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Approximately 780,000 cases of new or recurrent incidents of stroke are reported yearly, 

and about 2/3 of individuals surviving stroke have residual impairments within the upper 

extremity.  Numerous outcome measures exist to evaluate movement execution post-stroke, yet 

these measures are very subjective and lack the ability to quantify movement composition.  

Additionally, there is a paucity of research examining movement kinematic changes due to 

differences in parameters by severity of impairment after stroke. 

This research study examined reliability and consistency of five movement parameters of 

healthy controls, and individuals with mild and moderate impairment due to stroke.  Kinematic 

analysis was used to analyze reaching to touch and reaching to grasp tasks.  Kinematic variables 

included: movement time, peak velocity, index of curvature, trunk displacement, maximum 

aperture and percent of movement cycle where peak aperture occurs. 

Individuals with mild impairments demonstrated excellent reliability for all variables, 

while individuals with moderate impairment were slightly less reliable.  In contrast, controls 

were highly variable.  Variables producing lower reliability values (low ICC) included 

movement time, peak velocity, and maximum aperture. 
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The control group performed movements all task conditions more quickly, with higher 

peak velocities and straighter hand paths utilizing less trunk displacement than both groups of 

participants with stroke.  Individuals with impairments due to stroke were able to perform the 

movements according to the varying task constraints.  However, the two groups did not differ 

from each other except for peak velocity when performing reaches at different speeds and 

grasping different size objects.  A clinically important finding is that the participants with stroke 

were able to increase aperture in order to grasp objects, regardless of severity of impairment.  

However, individuals with mild impairment had larger aperture values than both the control and 

moderate impairment group.  These values were similar for both the average and larger size can. 

This study was an attempt at establishing reliability in kinematic measures of an upper 

extremity model within the Human Motor Performance Laboratory.  Further research is 

necessary in order to investigate the contribution of joint segments to movement production, 

additional measures such as smoothness metrics, and the inclusion of larger sample sizes.   
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CHAPTER 1 
BACKGROUND AND SIGNIFICANCE 

Introduction 

Stroke is one of the most prevalent and disabling conditions observed worldwide.  

Approximately 780,000 cases of new or recurrent incidents of stroke are reported within the 

United States each year.1  Stroke is the leading cause of serious long term disability within the 

United States, and although stroke is documented as the third leading cause of death, the 

mortality rate has declined over the past several years.2, 3  This has lead to an increase in the 

number of people requiring rehabilitation.4  About 2/3 of the individuals surviving stroke have 

residual deficits with one of the most common being upper extremity hemiparesis.  It has been 

reported that 1/3-2/3 of people surviving stroke may no longer be able to use the affected upper 

extremity, therefore relying on primary use of the lesser affected upper extremity or substitution 

of alternate movement patterns within the more affected upper extremity.3, 5  Due to this high 

prevalence, the impact is felt not only on the lives of those living with stroke, but also on 

families and society as a whole.6-9  

One of the challenges rehabilitation professionals are faced with is what type of 

interventions may facilitate the recovery of movements that are as functional as possible. 

Because of upper limb impairment, most individuals with stroke will use alternate compensatory 

strategies in order to accomplish a task.10  Therapists may tend to focus on teaching the 

individual to use alternate movements in order to perform activities of daily living.  However, 

most are concerned with restoring movements that are as normal as possible.11  The use of 

alternate movement patterns may promote weakness in the upper extremity muscles and may 

ultimately be detrimental to the recovery process by inducing secondary complications such as 

contractures, weakness and pain.12   
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Restoration of “normal” movement requires the ability to delineate and quantify when 

movement patterns deviate from normal and to measure when they are progressing towards 

normalcy and when they are not.12  Providing the best intervention for promoting motor recovery 

requires the ability to apply targeted interventions to those areas that most strongly deviate from 

normal.  Because movement patterns and abnormalities of movement may vary according to 

task, an understanding of how differing task demands impact movement patterns after stroke is 

necessary.  The overarching initial question should be focused on examining movement 

characteristics of individuals with stroke while completing various tasks.  This may further lead 

to the understanding of whether or not the completion of tasks may be performed in the same 

manner with the same efficiency as before the neurological insult and in which compensatory 

movements are used.5, 13, 14  Then, it may be understood what parameters may be altered and 

what the intervention should focus on improving.  

While numerous outcome measures presently exist to evaluate movement execution and 

production, most rely on subjective clinical assessments typically providing information 

regarding such things as speed of goal completion.15-17  These outcome measures do not have the 

resolution to distinguish between true recovery of motor control or compensation of movement 

production and lack the ability to detect subtle yet potentially crucial changes in movement 

composition.11, 18  Therapists may be able to better understand the mechanisms underlying the 

deficits post stroke by incorporating objective quantitative measurements, such as kinematic 

analysis.  Quantification of movement may provide a more robust measure of recovery and may 

be used to augment clinical evaluations.15, 19  Kinematic analysis of upper extremity function post 

stroke is one such measure that can provide as both an evaluative and discriminative measure.   
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Multiple studies have yielded information about how upper extremity movements are 

altered post stroke, and a few have incorporated kinematic analysis pre and post intervention.12, 

15, 16, 19-37  However, little information exists to date on the psychometric properties of three-

dimensional kinematic analyses, particularly upper extremity kinematics, where there is a 

paucity of reliable measurement techniques for upper extremity motion analysis.17, 18  Only two 

studies have been found to date that report test-re-test reliability for upper extremity 

kinematics.15, 17  Reliability is particularly important to establish when using kinematics as 

outcome measures for intervention studies because a “change” observed in a measure may not be 

representative of change due to treatment, but rather measurement error if the assessment tools 

are not reliable.38, 39  In order to adequately determine whether interventions are promoting motor 

recovery, or that change in movement production may be a result of treatment, measurement 

methods need to demonstrate test-retest reliability. 

The purpose of this research study is to compare movement quality and composition in 

individuals with and without stroke while performing varied tasks.  The goals of the study are to 

examine both consistencies of measures, as well as to compare strategy of movement used by 

individuals with and without stroke under varied task constraints.  This will be accomplished by 

measuring several kinematic variables from three dimensional (3-D) motion analyses. The 

kinematic analysis will provide understanding  regarding the quality of movement produced and 

if the movement strategies used by individuals with stroke in these tasks are similar to that of 

healthy controls or are substitutions of alternate compensatory movement strategies.5  Two 

groups of individuals (mild to moderate impairment) with stroke will also be observed in order to 

determine how level of motor impairment also affects the consistency and types of movement 

used to accomplish a goal.  This dissertation will provide a detailed description of the theoretical 
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rationale for why changing task demands may alter movement patterns, reaching characteristics 

as it applies to healthy populations and individuals with stroke, and literature review of studies 

incorporating kinematic analysis of reaching as a measurement outcome. 

Theoretical Framework 

The human motor system is complex and highly adaptable, and has the ability to adjust 

movement patterns according to changes within the environment as well as task goals.40  Motor 

skill acquisition has been examined from two schools of thought: the traditional approach and 

coordinative structure orientation.  The traditional approach views skills as developing as a result 

of a “prescribed” program present within each individual, and motor programs are pre-structured 

sets of motor commands that are constructed at the highest cortical levels converging to lower 

levels in order to execute a movement.41, 42  In contrast, the coordinative approach views  the 

development of coordination and control as emergent from the interactions of various 

components within a system of chaos.41, 43  This phenomena is described by the dynamical 

systems approach.41, 43 

Dynamical Systems Theory 

 The dynamical systems theory is a framework to describe performance-orientated 

biomechanics.  Dynamical systems approach dates back to almost a century, but has only been 

recently applied to the movement sciences to describe the emergence of coordination and 

control.41  This theory relies on the tenet of “self-organization,” referring to the ability of the 

human motor system to spontaneously adjust itself under certain controlled conditions.  

Functional movement must have four characteristics: flexibility, meaningfulness, consistency 

and modifiability.  The action must also exhibit coordination (constraining movement into 

smallest amount of degrees of freedom) and control (manipulation of the coordinated pattern of 

movement).  Movement patterns emerge through organization and interaction of subsystems, 
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while coordination reflects effective manipulation and assembly of joints and muscles synergies 

into functional units of action.  These units of action are based on a continuous stream of sensory 

information yielded by movement performance.42 

 Variability in movement, from the dynamical systems perspective, arises from the 

abundance of degrees of freedom comprising the human motor system.  The degrees of freedom 

problem was first introduced by Bernstein in 1967, which simply describes coordination 

resulting from mastering the degrees of freedom to the minimum number required to 

successfully accomplish the goal of specific task.22, 44, 45  According to Bernstein, the individual 

“freezes” or “unfreezes” the degrees of freedom of a particular joint to achieve a goal.  

Movement, according to Bernstein’s conceptual ideas, is a natural phenomena resulting from the 

interaction of the brain, movement system and environment.45  The individual must self organize 

spontaneous pattern formation between the interaction of these parts, and this self-organization is 

manifested as transitions between states as the individuals strives to achieve a coordinated 

movement pattern.46  Changes in task or environmental demands require the motor system to be 

flexible in order to select the coordinative structure appropriate to meet the task demands; 

however, stable output must also be achieved.46, 47  There are four essential concepts in the 

dynamical systems theory: constraints, self organization, patterns and stability.41  The concept of 

constraints is important to study due to its influence on movement coordination and the 

emergence of movement patterns.  

Constraints  

 The role of constraints and influence of behavior may be noted in such areas as 

psychology, recreation and leisure, and motor development.  Constraints are viewed as barriers 

that may hinder involvement, performance or development of movement patterns, and may have 

profound impact on the individual.  In recreation and leisure, constraints are viewed as those 
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factors that would impede participation in an activity and have been described as structural, 

interpersonal and intrapersonal.48, 49  In sports medicine and motor learning, constraints have 

been described as external or internal factors that influence the motor action exhibited.  

Individuals constantly strive to master constraints in order to produce optimal movement 

patterns.50  Rehabilitation approaches must recognize that individuals have unique movement 

systems shaped by many constraints, and performance of tasks may be better viewed as emergent 

and functional due to the many influences of constraints the individuals must satisfy.46  Many 

types of constraints exist that may shape the behavior of a dynamical system, and Newell 

categorized them as organism, task and environment.43, 46, 51 

Newell’s Model of Constraints 

Newell examined stages of development in infants and children, and proposed the 

importance of examining constraints that may affect movement output.43, 51-53  He proposed three 

variables (organism, task, and environment) that are the key source to constraint input, and the 

interaction of these components leads to the emergence of the optimal pattern of movement for a 

particular situation.43, 51  An illustration is presented in Figure 1-1.51 

In motor behavior, movement arises from a system surrounded by constraints, and may be 

examined at each level: organism, task, or environment.41, 51  Organism characteristics, or 

internal constraints, may include such things as body anthropometrics, biomechanical 

characteristics, cognitive and emotional attributes, and other structural and neural components.51, 

54  The second group of constraints is viewed as external constraints, and these are the limitations 

imposed by the environment in which the action is performed as well as the tasks to be 

accomplished.  Environmental constraints may include factors external to the individual such as 

gravity, temperature, and cultural factors.  Finally, task constraints may include the goals, rules 

and machines influencing the performance of the action.51  Motor control in an individual is 
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explained by the interaction of the external and internal constraints, and the objective of motor 

rehabilitation is to understand  the how the nervous system responds to these constraints in 

individuals with neurologic dysfunction.54  Dynamical systems theory views coordination and 

control developing by mastering the numerous degrees of freedom so that the desired inter-joint 

coordination pattern is selected to reach a goal.22  However, numerous strategies may be selected 

leading to movement variability, and it is important to analyze the manner of movement 

execution of simple motor tasks.23   

Understanding variability in movement has been a challenge for researchers and 

clinicians.  Variability of movement may occur due to fluctuations within the system, and maybe 

measured by variance of motor output.  However, within the dynamical systems perspective, 

variability may be viewed as a result of exploratory behavior of the motor system adapting 

responses to changing environmental or task demands, with the latter providing a better 

understanding of variability.41, 55  Task constraints dictate the specific response dynamic, affect 

the final shape of the movement and marshal the system into the behavior we observe.41, 51  

Changing task demands or constraints may provide further insight into understanding functional 

movement solutions in healthy individuals as well as those individuals with altered nervous 

systems.  The nature of variability of movement driven by the interaction of various constraints 

on actions can provide insight into the system dynamics for a particular performer, under a 

specified set of task constraints.55  From this perspective, intra and inter variability in movement 

performance may have a positive role and maybe viewed as a function of learning and 

development.46  

Constraints Application to Alternate Populations 

While the application of the constraints model has primarily focused on infants and 

children, and much research has been conducted on motor performance of healthy individuals, it 
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is important to examine how the nervous system reacts to various constraints to produce motor 

behavior after neurologic insult.54  After neurological insult, the system is thrown in to more 

chaos and it is not clearly understood how mechanisms interact to produce functional 

movements.  It is also not clear as to whether or not the individual is able to build off of previous 

motor programs, or if he must “re learn “ the movement pattern.   

