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Abstract 

Paralysis of limb movement after stroke is a major cause of disability. Recovery of 

function is linked to favorable brain reorganization.  The brain is primed for neuroplastic 

reorganization after stroke but the rehabilitation interventions must be well designed.  

Forced use of the paretic limb as a training regimen has been shown to be effective; 

however, the optimal kinematic parameters are not known.  Studies in primates have 

shown that motor cortical neurons are coded for velocity of limb movement.  Studies in 

healthy humans have shown a relationship between velocity of limb movement and 

cortical activation.  Thus, we hypothesize that higher-velocity finger movement training 

will be significantly more effective than lower-velocity and that the improved finger 

function will correlate significantly with brain reorganization. Multiple data points were 

collected using single-subject cross over design with functional magnetic resonance 

imaging (fMRI), transcranial magnetic stimulation (TMS), and function tests. Subjects 

were trained at home, assisted by telerehabilitation devices supervised by a remote 

physical therapist. Subjects performed 28,800 repetitions of finger extension and flexion 

movements at lower-velocity and 28,800 at higher-velocity separated by a 3-week 

baseline phase. Fast-velocity training had significantly greater functional improvement 

compared to the slow-velocity training in the Box and Block Test, but not consistently in 

the Jebsen-Taylor and finger force tests. Fast-velocity training did not show significantly 

greater cortical reorganization compared to the slow-velocity training by TMS or fMRI 

testing. Further studies are indicated to conclude the impact of movement velocity on 

behavioral function and brain reorganization in stroke.   
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Chapter I Introduction 

i. Stroke Impact.  

Stroke is a significant global healthcare concern. In the United States alone, it has been 

estimated that stroke has an incidence of 795,000 and a prevalence of 7,000,000 for 

people greater than 20 years of age. The total direct and indirect cost of stroke in 2007 

was $40.9 billion (Roger et al., 2011). When considered separately from other 

cardiovascular diseases, stroke ranks No. 3 among all causes of death, behind diseases of 

the heart and cancer. Additionally, from 1996 to 2006, the annual stroke death rate 

decreased 33.5%. Knowing that more people are surviving strokes obligates us to support 

a better quality of the life for these individuals.  

 

Stroke is a leading cause of serious, long-term disability in the United States((CDC), 

2001). These disabilities were observed at 6 months after stroke (Kelly-Hayes et al., 

2003): hemiplegia/hemiparesis, inability to walk without some assistance, being 

dependent in activities of daily living , aphasia, depressive symptoms, being 

institutionalized in a nursing home. Hemiplegia is paralysis of one side of the body. 

Hemiparesis is weakness of one side of the body and is less severe than hemiplegia. More 

than 1,100,000 American adults reported difficulty with functional limitations and 

activities of daily living post-stroke, with an estimated 15-30% left permanently disabled 

(Roger et al., 2011). Following a stroke or other source of injury to the motor cortex, 

movement deficits are common in the upper and/or lower extremity contralateral to the 

injury. Deficits include paralysis or weakness, abnormal muscle tone, abnormal posture, 
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abnormal movement synergies, and loss of interjoint coordination (Cirstea and Levin, 

2000; Nakayama et al., 1994; Twitchell, 1951; Wade et al., 1985). Post-stroke paresis is 

extremely common, with more than 80% of people experiencing it, 75.5% of the time in 

the upper extremities (Rathore et al., 2002). Even individuals described as “highly 

recovered” have significant persistent deficits in hand function and activities of daily 

living (Lai et al., 2002). This project focused on the common and devastating problem – 

hand paresis. 

 

Given the profound functional deficits and compromised quality of life due to stroke, it is 

critical that we determine how to optimize rehabilitation interventions post-injury (Ward, 

2004; Ward and Cohen, 2004). One potentially important consideration in the strategy of 

rehabilitation intervention is the velocity of limb movement training. 

 

Studies have shown that movement patterns are coded in the activity of neurons in the 

motor cortex and that velocity is a critical parameter. The results of various studies 

(Berthoz et al., 1986; Flament and Hore, 1988; Hamada, 1981; Hamada and Kubota, 

1979) indicate that the cell activity in the motor cortex and movement velocity are well 

related in the temporal domain. A few studies using single-cell recording techniques in 

primates (Ashe and Georgopoulos, 1994; Kelso et al., 1998; Moran and Schwartz, 1999; 

Schwartz, 1994; Stark et al., 2007) and using fMRI in healthy humans (Koeneke et al., 

2006; Rao et al., 1996; Schlaug et al., 1996) showed a positive linear relationship 

between finger movement rate and fMRI percent signal change, as well as between the 

number of voxels activated in the primary motor cortex. This evidence suggests that 
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velocity of movements is a potent factor that influences primary motor cortex (M1)’s 

excitability and this then invites investigation in people with stroke to determine whether 

fast-velocity training movements might preferentially promote brain reorganization 

compared to slow-velocity movements.  

