 

when the changes seen in kinematic measures following treatment did not influence the 

changes seen in clinical scores of motor impairment, function and activity.  Indeed, the 

separable components of motor impairment were discussed in Chapters 3.4.2.2 and 3.4.2.3.  

As described in Chapter 5.4.5, the HC-group were not assessed on a functional task in this 

study, and this should be considered in future work. 

However, the kinematic results demonstrate reliable trends, both in healthy individuals and 

chronic stroke patients, and while small in absolute terms, these significant differences may 

scale up in ‘real life’ scenarios where motor control is challenged such as when elderly adults 

are required to perform a new motor skill, or during recovery from motor impairment after 

a stroke, and considerably impact motor performance. 

 



6 General Discussion  

 

 
313 

 

6.10  Conclusion 

The key messages of this thesis can be very simply distilled as follows: - 

1. The potential for behavioural restitution in chronic stroke patients exists, if they are given 

adequate treatment. 

2. Motor control should remain a treatment target well into the chronic phase of stroke. 

3. An individualised approach to rehabilitation is required for all patients, and should 

encompass a detailed assessment of the separable components of motor impairment, 

appropriate goal-setting and targeted treatment. 

4. Both upper limbs (‘impaired’ and ‘normal’) should be assessed and treated after stroke. 

5. Patients will need even more treatment to regain motor control on a level with healthy 

individuals.  

This thesis constitutes an important step towards the much-needed advancement of chronic 

stroke services and upper limb neurorehabilitation.  It has demonstrated for the first time 

that behavioural restitution can occur in chronic stroke patients, in addition to the well-

described gains in strength, range of motion and compensatory movement strategies which 

contribute to improvements on clinical scores of impairment, function and activity.  In so 

doing, this refutes the current consensus that further motor recovery is not possible in the 

chronic phase of stroke and challenges the rationale by which stroke rehabilitation services 

are currently delivered worldwide:  Chronic stroke patients can recover, if they are given 

complex treatment at a high enough dose and intensity.  Motor control should therefore 

continue to be targeted with treatment well into the chronic phase of stroke.  Only this will 

allow recovery of best motor performance, and ultimately minimise disability and 

dependency to the greatest possible extent.  Such treatment currently exists in aspirational 

single-centre services like QSUL, but should be widely available to all stroke survivors. 

Stroke affects people of all ages, but many stroke survivors are in the elderly population and 

this thesis has also demonstrated the decline in upper limb motor control that occurs with 

the normal ageing process, and explored how this might impact on subsequent capacity for 

motor recovery following a stroke.  Age should not preclude treatment, but further reinforces 

the importance of treatment interventions such as QSUL, where treatment is complex (not 

restricted to a single element) and individualised to each patient.  In addition, the 

performance gap between motor control in the HC-group in this study across all ages, and 

motor control in the normal and impaired arms of the SC-group and the QSUL-group before 
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and after treatment is striking and raises two points:  The normal arm of stroke patients 

should also be assessed and treated, just as for the impaired arm, and both arms require 

significantly more treatment if they are to return to anywhere near the level of motor control 

in the HC-group. 

This chapter has considered the many ways in which the work itself could be expanded and 

improved upon, and how future studies can address and incorporate these points.  Future 

studies should build on these results and continue to test interventions which target motor 

control at doses that are likely to result in meaningful change, and use outcome measures 

which allow behavioural repair to be assessed.  Study protocols should be designed in line 

with the SRRR taskforce recommendations, making use of the latest technological advances 

for measuring 2D and 3D movement kinematics and employing novel methods of trajectory 

analyses such as AMD2 to derive results, ultimately allowing collaboration across sites to 

increase sample sizes and robustness of results.   

Stroke rehabilitation remains a beacon of hope for stroke survivors (Kwakkel et al., 2017) 

when the need for effective, efficient and equitable stroke rehabilitation could not be more 

urgent and should be a reality for all stroke survivors.  While it might be considered 

impossible to deliver such treatment interventions in current healthcare settings, the role of 

clinical research is to challenge current practice and reshape clinical services to make them 

better, and the results presented in this thesis do exactly this.   

Hyperacute stroke services have been radically transformed over the past decade, in a way 

that was once also considered impossible, and the number of stroke survivors with chronic 

upper limb motor impairment and multiple co-morbidities which further complicate stroke 

recovery is increasing as a result.  In addition, the annual incidence of stroke continues to rise 

(Feigin et al., 2022) due to an ageing population, increasingly sedentary lifestyle and growing 

incidences of stroke risk factors such as hypertension, diabetes, hypercholesterolaemia, 

cardiovascular disease and smoking (Donkor, 2018).  Stroke already costs the NHS around £3 

billion per year, but the additional cost to the economy in lost productivity, disability and 

informal care for chronic stroke survivors is around £4 billion (NHS England, 2018).   

Chronic stroke services and neurorehabilitation are a crucial part of every stroke survivor’s 

journey, but often overlooked in comparison with the hyperacute phase.  It is now time for 

the urgent similar advancement of chronic stroke services and upper limb 

neurorehabilitation and this work is an important step in the right direction. 
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