Researchers note that constraints present both internally and externally interact and may 

be potential contributors to movement production; however, a paucity of research exists on how 

this may affect clinical populations.54  Learning or adapting motor behavior to produce a 

functional movement relies on the mutual influence of the task, environment and organism, with 

the latter component being drastically altered due neurologic insult, such as stroke.16  It is likely 

the individual may have adapted a new coordinative after experiencing a neurologic insult, or 

that the individual may not be able to adapt the movement according to the demands of the task.  

It is crucial to examine this pattern and how it changes by altering the constraints placed on the 

goal.   

Individuals with stroke at varied levels of disability performing various tasks under 

different constraints may produce different patterns of movement that may have emerged due to 

the organism constraints as compared to healthy controls.  Alteration of the goal of the action, or 

change in task demands, may yield an emergence of a specific motor pattern to satisfy those task 

constraints.56  Examination through the constraints model may ultimately assist in developing 

therapeutic interventions aimed at improving coordinative patterns to become more functional.  

Since coordination and control patterns emerge due to the interaction of the organism and task 

constraints, these properties should be taken into account when making clinical decisions 
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regarding movement performance and evaluations.54, 57  This dissertation will now examine the 

concept of constraints and application to a common everyday action: reaching.   

Characteristics of Reaching 

Reaching is referred to as the voluntary positioning of the arm and hand by an individual 

near a location so that it may interact with the  surrounding environment.26  Reaching is a very 

complex motion that requires the integration of visual information about the intrinsic and 

extrinsic properties of the object that is being reached for, as well as the ability to coordinate the 

large number of degrees of freedom across multiple joints to complete the reach task.21-23, 26, 58-61 

The human arm contains seven degrees of freedom, and performance of everyday activities 

requires coordination among the muscles and joints of the upper extremity and mastering the 

degrees of freedom so that a coordinated motion produces a desired trajectory to accomplish a 

goal.22, 36  Before understanding the alterations in movement production for the reach to grasp 

task in individuals living with stroke, it is crucial to examine the characteristics of the reach to 

grasp task in healthy individuals. 

The reach to grasp action has been examined in numerous studies.3, 25, 56, 61-69  Movement 

planning requires the integration of several aspects: task specific properties, grasp strategy, and 

hand opening and location.59  Reaching to a target within arms length involves the wrist, elbow, 

and shoulder, while further targets also require the movement of the trunk.  In healthy people, the 

joint motion during reaching is similar for any given start and end position.26, 56, 59  In order to 

reach for a particular object in a particular space, neural processing allows for the transformation 

of visuospatial information about the location of the object into motor commands which specify 

the type of force and motion needed by the joints in muscles in order to bring the hand to the 

location.70  
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Reaches are produced using both feedforward and feedback control depending on the 

accuracy requirements of the given task.26  Reaches are initiated (the transport phase) under 

feedforward control.26  Under feedforward control, sensory information concerning the spatial 

relationship between the upper extremity and object are used to plan the action to determine the 

spatial-temporal characteristics of the movement trajectory prior to movement initiation.26, 71, 72  

Information is used to anticipate disturbances to limb dynamics in order to plan the appropriate 

activation of muscles to produce this continuous ballistic movement.24, 26  The movement is 

typically performed without additional sensory information altering the movement.  The open 

loop, feedforward control system is responsible for the execution of quick skilled movements, 

and the movements may not be modified if an error occurs once they are initiated.  

Feedforward control is characterized by one acceleration and one deceleration phase in a 

continuous movement.  This results in a smooth bell shaped velocity profile with one major peak 

in the endpoint tangential velocity trace occurring halfway between the start and end of the 

movement.26  Fast velocity is noted during the initial phase of the movement, and fingers should 

become outstretched as the hand approaches the object.  Lower velocity values are presented 

consistently after 75% of the movement time has elapsed, and this is correlated with closure of 

the fingers at the end of transport.73  The hand paths during typical reach to grasp are straight or 

slightly curved.  They result from coordinated movements between the shoulder and elbow 

joints, with slight trunk displacement.26   

Grasping, the second phase of the reach cycle, occurs under feedback control.  The 

transport phase usually is produced with some error, such that targets, unless they are very large, 

are seldom contacted with this first feedforward movement.24, 26  Therefore, sensory information 

from the proprioceptors and visual system are used to make corrective movements to hone in on 



 

26 

the object in order to grasp it.  Feedback control allows the individual to correct discrepancies of 

how and where to place the arm and hand in order to achieve the task goal.24, 26  Feedback 

control is characterized by multiple accelerations and decelerations, and the velocity profile has 

several peaks.26  

The aperture, or opening, of the hand is scaled according to the object size.74  Grasping 

patterns will differ depending on such things as weight and size of the intended object.32, 35, 59, 61, 

75, 76  Larger sized objects require greater aperture and will affect transport and hand 

orientation.10, 26, 30  Larger size objects may lead to an increase in average velocity as well as 

aperture.10, 59, 61, 75, 77, 78  Peak aperture tends to occur between 55 and 75% of the movement 

time.73  Movement kinematics will alter as a result of changes in not only target size, but also 

shape and location, whether or not the reach is unimanual or bimanual and the speed of 

performance.3, 25, 32, 56, 62-69, 73, 79, 80  The individuals must perceive the task specific properties 

(intrinsic and extrinsic) in order to select and plan proper hand location and orientation.59  It has 

also been demonstrated that the intention of what will occur after the object is grasped may alter 

movement strategies.59   

Post Stroke Reaching Changes 

The hemispheric damage with stroke results in deficits in the ability to produce smooth 

and accurate arm movements, and the individual typically exhibits movements that are 

characterized by weakness, abnormal muscle tone and movement synergies, abnormal postural 

adjustments, and restricted active moments at the joint segments of the affected upper 

extremity.10, 25, 28  Damage post stroke produces movements that are not controlled and 

coordinated, and may be relational to the area where the stroke has occurred.81  For example, the 

basal ganglia is crucial for scaling specific movement parameters such as amplitude and velocity; 

the cerebellum is important in error detection and correction; and the motor cortex is crucial for 
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the planning and execution of motor actions.  Lesions within these areas will lead to motor 

deficits; for example, a lesion within the cerebellum will lead to limb ataxia such as 

dysdiadochokinesia and dysmetria.81  Examination of these movements in relation to level of 

impairment may yield insight into movement production strategy.  

While reaching deficits post stroke vary according to motor impairment, there are some 

generalities to these movements after stroke.82  Generally, the reaching movement post stroke is 

less precise, slower, and more variable in movement time.22, 26, 67, 83  There are smaller joint 

excursions and coordination patterns are disrupted; muscular forces are generally decreased.21-23, 

25, 31, 75, 84  

Movement trajectories are also altered, and movement paths are more variable and less 

smooth.19  In order for the hand path to be straight, as demonstrated in healthy individuals, there 

has to be simultaneous rotation of the shoulder and elbow and a near constant ratio of shoulder 

and elbow velocities.  A deviation from a linear hand path trajectory may demonstrate decreased 

coordination which is characteristic for an individual with stroke.26  Research has also 

demonstrated that individuals with stroke have difficulty decelerating elbow flexion and lack 

coordination between maximal shoulder velocity and the change in elbow movement from 

flexion to extension.  Often the movements exhibited by individuals living with stroke are 

dominated by one of two gross movement patterns.21, 25  Flexor synergy consists of shoulder 

flexion and abduction combined with elbow flexion, wrist extension, and forearm supination.  

Extensor synergy consists of shoulder extension and adduction with elbow extension, wrist 

flexion and forearm pronation. 21, 25   

Changes in velocity and acceleration during movement execution are typically altered 

after stroke.  The hand contralateral to the lesion typically produces a much lower velocity than 
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in healthy individuals and peak velocity occurs within the first 50% of the movement cycle.32  

Changes in the smoothness of movement are also apparent for individuals living with stroke, and 

there may be several peaks in the speed profile indicating many periods of acceleration and 

deceleration.19  The deficits exhibited may limit or prevent the individual from using the more 

affected arm and hand in activities of daily living, and primarily relying on the lesser impaired 

arm and hand.   

While healthy individuals may incorporate movement at the trunk to lean toward an 

object, individuals living with stroke tend to produce a much greater amount of trunk movement 

during the transport phase of reaching.20-23, 25-27, 29, 56, 58, 60, 65, 69, 82, 85-89  Unlike healthy 

individuals, the trunk is recruited even during the execution of a reach that is well within the 

arm’s length.20-23, 25-27, 29, 56, 58, 60, 65, 69, 82, 85-90  When performing a reaching movement, healthy 

individuals typically accomplish the goal by initially flexing the elbow and shoulder to raise the 

arm.  They then adduct the arm across the body and extend the elbow in order to reach the target.  

There is minimal trunk involvement of approximately 37.5 mm.21  However, individuals with 

stroke were observed initially flexing the elbow and shoulder and moving the trunk to reach for 

the target, rather than adducting the shoulder and extending the elbow producing approximately 

110.2 mm of trunk displacement.21  This may be due to the central nervous system’s accounting 

for the biomechanical restrictions of the affected limb in motor planning and execution, and the 

development of a new coordinative structure which relies on the trunk.10, 27-29  A decrease in 

trunk displacement may be indicative of improved coordination of the shoulder and elbow.  

Changes in the size and location of targeted objects also results in greater alterations in 

the movement produced by individuals living with stroke compared to those of healthy adults.54, 

59, 61, 74, 80, 91  Velocity and transport time are altered as well as angular and linear displacement 
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values and finger aperture.  Decreasing the size of an object increases accuracy demands altering 

movement execution, while transport time increases with increasing object size.  Grasp aperture 

also changes: individuals with stroke increase aperture size with larger targets to a larger extent 

than healthy adults and the maximum aperture also occurs earlier in the movement than is 

observed in healthy adults.32, 35, 75, 92-94  However, while a majority of studies have examined the 

reach component; only a few have analyzed the grasp component or have done so independent of 

the reach.10, 75  

Michaelson and colleagues examined grasping parameters in individuals with stroke to a 

35mm can, and the results showed that the major characteristics of reach and grasp were 

preserved, but that there was heavier reliance on incorporating the trunk to complete the goal.10  

Lang and colleagues also found differences for individuals with acute hemiparesis due to stroke 

as compared to healthy controls for reaching to grasp a 38mm diameter object.  These 

researchers examined reaching and grasping at movements made as fast as possible, and 

individuals with stroke had greater impairments for grasping as compared to reaching.75  

Examination of reach to grasp, and particularly the grasp component has generally produced 

alterations in movement patterns, but the research has been limited and stressed the need for 

further investigation into such parameters as alterations of object size. 

Jeannerod and colleagues  (1994) demonstrated that grasp aperture was grossly 

exaggerated for smaller objects as compared to larger sized objects in an individual with a stroke 

located in the posterior parietal lobe.  These investigators suggested that individuals with stroke, 

particularly within the parietal lobe, have impaired ability to calibrate the grip size as a function 

of object size.92   
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Nowak (2007) found that individuals with stroke possessed deficits with timing and 

scaling aperture size to object size in bimanual reach to grasp conditions, and severity of 

impairment was independent of the hemisphere affected.  These researchers also found that peak 

aperture occurs earlier in the movement for individuals with stroke.94   

Van Vliet and Sheridan (2007) observed changes in reaching and aperture as a result of 

changing both speed of movement to complete the task as well as object size in individuals with 

stroke.32  The instructions were to pick up a cup of water and take a drink at a comfortable speed, 

and as fast as possible without spilling water in 2 different sized cups (6 and 7 cm diameter) of 

differing height and weight.  The results showed larger aperture sizes for movements occurring 

at faster speeds and grasping larger objects; however, these investigators stressed the need for 

examining objects of larger size difference (other than 1 cm). 32   

The effect of adding a grasping component to reaching has been shown to produce faster 

reaches in healthy individuals but more variable movements in individuals with stroke.75  Peak 

aperture in healthy individuals occurs after maximum transport speed, and within 55-75% of the 

total movement time, however, people living with stroke demonstrate altered timing sequences 

even for average size objects.75, 91  Changing the task demand by increasing the size of the object 

to be grasped may produce further alterations in movement strategies in order to accomplish the 

goal. 

Finally, movement may be affected by changing the difficulty of the task.  Difficulty may 

be altered in many ways, including changing location, size, and speed of movement required to 

complete the action.95  Performance at faster speeds may demonstrate more pronounced deficits 

in spatial errors and lower peak velocity in individuals with stroke. This may be due to the 

increase in accuracy demands of moving at a fast pace, which may be more pronounced in the 
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reach tasks, particularly when reaching to touch a target of a specific size.75, 91  This may also be 

due to increased stiffness in the joints and spasticity leading to more difficulty in completing a 

task quickly.31, 75 

In summary, the reach to grasp action in individuals living with stroke demonstrates many 

alterations in movement profiles.  Changes occur in velocity and smoothness of motion. 

Kinematic variables provide greater detail about the movement pattern than observation alone 

and have been widely studied to assess post stroke-changes; however, these variables have not 

been systematically examined in relation to changes in task constraints and their relation to 

severity of impairment due to stroke.10, 12, 21, 22, 25, 30, 54, 62, 69, 78, 84, 93, 96, 97  Studies of reaching post 

stroke have incorporated a broad range of experimental designs in order to assess both reaching 

and grasping movements post stroke.  There has not been a consistent methodology present 

within the literature to demonstrate what happens to movement composition after alteration of 

task constraints.  The majority of studies to date have focused on reaching to targets in the 

ipsilateral verses contralateral workspace, reaching with a trunk restraint, and few have examined 

prehension; few studies that examined reach to grasp at differing speeds for different shaped 

objects,17, 32, 34, 54, 75, 92  Previous studies also have examined the influence of speed and accuracy 

on outcome measures and had a broader range of task goals which may have a more profound 

effect on the movement parameters exhibited.  Additionally, few studies incorporated healthy 

participants as controls.  The use of kinematic assessment of movement composition has recently 

gained increased interest,18 but almost no studies have examined these variables for test-re-test 

reliability.17  This is important for accurate descriptions of movements post stroke and critical for 

using such measures as outcomes in clinical trials. 
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While recovery from a neurological insult, such as stroke, may be clinically observed, the 

extent of the recovery is highly variable and individualistic.2, 98  There is an increase in the 

application of kinematic analysis to identify movement patterns post stroke as well as to 

demonstrate changes post intervention, yet little to no studies report the reliability of these 

measures.17  Establishing reliability of the metrics used in motion analysis is the first crucial step 

to support or negate the use of kinematics as an evaluative tool to assess change in upper 

extremity performance pre and post intervention.17  Kinematics of lower limb function and 

production has established validity, but upper extremity analysis in stroke is still fairly new.  

There are many evaluation tools available to researchers and therapists, yet there is a crucial need 

to implement evaluation methods that provide more accurate and reliable analysis of upper 

extremity motion.15, 17   

Additionally, it is also imperative to examine separate groups based on level of deficit, 

because treating a heterogeneous group as a homogenous group will conceal a lot of information 

about movement kinematic patterns.36, 99  Examining kinematic measures may lead to better 

understanding of movement production and strategy in populations with stroke of different 

severity of impairment performing tasks of varying constraints.  This initial step is crucial and 

future studies may begin to incorporate these measures to understand more concretely 

rehabilitation outcomes and whether or not improvement in performance is resulting in more 

“normal” coordinative patterns, or substitution of a compensatory new pattern.12, 19, 30, 100-102  

Summary 

The ability to perform purposeful movements, such as reaching, is clearly disrupted post 

stroke, and the degree of ability to perform such tasks may be different for those individuals with 

mild to moderate deficits from stroke.  Movement kinematics may provide detailed, structured 

quantification of movement performed by these populations.  However, research incorporating 
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these outcome measures has failed to include measures of reliability; a crucial factor to examine 

before incorporating this methodology pre and post therapeutic intervention.  Changes in upper 

extremity motor performance may not be due to treatment, but rather due to measurement error.  

Establishing reliability prior to inclusion in intervention studies will allow the researcher to 

support the use of kinematic analysis as a method determining change as a result of the 

intervention.  Knowledge of lower extremity motion analysis has been widely studied and 

validated, while upper extremity motion analysis still remains unreliable and questionable.   

Movement production during reaching and grasping tasks varies according to severity of 

impairment.  Examination of the movement parameters while completing tasks of varied task 

constraints may provide understanding of the movement components utilized to accomplish a 

goal.  Furthermore, this understanding must extend to each group independently rather than 

examining the group as a homogenous sample, since it is well known that stroke is widely 

individualistic.  Understanding these parameters may then assist with the development of 

particular interventions for each deficit so that functional gains may be attained.  Examining 

these parameters before intervention will help in designing and implementing the most 

appropriate strategy by focusing on those movement deficits characterized by movement 

analysis.  Therefore, the purpose of this dissertation is to examine the reliability of kinematic 

measures of individuals with stroke across two severity levels and healthy controls, as well as 

provide detailed description of the movement components utilized during reaching and reaching 

to grasp of varied task constraints.  By altering the task constraints, particular response dynamics 

may emerge and it is important to examine the effect of changing the task constraint has on 

motor behavior while varying the organism constraints.41, 51  
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Specific Aims and Hypothesis 

Specific Aim 1:  The first aim of this dissertation is to examine the test-retest reliability of 

kinematic measures of both individuals with stroke and a healthy control group.   

 Hypothesis 1:  Kinematic measures of movement time, peak velocity, index of curvature, 

trunk displacement, thumb/index finger aperture, and time to maximum aperture will produce 

high reliability across Time 1 (T1) and Time 2 (T2).   

 Hypothesis 2:  Performance at T1 and T2 will not be significantly different. 

 Specific Aim 2:  The second aim of this dissertation is to test the hypothesis that kinematics of 

reach to point will be different depending on speed of task completion and severity.  Healthy 

controls and individuals with mild stroke performing reach to touch at a fast verses comfortable 

speed will display: 

Hypothesis 1: Shorter movement times than the more moderately compared group.  

Hypothesis 2: Higher peak velocity values than the more moderately impaired group.  

Hypothesis 3: Straighter hand paths than the more moderately impaired group. 

Hypothesis 4: Less trunk displacement than the more moderately impaired group. 

Specific aim 3:  The third aim is to test the hypothesis that test the hypothesis that kinematics of 

reach to grasp will be different depending on size of the object and severity.  Reaching to grasp a 

larger can will display: 

Hypothesis 1: Longer movement times especially for the moderately impaired group. 

Hypothesis 2: Lower peak velocity values especially for the moderately impaired group. 

Hypothesis 3: Less straight hand paths especially for the moderately impaired group. 

Hypothesis 4: More trunk displacement especially for the more moderately impaired 

group. 

Hypothesis 5: Larger peak aperture values occurring later in the movement cycle. 
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Figure 1-1  Newell’ s model of constraints (Newell, 1986) 
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CHAPTER 2 
METHODOLOGY 

Experimental Design 

 This study utilized a repeated measures cross sectional design of two groups of 

participants; those diagnosed with stroke and healthy controls.  The participants with 

stroke were separated into two subgroups by a median split of the Upper Extremity Fugl 

Meyer score: those with minimal (mild) and moderate motor impairment.103  

Participants 

 The participants in this study were 18 individuals diagnosed with stroke and nine 

healthy controls.  Individuals were recruited through inclusion in studies examining 

stroke as well as selection from a stroke database.  A table of demographics is presented 

in Table 2-1 for the healthy controls, Table 2-2 for the participants with mild impairments 

after stroke, and Table 2-3 for the participants with moderate impairment after stroke. 

This sample size was estimated through a power analysis conducted a priori utilizing data 

from a previous study examining the index of curvature variable  (a robust measure of 

smoothness) and changes occurring pre- to post-therapy in individuals with stroke.  It was 

determined that with alpha set at 0.05, and a sigma (standard deviation) value of 0.83, a 

one-paired t-test yielded 18 participants with stroke for a power of 0.80.104, 105  

 The inclusion criteria for this study for individuals with stroke included: (1) a 

diagnosis of a single unilateral ischemic stroke occurring at least 6 months prior, (2) 

between the ages of 18-90 years of age, (3) ability to follow a two-step command, (4) and 

have no other condition or active drug or alcohol use that would interfere with 

participation in this research study.  Individuals within this study were grouped according 

the mean of Upper Extremity Fugl Meyer scores.103  Therefore, 9 individuals were 
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considered to be “mildly impaired” with their Fugl Meyer score greater than 39 and the 

“moderately impaired” group consisted of 9 individuals with scores of 39 and below.  

 The healthy control group included a sample of convenience of nine aged 

matched individuals (within 10 years to 9 participants with stroke) that were 

neurologically and orthopedically intact, so that no alternate condition affected upper 

extremity performance.15, 75  The participants in the control group included staff at the 

Malcom Randall Veteran’s Hospital (VA) in Gainesville, Florida. The study protocol was 

part of two larger studies (IRB# 286-2005; 469-2007; PI Lorie Richards), and was 

approved by the University of Florida (UF) Institutional Review Board and the Veteran’s 

Affairs Subcommittee for Clinical Investigations.  

Procedures 

 Participants meeting eligibility criteria read and signed an informed consent.  

Each participant was evaluated in the Human Motor Performance Laboratory located 

within the Malcom Randall VA Center.  Each participant with stroke completed the upper 

extremity subscale of the Fugl-Meyer Motor Assessment.103  The participants were tested 

through kinematic analysis twice, at approximately 24 hours up to one week apart (T1 

and T2).  All participants received the same testing procedures at the two test sessions.  

Clinical measurements and kinematic data were recorded on data collection documents 

stored in a locked cabinet in the VA Brain Rehabilitation Research Center.   

Kinematic Testing 

The participants were evaluated through kinematic testing at each of the two test 

periods using three-dimensional (3-D) motion analysis and two analog video cameras.  A 

12 MX camera set-up was used to collect the motion analysis data (Vicon 612; Oxford 

Metrics Inc., Oxford, UK) at a sampling frequency of 100 Hz.106  Infrared light emitting 
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diodes were used to capture the movements.  An example of the set up for Vicon 

Workstation is shown in Figure 2-1. 

Markers maybe occluded during a movement by being blocked or covered by a 

body segment.  Numerous cameras assisted in preventing the disappearance of markers 

even when the upper extremity performed irregular movements.  Additionally, in order to 

obtain valid 3-D motion data, a marker must be seen by a minimum of three cameras 

throughout the entire motion.  Multiple cameras also allowed for the capture of more 

discrete fine movements, such as aperture.  

Prior to testing, the workspace and surrounding areas were checked for any 

reflections that may interfere with the collection, and all reflective objects were removed 

or covered.  The cameras were then calibrated for two separate recordings: static and 

dynamic.  A static calibration was performed by placing an L-frame on the right edge of 

the table, which determines the 0,0,0, (or x,y,z origin), and the trial is recorded for 

approximately five seconds.  Dynamic calibration is then performed by sweeping the 

space with a wand that had five markers secured to it. Camera calibration is crucial and is 

done so that the cameras may be orientated to each other as well as the entire space where 

the movement will occur.  

Midway through the study, the motion analysis system was changed to Vicon 

Nexus 1.3 (Oxford, UK).  This system allowed for higher efficiency, better resolution and 

faster sampling frequency (Nexus 1.3; Oxford, UK).  Data within this system is sampled 

at 200 Hz.  Data collected in Nexus required a new upper extremity data collection set up, 

as shown in Figure 2-2.  After initial setup, cameras were calibrated and data was 

collected through similar procedures as previously outlined.   
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Participant Preparation 

 Each participant was asked to wear a dark colored shirt or was provided a tank top 

to wear.  Anthropometric measurements (height and weight), hand dominance and age 

were recorded.  Spherical reflective markers were placed on various landmarks on the 

body, according to a marker set described by Software for Musculoskeletal Modeling 

4.21a2  (SIMM) (SIMM, Santa Rosa, CA) and a previously described biomechanical 

model.106, 107  Up to fifteen 3mm half reflective markers were secured to the fingers using 

eyelash glue.  Larger size markers (14mm) were placed on the hand, wrist, body, and the 

head using double-sided adhesive tape.  An example of the marker placement for the 

body is included in Figure 2-3 and for the hand in Figure 2-4.  The model for the marker 

placement was previously described and tested.106, 107  Arm length was measured from the 

acromion to the tip of the middle finger when the participant held the lesser affected arm 

directly out in front of them.  The targets were then placed at 80% of the arm’s length.  

This distance has been referred to as the “critical boundary.”56  Healthy individuals use 

only the joints of the arm to reach for objects within the workspace; they may lean 

forward with the trunk to obtain objects beyond the boundary.  Individuals with stroke, 

however, tend to rely on the trunk to assist in retrieving objects both within and beyond 

the workspace.21, 26, 56, 108 

Participants were seated on a backless bench with knees flexed to 90 degrees and 

feet flat on the floor so that the edge of the seat was flush with the dorsal pelvis.  The 

arms rested on a table in front of them and were placed on arm rests so that the elbows 

were bent to 90 degrees with the shoulder in a neutral position at 0 degrees of flexion.  

The palms faced down.  The table, bench and arm rests were adjustable so that they may 

be adjusted according to the anthropometrics of each participant.  The measurements of 
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the table and bench height were recorded as well as arm rest height.  This information 

was used to ensure that the measurements were the same for both test periods.   

Data Collection 

Once the setup was completed, the participant was seated and a static trial was 

captured.  The first static trial was collected in order to ensure all critical markers were 

visible, and this trial would later be labeled and entered into SIMM to create the model 

for the participant.  The participant was then instructed to reach for several targets during 

the testing session.  While several different upper extremity tasks were performed, this 

manuscript only considered the reach to target and the unilateral reach to grasp can 

conditions.  Specific directions were provided prior to movement, and movements were 

demonstrated by the instructor.  The healthy controls performed each task with their 

dominant hand first, and the participants with stroke used the lesser –affected hand to 

perform the task first.  Participants practiced each task once, and then performed the task 

three more times consecutively.  The average of these three trials was used for analysis.      

 Reach to touch was the first task completed by all participants.  The target was a 

tape mark placed midline at 80% of the individual’s arm length as previously stated.56  

The participant was asked to reach and touch the target with the hand first at his/her self-

selected comfortable pace, and then as fast as possible.   

The second and third tasks were the reach to small and larger can tasks. For the 

small can, an average sized soda pop (56 mm in diameter; 208 mm circumference) can 

was placed directly in front of the individual’s arm and hand at 80 percent of the arm’s 

length.  The can was placed on cardboard circles taped to the table to ensure proper 

placement prior to the beginning of each trial.  The participant reached for the can 

initially with the lesser affected extremity followed by the more affected extremity. The 
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task was then repeated using a larger can (85mm in diameter; 270mm circumference).  

The cans were both 1.0 pounds (0.45 kilograms).  For both conditions, the participant was 

instructed to reach for the can, grasp it, lift it up off of the table, and brings it back down 

as fast as possible.  The height of the lift did not matter so long as the bottom of the can 

was off the table, nor did the replacement of the position of can because only the reach 

and grasp components were of interest for this study.  Cans were replaced back to the 

original start position before each trial.  Participants were instructed to grasp the can from 

the side and not from the top.  Once the can was returned to the table, the participant was 

asked to return to the start position.  This task was also completed four times, with the 

first trial used as a practice. 

Kinematic Data Processing 

The initial system used to collect and process the data was the Vicon Workstation 

v.4.6.  Data were captured and reconstructed, and each marker was labeled manually 

using Vicon software.  Manual reconstruction was necessary in Vicon Workstation 

because each camera captured movements as 2-D, and this allowed for the image to be 

computed as 3-D.  Events were also marked, and this was specific to the movements of 

interest.  The events for this protocol consisted of three periods: start, touch and stop.  

“Start” was marked as the frame prior to movement initiation, and “stop” was marked as 

the frame where movement ceased to occur.  “Touch” varied according to condition.  For 

the reach to target condition, “touch” was considered to be the point were the index 

finger, or part of the hand, reached the target.  For the reach to grasp condition, “touch” 

was considered to be the frame just before the can was lifted.     

Once the data were labeled and events marked, they were filtered using a low pass 

4th order Butterworth filter with a cut off frequency of 10 Hz.  The filtered data were then 



 

42 

modeled using SIMM.  Additional kinematic analyses were performed using custom 

written Matlab program codes (Matlab R2007b, Mathworks Inc, Natick, Mass.) that 

calculated specific values, read in angle data calculated by SIMM , read the 3D position 

of every marker, and created plots and excel spreadsheets.  The spreadsheets consisted of 

various metrics obtained and values for each trial.  Data for the three trials were averaged 

and standard deviations were included.  This procedure was completed for the nine 

controls and ten of the participants with stroke. 

Data in Nexus were captured similarly, and cameras were calibrated using similar 

calibration techniques, but with methods specific to Nexus.  Data were reconstructed and 

markers were also manually labeled.  The labeled data were exported, filtered and 

processed.  Aperture data (distance between the thumb and index finger expressed in 

mm) was collected for all participants; however, only reported for twelve participants.  

Data collected within the Nexus system were clearer and markers were more readily 

visible due to the better camera resolution.  The markers on the fingers were not as 

clearly visible within Vicon Workstation, and tended to disappear more frequently.  This 

procedure was completed for eight of the participants with stroke. 

Data were entered into Excel and SPSS for analysis.  For the purpose of this 

study, only the more affected upper extremity was analyzed for individuals with stroke 

while the reported dominant hand was analyzed for the healthy controls, which has been 

reported in previous literature.10, 75  

Proposed Metrics of Study 

Motor performance in healthy individuals as well as individuals living with stroke 

may be measured in many different ways.  It may be examined by several variables, and 

individuals living with stroke tend to produce actions that contain many discrete sub-



 

43 

movements demonstrating less smoothness.19  The metrics of used to examine movement 

parameters with include: 

1. Movement time: onset to offset: amount of time measured from “start” of movement 
to “touch.” Onset is the time it takes the subject to perform their first initial reach for 
the target, and is defined as the point where velocity surpasses 5% of peak velocity; 
offset is the point at which velocity fell below 5% of the peak velocity value.  

2. Peak velocity:  is the point of the reach cycle during which the velocity is the greatest 
and corresponds to the changeover from acceleration to deceleration and the location 
in the profile is indicative of strategy.59, 83  The peak value also depends on the size of 
the target.10, 54, 61, 72, 74, 78  

3. Index of curvature: the index of curvature is the ratio of the actual hand path to a 
straight line.  It may also be referred to as the ratio of the actual path to the direct path 
as measured by the hand marker.  The direct path is the 3-D distance of the hand path 
from onset to offset, and the actual path is the 3-D displacement of the hand marker 
during the reach cycle.106  Lower values may demonstrate increased smoothness. 

4. Trunk displacement:  this is measured by a marker placed at T-10 and determines the 
displacement of the trunk during the reach cycle.  Individuals with stroke tend to lean 
forward more than healthy control participants when reaching due to deficits within 
the shoulder and elbow.16 

5. Aperture and percent movement cycle peak aperture occurs: this is the amount of 
displacement between the digits, and for the purpose of this study will be measured 
between the thumb and index finger.  Larger size objects require greater aperture and 
faster movement speeds will affect transport and hand orientation.  Peak aperture 
typically occurs within 55-75% of movement time and individuals with stroke 
demonstrate altered timing sequences.64, 73, 74  

Statistical Analysis 

Statistical analysis was performed on the values presented for each trial, and the 

mean and standard deviation was obtained.  Joint angle plots were also calculated to 

compare the movements of the extremities.  Specific calculations were performed 

according to each aim and whether or not the data were normally distributed.  Specific 

methods of analysis are described according to specific aims. 
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Specific Aim 1 

The first aim of this proposal was to establish the baseline stability and normal 

variance of the tests and measures. To test this, Intra-class Correlation Coefficient (ICC) 

and the Standard Error of Measure (SEM) was calculated.38, 109 The range of repeatability 

was calculated in order to determine the measurement error, which may be referred to as 

minimal detectable difference (MDD).  Paired t-tests were also used to compare means of 

the dependent variables across the two testing sessions for each of the 3 groups.  For 

those data not meeting the normality assumption, Wilcoxon pairs test was utilized. 

Specific Aim 2-3 

A 3x2 mixed model ANOVA with repeated measures on the last factor was 

performed on specific aims 2-3 for those data meeting the normality assumption.  

Specific aim 2 tested the hypothesis that kinematic variables will be different for the 

reach to target task depending on speed of the reach produced as well as severity level.  

Specific aim 3 tested the hypothesis that kinematic variables will be different for the 

reach to grasp task according to size of the can as well as severity level.  Friedman’s 

ANOVA’s were used to test for differences based on task requirements (speed of 

completion or object size) for the data that did not meet the normality assumption.  

Mann-Whitney U Tests were used to test for differences that may exist between groups.  

Wilcoxon paired test was used to assess differences within subjects among the two tasks 

that may exist.  Post-hoc analyses were performed when significant group differences 

were found. 

Description of Statistics Used 

Physical therapists and other clinicians typically use measurements to assess 

whether or not a client has changed before and after therapy.  It is assumed that changes 
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in performance are representative of a true change, yet realistically this change may be in 

fact due to measurement error.38, 39  Several measurements of the same quantity 

performed on the same individual may also not be the same due to variation within the 

person, measurement, or both.110  Establishing reliability of a measurement allows the 

clinician or researchers to infer that change over time is due to treatment.  Reliability may 

be measured in numerous ways, and it is important when determining which method to 

use to examine the limitations of each.  The intraclass correlation coefficient (ICC) is an 

index that ranges from 0.00-1.00 and reflects reliability among raters among two or more 

ratings.  It supports the generalizability model which accounts for the influence of 

specific parameters on measurement error (i.e. rater error).  The ICC represents relative 

reliability, or the relationship between two or more repeated measures on a particular 

variable.17, 111  An ICC of .75 and above is indicative of good reliability, and it has been 

suggested that clinical measures should exceed .90 in order to ensure that the reliability is 

reasonable; however, this depends on the variable being assessed and degree of precision 

within the measurement that is acceptable.17, 111  

 Another measure typically reported within the literature is the standard error of 

measure (SEM).  The SEM represents within subject variability and is a measure of 

response stability for the population of interest.39, 110, 111  It is representative of the 

standard deviation of repeated measurements.39, 110  The SEM is expressed in the same 

unit as the original measurement, and is calculated by taking the square root of the mean 

square residual error term from the ANOVA table.39, 110, 111 

 Finally, the SEM may be used to calculate the minimal detectable difference, or 

minimal detectable change (MDC) which represents the smallest difference that can be 
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detected between two measurements that is not due to error.  It is the magnitude of 

change necessary to exceed measurement error of two repeated measures and can be 

interpreted as the smallest amount of change that can considered about the threshold of 

measurement error, and scores surpassing this value may be representative of true 

change.38, 39, 110-112  The MDC is also referred to as repeatability. 110  
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Table 2-1.  Participant demographics / control group 
Participant Age Gender  Dominant Hand 

1 61 F R 

2 43 F R 

3 51 F R 

4 62 M L 

5 62 F R 

6 56 F R 

7 58 F R 

8 65 F R 

9 57 F R 

(M: 57.22 years; SD: 6.74) 

Table 2-2.  Demographics of participants with mild impairment / stroke 
Participant Age Gender Affected 

Side 
Fugl-Meyer Lesion Location Months Post 

CVA 
1 76 M L 41 Right middle 

cerebral artery 
102 

2 62 M L 46 Right M1, 
middle cerebral 
artery 

48 

3 70 F L 44 Right 
striatocapsular 
infarct 

131 

4 66 F R 58 Left 
middle/posterior 
cerebral artery 

102 

5 73 M R 45 Left medullary / 
brainstem 
infarct 

103 

6 76 M R 53 Left middle 
cerebral artery 

174 

7 55 M L 41 Right medial 
medullary 
infarct 

43 

8 66 M L 43 Right SCI 105 

9 70 M L 45 Right posterior 
cerebellar 
infarct 

98 

(Mean: 68.22 years; SD: 6.83 years) 
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Table 2-3 . Demographics of participants with moderate impairment / stroke     
Participant Age Gender Affected 

Side 
Fugl-Meyer Lesion Location Months Post 

CVA 
1 47 F L 35 Right basal 

ganglia 

7 

2 62 M L 27 Right middle 
cerebral artery 

118 

3 64 F L 31 Right lacunar 

infarct 

67 

4 62 F L 27 Posterior 
periventricular 
white matter 

19 

5 72 M R 38 Left lacunar 

infarct 

24 

6 77 M R 38 Left pontine 

infarct 

34 

7 72 M L 30 Right middle 
cerebral artery 

48 

8 68 M R 31 Left middle 
cerebral artery 

16 

9 78 M R 27 Left brainstem 
lacunar infarct 

162 

(Mean:  66.89 years; SD: 9.56 years) 

 

 



 

49 

 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-1.  Upper extremity Vicon Workstation set-up:  ▲ =  camera 
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Figure 2-2.  Upper extremity Vicon Nexus set-up: ▲ =  camera 
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Figure 2-3.  Upper body marker placement diagram 
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Figure 2-4.  Hand marker placement diagram 
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CHAPTER 3 
RESULTS 

Descriptive Statistics 

The data were entered into SPSS 16.0 (SPSS In., Chicago,IL,) and Microsoft Excel 

(Microsoft Corporation, Redmond, Washington) and the kinematic outcomes were analyzed.  

Means and standard deviations were calculated for each of the variables of interest, and are 

included in Table 3-1 through Table 3-6 and Figures 3-1 through 3-12.  The more affected hand 

of the participants with stroke was compared to the dominant hand of the control group.  The use 

of the dominant hand to compare to paretic hand has been reported within the literature, and may 

have less variability than the non-dominant hand.10, 75  The metrics included movement time 

(MT), peak velocity (PV), index of curvature (IC), trunk displacement (TD), and aperture (AP).  

Movement time was calculated from onset to offset, which was calculated as the time when 

movement surpassed or fell below 5% of the peak velocity.  This value is reported in seconds (s). 

Peak velocity is recorded in meters per second (m/s) and trunk displacement and aperture are 

both reported in millimeters (mm).  Index of curvature is unit-less. 

Reach to Touch Condition 

For the reach to touch task, controls consistently performed faster than both the high and 

low impairment participants with stroke.  Individuals with more moderate impairments tended to 

perform more slowly than those with mild impairments, even when asked to move as fast as 

possible.  Peak velocity was higher for controls and those with mild impairments for both 

comfortable and fast speeds as compared to individuals with moderate impairment.  Hand paths 

were straighter for the control group as compared to hand paths of individuals with stroke.  

However, participants with mild and moderate impairments had similar hand path trajectories for 

both the comfortable and fast reach to touch.  Trunk displacement was much greater for the 
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participants with stroke as compared to controls, and was greatest for those individuals with 

moderate impairment.  

Reach to Grasp Can Condition 

In the reach to grasp (small) task, controls consistently were faster with higher peak 

velocities, and performed the movement with straighter hand paths and significantly less trunk 

displacement than both groups of participants with stroke.  The individuals with mild impairment 

performed more quickly, had higher peak velocities, and slightly straighter hand paths as 

compared to those individuals with moderate impairment.  Additionally, the former group 

incorporated less trunk displacement. 

In the reach to grasp (large) task, controls produced straighter hand path movements more 

quickly, had higher peak velocities and incorporated significantly less trunk displacement than 

both groups of participants with stroke. Individuals with mild impairments performed quicker 

movements, had higher peak velocities, straighter hand paths, and used less trunk displacement 

than individuals with moderate impairments. 

Aperture was collected for all participants; however, due to poor marker visibility, peak 

aperture values could only be obtained for 12 participants (four control participants, four with 

mild impairment, and four with moderate impairment).  Controls had lower maximum aperture 

values than both groups of individuals with stroke.  The maximum aperture occurred between 

75-80% of the reach cycle, while participants with stroke had maximum aperture values 

occurring much earlier in the reach cycle.  The peak aperture values were smaller for both small 

and large cans at time 2 as compared to time 1.   

Eight participants with moderate impairment were included for trunk displacement.  For 

the participant with moderate impairment, the marker used to calculate trunk displacement (T-

10) was not visible during one movement, and trunk displacement could not be calculated.  Only 
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three participants with moderate impairment are included in the analysis for grasp large can for 

maximum aperture and percent movement cycle when maximum aperture occurred.  Motion data 

were not captured for this trial for one participant due to error in data collection and hard drive 

issues.   

Analysis of Specific Aims 

 For the following specific aims, all data were entered into SPSS and initially checked for 

normality through the Shapiro-Wilk’s test.  This test is a robust method assessing normal 

distributions regardless of sample size.113, 114  Data meeting the normality assumption (p<.05) 

were then analyzed through parametric analysis, and those data violating the assumption (p>.05) 

were then transformed through either log or square root transformation, and then checked again 

for normality.  If the variables still did not meet the assumption of normality, then the data were 

analyzed through non- parametric testing methods.114   

Specific Aim 1 

Specific aim 1 was to examine the test-retest reliability of kinematic measures of both 

individuals with stroke and a healthy control group.  This aim was achieved by examining the 

Intraclass Correlation Coefficient (ICC), the standard error measure (SEM) and repeatability of 

the measure (MDC).39, 110, 112  

 Hypothesis 1:  Baseline and pre-test measures of peak velocity, movement time, 

peak velocity, index of curvature, and thumb/index finger aperture will produce high 

reliability across two testing sessions.  Intraclass Correlation Coefficients (ICC) were 

calculated in accordance with the procedures outlined by Bland and Altman.17, 110  The results of 

the analysis are presented in tables 3-7 through 3-12.  Reliability was calculated using the ICC 

(2,1) model.  A One-way analysis of variance (ANOVA) table was generated and the standard 

error of measure (SEM) was calculated. The SEM (measurement error) = SDx X √ (1-Rx), but 
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also may be calculated by taking the square root of the mean square residual from the ANOVA 

table.110  Repeatability was calculated by multiplying the SEM by √2 x 1.96 or 2.77.  For 95% of 

pairs of observations, the difference between the two measurements for the same participant 

should be less than this value.110  ICC values within the range of .5-.6 are considered fair, .6-.7 

good, and above .75 are considered to be excellent.17   

 Only the variables meeting the assumption of normality were included in this analysis.  

The variables were analyzed within each group at Time 1 and Time 2 and for each task 

condition: speed (comfortable and fast) and task (grasp small and grasp large can).  The variables 

meeting the assumption within the control group were: movement time reach to touch both 

speeds; peak velocity reach to touch both speeds and reach to grasp both task conditions; trunk 

displacement in reach to grasp both tasks; peak aperture for both reach to grasp tasks; percent of 

movement cycle where peak aperture occurs in large can. In the individuals with mild 

impairment, the variables included: movement time reach to touch both speeds, and reach to 

grasp small can; peak velocity both speeds and task conditions; index of curvature reach to point 

both speeds and reach to grasp small can; trunk displacement both speeds and both task 

conditions; peak aperture grasp small and larger cans; percent movement cycle where peak 

aperture occurs for smaller can.  In individuals with moderate impairment the variables are: 

reach to touch both speeds and both task conditions; peak velocity both speeds; index of 

curvature reach to touch comfortable speed and grasping larger can; trunk displacement both 

speeds and task conditions; peak aperture grasping small and larger cans; percent movement 

cycle where peak aperture occurs for larger can.  

Reach to Touch Condition 

  Reaching to a target at a comfortable pace produced ICC values that were fair to good for 

all metrics except for peak velocity in individuals with moderate impairment due to stroke. 
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Reaching to a target at a fast pace produced ICC values that were fair to excellent for all metrics. 

SEM values were fairly low for all groups.  The MDC values were fairly low except for the trunk 

displacement metric when reaching at a comfortable or fast pace. 

Reach to Grasp Condition 

Grasping a smaller can produced excellent ICC values except for trunk displacement in 

the control group (.52).  All variables had low SEM values except for trunk displacement in 

individuals with mild and moderate impairments.  Finally, ICC values for reach to grasp large 

can were good to excellent with low SEM values for the controls but much higher for trunk 

displacement in both mild and moderately impaired participants with stroke.  

Maximum aperture for reaching to grasp a smaller can produced excellent ICC values for 

all groups, however, maximum aperture for reaching to grasp a for a larger can produced 

excellent values for participants with stroke, but not controls.  The ICC’s for percent of the 

movement cycle in which peak aperture occurred were fair to excellent with the participants with 

moderate impairment having slightly higher SEM values. 

Hypothesis 2: Comparison of measures across two testing sessions will not produce 

significant differences for the three groups: control, mild and moderate impairment 

participants with stroke.  Paired t-tests were used to analyze variables meeting the normality 

assumption, and the non parametric Wilcoxon paired tests were utilized for those variables 

violating this assumption.  The variables meeting the assumption were movement time 

(comfortable, fast), peak velocity (comfortable, fast), trunk displacement (grasping small and 

large can), aperture (grasping small and large can), and maximum aperture (grasping small and 

large can).  All variables were equivalent across the two testing times except for the reach to 

point comfortable pace movement time, t(9) = 4.84, p=.00, and peak velocity, t(9) = -2.581, 
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p=.03, in participants with moderate impairment.  These participants moved more quickly and 

had faster movement times at Time 1 than at Time 2 with higher peak velocities at time 2.   

 Wilcoxon paired tests were used to test for significant differences across the two testing 

sessions within each group for the variables movement time (grasping small and large can), peak 

velocity (grasping small and large can), index of curvature (reach comfortable and fast; grasping 

small and large can), trunk displacement (grasping small and large can) and percent movement 

cycle in which peak aperture occurs. No significant differences (p>.05) were found for any of the 

variables. 

Specific Aim 2 

 This aim was to test the hypothesis that the kinematics of reach to target would be 

different depending on difficulty (speed) required to complete the task across all three severity 

levels.  Velocity profiles for a representative participant in each group are shown in Figures 3-13  

through 3-18. 

 Data not meeting the normality assumption were transformed by either log or square root 

transformation and analyzed through a 3x2 repeated measures ANOVA.  Index of curvature was 

the only variable that did not meet this assumption even after transformation; therefore, this 

variable was analyzed through a non-parametric analysis. The results of the 3 (group) x 2 (speed) 

mixed model ANOVA are presented in Tables 3-13 through 3-15, and Figures 3-19 and 3-22.   

 Hypothesis 1: Movement time will be significantly shorter for reaching at a fast pace 

as compared to comfortable pace. There was a significant main effect for speed of movement 

produced and group as well as an interaction effect for the dependent variable movement time.  

Movement time for the reach to touch at a comfortable pace was significantly slower (M=.86s) 

than reaching at a fast pace (M=.65s).  Movement time was also significant for group based on 

severity level.  Examination of the cell means for the interaction effect indicated that there was a 



 

59 

significant difference in movement time for movements produced at comfortable verses fast pace 

for each group.  The control group produced much quicker movements from a comfortable pace 

(M=.67s) to a faster pace (M=.42s), and the moderately impaired group performed much quicker 

movements from a comfortable pace (M=1.08) to a fast pace (M=.84).  Individuals with mild 

impairment moved more quickly when instructed to perform the movement as “fast as possible,” 

but the overall difference between the comfortable pace (M=.85) to fast pace (M=.69) was not as 

large as it was for the control and moderately impaired group.  A Bonferroni post hoc 

comparison was computed in order to account for multiple comparisons, and a significant 

difference was found for the control group compared to both the mild (p=.01) and moderately 

(p=.00) impaired participants with stroke; however, the two groups of participants with stroke 

were not significantly different from each other (p=.09).   

 Hypothesis 2: Peak velocity will be significantly higher for reaching at a faster pace 

as compared to a comfortable pace.  A significant main effect of speed was obtained, and peak 

velocity values were significantly higher for faster movements (M=.95m/s) as compared to 

comfortable movements (M=.73m/s).  A significant interaction effect of Speed*Group was also 

obtained, and although all groups produced higher peak velocities for faster movements 

compared to comfortable movements, the control group produced much higher peak velocity 

values (M=1.24m/s) than the mild (M=.91m/s) and moderately impaired (M=.71m/s) participants 

with stroke.  Post hoc analysis for multiple comparisons showed a significant difference in peak 

velocity values among all groups.  The control group was significantly different from the mild 

(p=.00) and moderately (p=.00) impaired participants, and the two groups of participants with 

stroke were significantly different from each other (p=.03). 



 

60 

 Hypothesis 3: Trunk displacement will be larger at a fast pace as compared to 

comfortable pace..  The 3x2 mixed model ANOVA revealed that the main effect of speed was 

not significant.  There was no overall difference in the amount of trunk displacement utilized to 

reach at a comfortable pace (M=68.83mm) compared to a fast pace (M=67.75mm).  However, 

there was a significant main effect of group. Post hoc analysis showed that only the controls 

were significantly different than the participants with mild (p=.02) and moderate impairment 

(p=.00), but the two groups of participants with stroke were not significantly different from each 

other (p=.14).  A significant Speed*Group interaction was also found.  Interestingly, average 

trunk displacement for controls (M=34.47mm) and individuals with mild impairment 

(M=71.97mm) were slightly higher when reaching at a faster pace as compared to comfortable 

pace (controls, M=30.31mm; mild, M=71.59mm), while individuals with more moderate 

impairment used less trunk displacement for reaching at a faster pace (M=96.81mm) as 

compared to comfortable pace (M=104.59mm).  

 Hypothesis 4: Hand paths will be significantly straighter for controls and 

individuals with mild impairment than moderate impairment.  A Friedman ANOVA was 

used to test for group differences for the dependent variable index of curvature for reaching at a 

fast verses comfortable pace.  No significant difference, (x2=3.00, p=.08) was found for this 

variable.  A non-parametric Mann-Whitney U test was performed to test for significant 

differences between groups for index of curvature at the comfortable, and then at the fast pace. 

The control group was significantly different than the mild impairment group for the reach to 

touch fast pace (U=5.00, p.00), and was not significantly different from the mild group for reach 

to touch at a comfortable pace (U=21, p=.085).  The control group also had significantly 

straighter hand paths as compared to the moderately impaired group at both reach to touch 
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comfortable (U=18, p=.05) and fast pace (U=8, p=.00).  The two groups of participants with 

stroke were not significantly different from each other at either the comfortable (U=38, p=.83) of 

fast (U=40, p=.97) pace.   

Pair-wise Wilcoxon tests were used to test for within group differences, and a significant 

difference was found for index of curvature at comfortable verses fast speed for controls, (z= -

2.31,  p= .021).  The hand path was straighter at the faster speed.  However, no significant 

difference between speeds of tasks was revealed for those with mild or moderate impairment.   

Specific Aim 3 

Specific aim 3 was to test the hypothesis that kinematics of reach to grasp would be 

different depending on size of task and severity level.  Velocity profiles for a representative 

participant in each group are shown in Figures 3-23 through 3-28. The results of the analysis are 

presented in Tables 3-16 through 3-19, and Figures 3-29 through 3-34.   

Hypothesis 1: Movement time will be significantly slower for reach to grasp large 

can as compared to small especially for the moderately impaired group.  Procedures for 

assessing normality and analysis methods were followed as previously described in specific aim 

2.  For movement time, there was a significant main effect for task and group, but no significant 

interaction effect.  Movement time was significantly faster when reaching to grasp a small can 

(M=1.00s) than when reaching to grasp the larger can (M=1.10s).  Post hoc comparisons were 

computed in order to account for multiple comparisons.  The Games-Howell post hoc 

comparison method was utilized because the assumption of equal error variances was not met 

(p>.05). The control group was significantly different from the two groups of participants with 

stroke (mild, p=.00; moderate, p=.00), but participants with stroke were not significantly 

different from each other (p=.14).  Movement time for reaching to grasp a small can  (M=.48s) 

as compared to a larger can (M=.50s) was slightly slower for the control group, but significantly 
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faster as compared to the amount of time the participants of stroke used to reach to grasp the 

cans.  No significant difference was found between mild and moderately impaired participants 

with stroke; mildly impaired participants reached more slowly for reaching to grasp the large can 

(M=1.19s) as compared to a smaller can (M=1.05s), and moderately impaired participants 

reached much more slowly for reaching to grasp a large can (M=1.61s) as compared to the 

smaller can  (M=1.46s); however, the difference in movement time was about the same for these 

two groups.   

 Hypothesis 2: Peak velocity values will be lower for reaching to grasp larger can 

especially for the moderately impaired group.  For peak velocity, there was a significant main 

effect of group, but not for task.  No significant interaction effect was found.  Post hoc 

comparisons produced a significant difference for controls compared to both groups of 

participants with stroke (mild, p=.00; moderate, p=.00), and for the two groups of participants 

with stroke compared to each other (p=.04).  Controls (M=.95m/s) had significantly larger peak 

velocity values as compared to both individuals with mild (M=.67m/s) and moderate impairment 

(M=.50m/s).   

 Hypothesis 3: Maximum aperture will be greater for the larger can and occur later 

in the movement cycle.  The 3x2 mixed model ANOVA revealed a significant main effect of 

task for peak aperture, as well as an interaction effect.  No significant main effect for group was 

found; therefore, post hoc comparisons were not computed. Aperture was significantly different 

for the large can (M=138.93mm) as compared to the small can (M=128.212mm).  Each group 

produced larger aperture values to pick up the larger can; however, the difference in maximum 

aperture value was much greater for the control group for the larger can (M=138.93mm) as 

compared to the small can (M=115.83mm).  Participants with mild impairment had a higher 
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maximum value for the small can (M=142.93mm) as compared to controls (M=115.83mm) and 

so did the moderately impaired group (M=125.90mm) as compared to controls (M=115.83mm).  

However, while controls increased aperture to a greater extent to pick up the large can, there was 

only a slight increase in maximum aperture for both groups of participants with stroke.  

Maximum aperture values for the large can in the control group (M=138.93mm) were very 

similar to the moderately impaired participants for the large can (M=133.78mm). 

For percent of movement cycle in which peak aperture occurred, only a significant main 

effect of group only was found.  The assumption for equality of error variances was not met; 

therefore, the Games-Howell test was used for post hoc comparisons.  There was a significant 

difference for the control group as compared to both the mild (p=.05) and moderately (p=.05) 

impaired group, but not for the two groups of participants with stroke compared to each other 

(p=1.00).  The overall percent of movement cycle where peak aperture occurred was much 

higher for controls (M=78.45%) as compared to individuals with mild (56.55%) and moderate 

(M=57.10%) impairment.  

 Hypothesis 4:  Trunk displacement will be greater for the reaching to grasp larger 

can condition than a smaller can, especially for the moderately impaired group.  A 

Friedman ANOVA was test for group differences for trunk displacement for grasping a large can 

verses a small can.  A significant difference was found for amount of trunk displacement 

(x2=7.54, p=.01).  Mann-Whitney U tests were performed to test for differences between groups 

for reaching to grasp a small can, and then reaching to grasp a large can.  A significant difference 

was found for trunk displacement for the control group as compared to the individuals with mild 

stroke for grasping a small can (U=12, p=.01) and larger can (U=10, p=.01).  There was also a 

significant difference for the control group compared to the more moderately impaired 
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participants with stroke for the smaller (U=0, p=.00) and larger can (U=0, p=.00).  However, the 

two groups of participants with stroke were not significantly different for reaching to grasp a 

small can (U=19, p=.06) but were significantly different for reaching to grasp a large can (U=16, 

p=.05).  The control group utilized much less trunk displacement for both the small can 

(M=41.14mm) and large can (M=44.99mm) than both the mild (small M=114.09mm; large 

M=119.61mm) and moderately impaired (small M=163.30mm; large M=173.43mm) participants 

with stroke.  Pairwise Wilcoxon test did not show a significant difference within each group for 

trunk displacement for grasping a small verses larger can.   

 Hypothesis 5: Hand paths will be less straight for grasping a larger can especially 

for the moderately impaired group.  Finally, a non parametric Friedman Anova produced a 

significant group difference for index of curvature (x2=7.54, p=.01) for grasping a small verses 

large can. Mann-Whitney U tests were used to test for differences between groups for index of 

curvature reaching to grasp a small can, and then reaching to grasp a large can.  A significant 

difference was found for the control group compared to both levels of impairment in individuals 

with stroke; the control group was able to produce a straighter hand path as compared to both 

groups of participants.  The control group was significantly different from the participants with 

mild impairment for grasping a smaller can (U=5, p=.00) and a larger can (U=7, p=.00).  The 

control group also was significantly different for index of curvature from the more moderately 

impaired group for grasping both a smaller can (U=0, p=.00) and larger can (U=3, p=.00).  The 

two groups of stroke participants were not significantly different from each other for either 

grasping a small (U=26, p=.20) or large (U=26, p=.19) can.  Wilcoxon pairwise tests did not 

produce a significant difference within the participants with mild or moderate impairment; 

however, a significant difference was found for the control group (z= -2.31, p=.02).   
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Table 3-1.  Mean and standard deviations for reach to touch comfortable speed  
Variable      Control (mean,sd)        Mild (mean,sd)    Moderate (mean, sd) 
MT T1   .75 (.14)  .99 (.32)  1.35 (.35) 
 T2   .67 (.12)  .85 (.27)  1.08 (.23) 
 
PV  T1   .89 (.13)  .71 (.17)   .47 (.08) 
 T2   .91 (.11)  .73 (.17)   .55 (.09) 
 
IC T1           1.08 (.08)          1.13 (.07)           1.14 (.09) 
 T2           1.07 (.07)          1.13 (.07)           1.16 (.12) 
 
TD T1                   30.12 (8.49)         74.52 (31.76)         85.65 (23.34) 
 T2        30.31 (16.20)         71.59 (32.95)       104.59 (30.95)*  
* Only 8 participants included  
 
Table 3-2.  Mean and standard deviations for reach to touch  fast speed  
Variable      Control (mean,sd)        Mild (mean,sd)    Moderate (mean, sd) 
MT T1   .46 (.06)  .75 (.20)  .85 (.18) 
 T2   .43 (.05)  .69 (.22)  .84 (.18) 
 
PV  T1           1.21 (.14)  .91 (.22)   .69 (.16)* 
 T2           1.24 (.17)  .92 (.22)   .72 (.11) 
 
IC T1           1.03 (.02)         1.13 (.09)      1.21 (.29) 
 T2           1.03 (.02)         1.14 (.09)   1.14 (.11) 
 
TD T1         35.75 (9.45)        81.31 (32.67)          90.82 (25.72)* 
 T2         34.47 (17.27)        71.97 (34.69)          96.81 (34.48)  
Only 8 participants included 
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Table 3-3.  Mean and standard deviations for reach to grasp small 
Variable      Control (mean,sd)        Mild (mean,sd)    Moderate (mean, sd) 
 
MT T1   .51 (.10)  1.17 (.56)  1.63 (.56) 
 T2   .48 (.08)  1.05 (.46)  1.46 (.51) 
 
PV  T1            .95 (.14)          .66 (.20)   .50 (.12) 
 T2            .95 (.14)     .68 (.16)   .52 (.10) 
 
IC T1           1.03 (.02)  1.13 (.08)  1.23 (.16) 
 T2           1.03 (.02)  1.13 (.07)  1.18 (.09) 
 
TD T1                   44.62 (16.90)        113.69 (46.25)        164.07 (37.88) 
 T2        41.14 (14.04)        114.09 (61.83)        163.30 (39.70) 
 
 
Table 3-4.  Mean and standard deviations for reach to grasp large 
Variable      Control (mean,sd)         Mild (mean,sd)    Moderate (mean, sd) 
 
MT T1   .50 (.08)  1.13 (.54)  1.69 (.77)* 
 T2   .50 (.08)  1.19 (.68)  1.61 (.45) 
 
PV  T1           1.01 (.22)    .69 (.13)   .51 (.12)* 
 T2            .95 (.10)     .66 (.17)   .49 (.14) 
 
IC T1           1.04 (.02)  1.14 (.12)  1.24 (.16)* 
 T2           1.04 (.02)  1.14 (.09)  1.21 (.11) 
 
TD T1                   51.42 (17.68)        130.96 (50.12)        167.89 (48.79)* 
 T2         44.99 (17.76)        119.61 (60.57)        173.43 (42.75)* 
 
* Only 8 participants included 
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Table 3-5.  Mean and standard deviations for maximum aperture (mm)  
Group        Grasp Small             Grasp Large 
 
Control (mean,sd): 4 Participants 
 T1       119.83 (9.15)             128.25 (8.87) 
 T2       115.83 (11.19)  135.15 (7.18) 
 
Mild (mean,sd): 4 Participants 
 
 T1       143.05 (15.19)  146.93 (15.22) 
 T2       142.93  (19.38)  147.88 (13.97) 
 
Moderate (mean, sd): 4 Participants 
 
 T1       126.16 (24.21)  141.17 (14.07)* 
 T2       125.90 (23.34)  133.78 (20.66) 
 
* Only 3 participants included 
 
Table 3-6. Mean and standard deviations for percent movement cycle to maximum aperture   
Group       Grasp Small            Grasp Large 
 
Control (mean,sd): 4 Participants 
 T1        68.25 (3.57)              72.60 (10.90) 
 T2                  75.83 (8.08)                 81.07 (7.89) 
 
Mild (mean,sd): 4 Participants 
 
 T1       54.19 (12.67)            62.88 (7.66) 
 T2       57.26 (13.36)           55.84 (11.32) 
 
Moderate (mean, sd): 4 Participants 
 
 T1       51.24 (16.88)           45.47 (11.06)* 
 T2       64.26 (10.18)                     49.92 (15.79)  
 
*Only 3 participants included 
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Figure 3-1.  Time 1 average movement time for each task 
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Figure 3-2.  Time 2 average movement time for each task 
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Figure 3-3.  Time 1 average peak velocity for each task 
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Figure 3-4.  Time 2 average peak velocity for each task 
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Figure 3-5.  Time 1 average index of curvature for each task 
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Figure 3-6.  Time 2 average index of curvature for each task 
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Figure 3-7.  Time 1 average trunk displacement for each task 
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Figure 3-8.  Time 2 average trunk displacement for each task 
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Figure 3-9.  Time 1 average maximum aperture for each task 
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Figure 3-10.  Time 2 average maximum aperture for each task 
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Figure 3-11.  Time 1 average percent movement cycle of peak aperture for each task 
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Figure 3-12.  Time 2 average percent movement cycle of peak aperture for each task 
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Table 3-7.  Intraclass correlation coefficient (ICC), standard error of measure (SEM), and 
minimal detectable change (MDC) reach to touch comfortable speed 

Metric    ICC            SEM           MDC 
MT (s) 
 Control  .55   .09   .25  
 Mild   .79   .16   .44 
 Moderate  .67   .13   .36 
 
PV (m/s) 
 Control  .81   .07   .19 
 Mild   .91   .07   .19 
 Moderate  .21   .06   .17 
 
IOC 
 Mild   .85   .04   .11 
  
TD (mm) 
 Mild   .91         14.02         38.84   
 Moderate  .77         13.72         38.00  
 
Table 3-8.  Intraclass correlation coefficient (ICC), standard error of measure (SEM), and 

minimal detectable change (MDC) reach to touch fast speed 
Metric    ICC           SEM          MDC 
MT (s) 
 Control  .49   .04   .11  
 Mild   .87   .10   .28 

Moderate  .88   .09   .25 
 
PV (m/s) 
 Control  .55   .13   .36 
 Mild   .94   .08   .22 
 Moderate  .75   .09   .25 
 
IOC 
 Mild   .93   .03   .08 
 
TD (mm) 
 Mild   .82         18.69         51.77 
 Moderate  .91         12.25         33.93  
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Table 3-9.  Intraclass correlation coefficient (ICC), standard error of measure (SEM), and 
minimal detectable change (MDC) grasp small can 

Metric    ICC            SEM           MDC 
 
MT (s) 
 Mild   .94   .16   .44 
 Moderate  .92   .18   .50 
 
PV (m/s) 
 Control  .85   .07   .19 
 Mild   .93   .07   .19 
  
IOC 
 Mild   .98   .00   .00 
  
TD (mm) 
 Control  .52         12.81         35.48 
 Mild   .92         22.15         61.36   
 Moderate  .82         22.38         61.99  
 
 
Table 3-10. Intraclass correlation coefficient (ICC), standard error of measure (SEM), and 

minimal detectable change (MDC) grasp large can 
Metric    ICC            SEM           MDC 
 
MT (s) 
 Control  .86   .04   .11  
 Moderate  .91   .27   .75 
 
PV (m/s) 
 Control  .63   .13   .36 
 Mild   .85   .08   .22 
  
IOC 
 Moderate  .90   .05   .14 
 
TD (mm) 
 Control  .79         10.10         27.98 
 Mild   .91         22.40         62.05   
 Moderate  .85         24.37         67.50  
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Table 3-11.  Intraclass correlation coefficient (ICC), standard error of measure (SEM), and 
minimal detectable change (MDC) grasp can maximum aperture 

Metric    ICC            SEM           MDC 
 
Grasp Small (mm) 
  

Control  .95   2.08    5.76  
 Mild   .98   4.29    11.88 
 Moderate  .99   1.02    2.83   
 
Grasp Large (mm) 
 
 Control  .29    6.85            18.97 
 Mild   .99   1.97   5.46  
 Moderate  .93   5.87            16.26 
 
 
Table 3-12.  Intraclass correlation coefficient (ICC), standard error of measure (SEM), and 

minimal detectable change (MDC) grasp can percent movement cycle 
Metric    ICC            SEM           MDC 
 
Grasp Small  (%) 
 
 Mild   .95   3.84             10.64 
    
Grasp Large (%) 
 
 Control  .67    4.78            13.24 
 Moderate  .90   6.15            17.04  
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Figure 3-13.  Velocity profile reach to touch comfortable pace for one representative control 

participant 

 

 
 
Figure 3-14.  Velocity profile reach to touch fast pace for one representative control 
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Figure 3-15.  Velocity profile for reach to touch comfortable pace for one representative 

participant with mild impairment 

 

 
Figure 3-16.  Velocity profile for reach to touch fast pace for one representative participant with 

mild impairment 
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Figure 3-17.  Velocity profile for reach to touch comfortable pace for one representative 

participant with moderate impairment 

 

 
Figure 3-18.  Velocity profile for reach to touch fast pace for one representative participant with 

moderate impairment 
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Table 3-13.  ANOVA table reach to touch comfortable verses fast 
        Mean Square   F      df           p-value    
Movement Time   
 Speed   1.19     192.68    1,24   .00 
 Group   1.45       15.16    2,24   .00 
 Speed*Group    .06       10.42    2,24   .00 
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Figure 3-19.  Movement time for reach to touch comfortable versus fast 
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Table 3-14.  ANOVA table reach to touch comfortable verses fast 
        Mean Square   F      df           p-value    
Peak Velocity   
 Speed   .65      228.75     1,24  .00 
 Group   .90        21.26     2,24  .00 
 Speed*Group  .04        14.02     2,24  .00 
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Figure 3-20.  Peak velocity for reach to touch comfortable verses fast 
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Table 3-15.  ANOVA table reach to touch comfortable verses fast 
        Mean Square   F      df           p-value    
Trunk Displacement   
 Speed      15.12          0.40      1,24  .54 
 Group           20072.91        12.49      2,24 .00 
 Speed*Group   155.72          4.08      2,24 .03 
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Figure 3-21.  Trunk displacement for reach to touch comfortable versus fast 
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Figure 3-22.  Index of curvature for reach to touch comfortable versus fast 
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Figure 3-23.  Velocity profile for participant reach to grasp small can for one representative 

control participant 

 

 
Figure 3-24.  Velocity profile for reach to grasp large can for one representative control 

participant 
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Figure 3-25.  Velocity profile for reach to grasp small can for one representative participant with 

mild impairment 

 

 
Figure 3-26.  Velocity profile for reach to grasp large can for one representative participant with 

mild impairment 
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Figure 3-27.  Velocity profile for reach to grasp small can for one representative participant with 

moderate impairment 

 

 
 
Figure 3-28.  Velocity profile for reach to grasp large can for one representative participant with 

moderate impairment 
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Table 3-16.  ANOVA table grasp small verses large 
        Mean Square   F      df           p-value    
Movement Time  
 Task     .09      11.31     1,24   .00 
 Group   5.74      26.23     2,24   .00 
 Task*Group    .01                   0.87     2,24   .43 
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Figure 3-29.  Movement time for reaching to grasp small versus large can 
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Table 3-17.  ANOVA table grasp small verses large 
                     Mean Square   F         df              p-value  
Peak Velocity    
 Task   .00          1.40       1,24             .25 
 Group   .92        27.65       2,24             .00 
 Task*Group  .00                     0.28       2,24             .78 
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Figure 3-30.  Peak velocity reaching to grasp small versus large can 
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Table 3-18.  ANOVA table grasp small verses large 
              Mean Square   F          df   p-value  
Aperture    
 Task   688.98         33.15         1,9   .00  
 Group   876.79           0.59         2,9   .26 
 Task*Group             115.45           5.56         2,9   .03 
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Figure 3-31.  Peak aperture reach to grasp small verses large can 
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Table 3-19.  ANOVA table grasp small verses large 
              Mean Square   F           df   p-value   
% of Movement Cycle  
 Task   73.71   1.22          1,9    .30  
 Group          1247.69     6.18          2,9    .02 
 Task*Group           198.01    3.28          2,9    .089 
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Figure 3-32.  Percent movement cycle peak aperture reach to grasp small verses large can  
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Figure 3-33.  Trunk displacement reach to grasp small verses large can  
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Figure 3-34.  Index of curvature reach to grasp small verses large can  
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CHAPTER 4 
DISCUSSION 

Kinematic analysis is one type of methodology that may be used to objectively quantify 

movement biomechanics in individuals living with stroke, as well as to evaluate the effects of 

therapeutic interventions on motor performance.11, 15, 16, 18  Kinematic analysis has been widely 

used to examine gait, and more recently has been extended to evaluate movement in the upper 

extremity.  However, reliability of these measures has not been routinely reported or well 

established.15, 17, 115  It is crucial to establish reliability of these measures before using kinematic 

variables as outcome measures to assess change in performance due to treatment.  Clinicians and 

research may incorrectly assume that change in an individual’s motor performance was due to a 

“true” change in ability, when in fact change may be due to measurement error.39  This study was 

conducted in order to establish reliability using an upper extremity model of six kinematic 

measures of upper extremity performance in healthy controls and individuals with mild and 

moderate impairment due to stroke: movement time, peak velocity, index of curvature, trunk 

displacement, peak aperture, and time to peak aperture.  Reliability of kinematic upper extremity 

variables has not been routinely reported within the literature, and only a few studies exist to date 

that provide such measures.15, 17  Additionally, this study examined a model specific to the upper 

extremity developed and modified by engineers performing research studies within the lab.107 

Reliability 

Reliability, as presented by the ICC, was established for those variables meeting the 

assumption of normality.  Reliability was excellent for the individuals with mild impairment and 

generally good to excellent for individuals with moderate impairment.  Lower ICC values were 

computed for movement time and peak velocity in reach to touch at a comfortable pace for 

individuals with moderate impairments.  These individuals performed the movement with higher 
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peak velocities, less straight hand paths, and utilized more trunk displacement at Time 2 as 

compared to Time 1.  This may have been the result of a practice effect, and these individuals 

may have learned to move “more comfortably” by using the extra degree of freedom of the trunk 

to accomplish this goal.  The “organism” constraints for individuals with moderate impairments 

may be greater than those with mild impairments, and coordination solutions and ability to solve 

the problem (or task) may be more variable within these individuals.  Additionally, there may be 

a higher degree of involvement in exploratory behavior for possible solutions to the task 

constraint, and strategies may develop gradually.   

Individuals with less impairment may have a greater ability to perform the reaching 

movement according to the constraint imposed on the movement, to “move at a comfortable 

pace,” in a more consistent manner.12, 13, 21, 55  The nature of variability in movement may be 

driven by the interaction of the constraints imposed on an action,46 and these individuals may be 

more able to adapt to the task constraints due to higher level of functional ability as compared to 

individuals with moderate impairment after stroke.  However, it is important to note that 

variability in movement may be beneficial, and prevents a system from becoming too stable and 

not able to adapt to more complex constraints that may occur within various environments.46  

The control group was more variable but produced high ICC values for peak velocity, maximum 

aperture for grasping a small can and percent of movement cycle where peak aperture occurred.  

Previous research conducted by Caimmi and colleagues demonstrated high test re-test reliability 

for controls performing kinematic analysis, but these researchers included 10 repetitions of 

movement, which maybe a better paradigm reducing practice carry over effects.15  Individuals 

with stroke may have less flexible motor systems and are less able to move about all degrees of 
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freedom within the joints demonstrating less variability, whereas controls may be more flexible 

leading to more variability in movement production. 

Minimal detectable change values were found to be relatively small, except for the trunk 

displacement variable.  These values tended to be generally much higher than expected.  This 

may be due to the method used to determine the MDD.  As presented by Stratford, the MDD was 

determined by multiplying the SEM by √2 x 1.96 or 2.77.  This is a very conservative approach 

to determining the MDD, which have resulted in higher values.112 

Description of Movements 

 The healthy control group performed all movements in all conditions more quickly with 

higher peak velocities, straighter hand paths, and less trunk displacement than both groups of 

individuals with stroke.  The control group was also better able to scale maximum aperture 

according to the size of the can, and peak aperture occurred later in the movement cycle, which 

was consistent with previous findings.75  In contrast, individuals with stroke tended to perform 

more slowly and consistently incorporating the trunk to achieve the goal of the task.  As shown 

in previous findings, individuals with stroke tend to use the trunk to reach for targets well within 

arm’s length, and significance of trunk usage was associated with severity of impairment.21, 27-29, 

56, 65, 108  Individuals with more moderate impairments in this study had significantly more trunk 

displacement than participants with mild impairment. 

Finally, it is also interesting to observe that, in this study, even individuals with more 

moderate impairment were able to achieve higher maximum aperture values, although for both 

groups of participants with stroke, maximum values tended to occur much earlier in the reach 

cycle as compared to controls.  Previous literature suggests that individuals with hemiplegia tend 

to increase aperture size with larger targets to a larger extent than healthy adults and larger 

aperture tends to occur with fast movements, which was demonstrated  in this study.116  A 
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change in size of the object being grasped may produce a change in time to peak aperture which 

may be due to the influence of feedforward and feedback control.  The first phase of the reach 

cycle is a fast ballistic movement, and the second phase is based on more feedback to orient the 

hand in the proper position to grasp the object.21  Individuals with both mild and moderate 

impairments in this study produced similar movement patterns for the grasping the object 

independent of the size of the can. However, it is commonly observed and reported that 

individuals with stroke tend to have difficulty opening the hand potentially due to weak finger 

extensors.32  This was not the case for the participants with stroke in this study, and the 

participants with stroke were able to grasp the cans, regardless of the size. 

There is controversy as to whether maximum aperture also occurs later or earlier in the 

movement than for individuals with stroke as compared to healthy adults.  The timing of 

maximum aperture in the movement cycle may represent strategy.  The participants with stroke 

achieved maximum aperture much earlier in the movement cycle, although the amount of 

maximum aperture did not really vary according to size of the target 75, 91.  Maximum aperture 

occurring earlier in the movement cycle may be compensation due to increased spatial variability 

within these individuals above what would typically occur in control participants, and these 

individuals may rely more on feedback to meet the increased demands of the task. 32, 116   

Task Descriptions 

 A significant main effect of speed was only found for movement time and peak velocity 

variables in the reach to touch comfortable verses fast paced condition.  This suggests that these 

movement parameters depend on the speed of movement production, and as individuals perform 

faster movements, kinematic variables alter according to the task constraints.  The control 

participants performed movements that were consistently significantly different than that of the 

participants with stroke, regardless of severity level.  Individuals with mild impairment were 
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significantly different than individuals with moderate impairment for only the peak velocity 

variable.  The two groups were not significantly different for amount of trunk displacement used 

to accomplish the reach to touch task nor the index of curvature.  Hand paths that were less 

straight depended on the use of the trunk to complete the task, and this may be representative of 

the nervous system substituting the loss of full range of motion of the elbow and shoulder by 

incorporating a compensatory strategy.    

 Reaching to grasp a can of different size produced differences among groups, but not 

based on severity after stroke.  The individuals with mild and moderate impairments did not 

significantly differ from each other.  In accordance with Newell’s model, varying the task 

constraints should produce variability in movement.  However, this would suggest that by 

changing the demands of the task by altering size, individuals with stroke tend to display similar 

movement which was produced at a “fast as possible” speed.51, 53  These individuals tend to 

incorporate much more trunk displacement than healthy controls in order to achieve a goal.  This 

was not dependent on the severity of impairment at the  “organism” component for the 

participants with stroke.  Additionally, participants were instructed to reach and grasp the cans 

“as fast as possible” and while control participant’s  movement time was very similar to reaching 

to a target as fast as possible, individuals with stroke performed the reach to grasp task and much 

slower speeds than even their preferred, comfortable pace.  This may be representative of 

difficulty adapting to task demands, and incorporating compensatory strategies (slowed 

movement time) in order to adjust movement parameters to achieve the task goal. 

  Newell’s theory of constraints suggests examining performance based on characteristics 

of individuals at the level of organism, task and environment in order to understand the patterns 

of coordination and control that are produced. 51-53  Movements were observed in healthy 
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individuals when task constraints changed, and compared to those individuals with a damaged 

neurologic system under those same task constraints.  Altering the demands of the motor task by 

changing speed of movement production required to complete the task produced greater 

significant differences that did altering the size of the object.  Those individuals with less 

impairment were able to accomplish the task more quickly with less trunk displacement which is 

not a surprising result.  However, it is clinically important to recognize that, regardless of 

severity, individuals were able to perform the movements under each variation of task 

constraints. 

Implications 

 A prerequisite for success in rehabilitation is the understanding of the mechanisms 

underlying motor deficits present in individuals with stroke.  It is important to study how the 

damaged nervous system recovers or compensates in performing such tasks as reaching, as well 

as the relationship of impairments to ability to perform purposeful movements in the upper 

extremity.21  The organism, task and environment interaction describes the development and 

emergence of coordination and control,51 and examination of these components may help to 

better understand motor performance in individuals with stroke.  Changing task demands may 

demonstrate changes in movement production that may be unique to the severity of impairment 

and this may assist in developing rehabilitation techniques tailored to improve the specific 

deficits present in the population of interest. 

Limitations 

 This study was confounded by limitations that are important to address.  The motion 

analysis system was changed during the middle of the study.  Labeling data within Vicon 

workstation is very subjective, and this may have contributed to some of the error produced.  As 

reported in previous literature, marker placement is one of the most difficult challenges in 



 

99 

capturing kinematics of upper extremity movements, and it hard to avoid excessive errors.  

Markers tend to disappear and reappear during movements and critical markers may not be 

visible at all times. 36  Judgments need to be made as to which markers may be the critical 

marker of interest, when two or more markers appear in the same time point.  Ghost markers, or 

markers that appear due to a reflection or some other reason, but are not “true markers,” were 

also an issue.  Data labeling also required a great deal of decision making for snipping and 

creating trajectories.  A trajectory may also not be visible for longer time periods when the 

markers disappear.   

 Data collected within the new Nexus system is much clearer, and only ten participants 

with stroke were collected within this system.  This system does not allow a marker to be labeled 

twice within the same time period, and this helped to eliminate some of the error due to 

subjective decision making.  Additionally, aperture data collected with Vicon workstation was 

very poor and therefore not included for five of the participants of the control participants, seven 

of the participants with mild impairment, and three participants with moderate impairment. 

Marker placement was on clothing for several of the landmarks, including the trunk and 

back.  This may have affected the outcomes for some in that movement changes due to the 

marker shifting may have occurred.  Also, the goal of the analysis was to average three 

movements for each condition.  However, for some individuals only one or two trials were 

captured.  Another limitation is sample size, although sufficient power was produced for several 

of the variables of interest.  Normality violations tend occur less in larger sample sizes, and more 

robust measures (like ANOVA) can be used with larger sample sizes even when small deviations 

from the normality assumptions are not met.  The ICC values were only calculated for those 

variables meeting the normality assumptions as well.  Finally, the individuals were divided into 
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severity of impairment by a median split of the fugl-meyer, which may not have provided a true 

representation of “mild” and “moderate” impairments due to stroke.  Although the Fugl Meyer is 

an impairment index specific to measure recovery of function in individuals post stroke, greater 

variability of scores may be produced for individuals with mild and moderate impairments.117  

The scores are based on a summation indicating motor function, which may be inappropriate and 

may mask small discrepancies in ability of the individual.118  Future research should examine 

individual data in order to determine whether or not the score is appropriate or representative of 

actual severity of impairment within the individual.
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CHAPTER 5 
CONCLUSIONS 

Kinematic analysis of the upper extremity after stroke is useful and powerful tool that 

examines quality of movement.  The results of this dissertation suggest that data collections, for 

variables such as movement time, peak velocity, trunk displacement, and aperture are generally 

reliable in participants with stroke.  This is crucial so that studies examining movement 

kinematics pre and post intervention may infer that change is due to treatment rather than error.  

Further inspection of the reliability of additional kinematic parameters is necessary prior to 

incorporating these measures as evaluative tools to assess changes due to treatment.   

Interventions focusing on tasks varying on level difficulty may be beneficial for 

individuals with stroke.  Those individuals with more moderate impairment may benefit from 

interventions focusing on restraining the trunk, since this group seemed to rely on the trunk to 

complete more difficult tasks.  However, the question still remains as to whether or not 

movement patterns that maybe different from a healthy, non impaired population, should be 

corrected.  It is natural to assume that a deviation from normal behavior or variability in 

movement may be negative, but the patterns exhibited by populations with altered nervous 

systems due to neurologic insult may be optimal for that individual.119  The central nervous 

system may still be able to produce the movements, but a new system may have been created due 

to plasticity and reinforcement of alternate strategies of goal completion.119  Examining 

movement through the interaction of constraints may help researchers decide what patterns of 

movement may be beneficial and those that may be detrimental to the individual and 

interventions may be designed according to the level of severity of impairment. Improving upper 

extremity function is a high priority for individuals living with stroke, and failure to have 
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substantial gains in upper extremity functional ability may lead to depression and decreased 

quality of life.26 

Future studies should include larger sample sizes with further inspection of such 

parameters as range of motion in order to determine correlations and contributions of joint 

segments, as well as determining which joints may be more impaired.  Additionally, while this 

study examined reach to grasp during a fast pace, it would be interesting to examine this task 

performed at also a comfortable pace, and compare the outcomes across different speeds of 

movement production.  It is not known if the movements are truly performed as quickly as 

possible in participants with stroke because the movement times are much lower than even the 

comfortable pace for the reach to target condition. 

Future studies should also examine tasks of increased difficulty, such as pinching, as well 

as bilateral tasks.  Examining impairment level on other measures than just the Fugl-Meyer may 

also provide more concrete insight into the deficits these groups may have.  However, the 

median split did seem to produce movement different outcomes based on level of severity. 

Future studies should include fewer markers which may remove errors due to marker 

disappearance as well as the presence of ghost markers.  It would also produce clearer visibility 

of critical markers and less subjective judgments when labeling.  Future studies should also 

include of other variables, such as smoothness metrics, which may be more robust.  Testing over 

more than 2 baseline periods and increasing the number of trials for each task may assist in 

increasing reliability by removing the potential practice effect and reducing the within subject 

variability.
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