 

The present study is intended to explore for the first time whether fast-velocity finger 

movement training induces greater cortical reorganization than slow-velocity training 

post-stroke.  

 

Glossary: 

Blood oxygen–level-dependent (BOLD); 

Cortical silent period (CSP); 

Gamma-Amino Butyric acid (GABA); 

Interhemispheric inhibition (IHI); 

Intracortical inhibition/facilitation (ICI/ICF), short-interval intracortical inhibition (SICI); 

Interstimulus interval (ISI); 

Long-term potentiation/depression (LTP/LTD) 

Magnetic resonance imaging (MRI), functional magnetic resonance imaging (fMRI); 

Paired pulse (PP); 

Premotor cortex (PMC); 

Primary motor cortex (M1); 

Primary sensory cortex (S1); 
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Region of interest (ROI); 

Single pulse (SP); 

Supplemental motor area (SMA); 

Transcranial magnetic stimulation (TMS), repetitive TMS (rTMS) 
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Chapter II Literature Review  

i. Recovery of Function Strategies: Substitution versus Restitution.  

The loss of function in the brain area(s) permanently damaged by a vascular brain insult 

is not reversible but the loss of function from suppressed excitability in surviving neurons 

reveals the potential for change. The challenge in rehabilitation in those with hemiparesis 

is to maximize recovery of function. To accomplish this, rehabilitative strategy spans a 

continuum ranging from compensation/substitution to restitution. Substitution 

emphasizes use of devices (e.g. braces, wheelchairs) or maneuvers in non-paretic muscles 

to substitute for paretic muscles (Krakauer, 2006). Restitution emphasizes restoring 

function in the paretic muscles themselves, either through reversal of diaschisis (Nudo et 

al., 2001) (see below), vicariation of function, changes in the activity of existing circuits 

(Calautti and Baron, 2003) or morphologic changes or sprouting in circuits creating new 

connections (Liu and Rouiller, 1999; Sheng and Kim, 2002). The full continuum of both 

these strategies continues to be important due to variability between patients. However, 

growing evidence of the capacity to revive dormant neurons both at the peri-infarct zone 

and remotely favors an emphasis on restitution, when possible. Thus, a form of plasticity 

in the brain exists wherein the neural circuitry in the brain can be altered by experience. 

In fact, it has been shown that in order for normal maintenance of homeostasis in 

neurons, activation is required (Luoma and Zirpel, 2008).  

 

ii. Diaschisis and its reversal – hope for recovery.  
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Specific hypotheses regarding mechanisms underlying recovery of motor function after 

injury to the sensorimotor cortex are now beginning to emerge. According to one 

hypothesis described by von Monakow in 1914 (translated in 1969 by Von Monakow) 

(Von Monakow, 1969), the function of remote cortical tissue is temporarily suppressed 

after focal cortical injury. This process is known as diaschisis (for reviews see (Andrews, 

1991; Feeney and Baron, 1986; Grefkes and Fink, 2011; Seitz et al., 1999)). One 

mechanism frequently cited in the literature underlying diaschisis is interhemispheric 

inhibition (IHI). Under normal conditions, humans are equipped with a neural system 

involving inhibition of one M1 on the contralateral M1. Sohn et al (Sohn et al., 2003) 

demonstrated that voluntary hand movement exerts an inhibitory influence on a diffuse 

area of the ipsilateral motor cortex. Evidence showed that IHI is exaggerated in stroke 

(Murase et al., 2004).  

 

One of the recovery mechanisms is thought to result from the gradual reversal of 

diaschisis. Contemporary studies of brain metabolism after cortical injury have largely 

confirmed that resolution of diaschisis is likely to play a role in functional recovery 

(Feeney and Baron, 1986; Seitz et al., 1999). However, as more specific injury-induced 

events at distant sites are examined, it is becoming evident that: (a) diaschisis may persist 

for long periods of time after injury, that is, after significant recovery has occurred (Infeld 

et al., 1995); and (b) persistent remote effects of cortical injury are more complex than 

previously thought, and include disinhibition and hyperexcitability in addition to the 

well-known hypometabolism and inhibition (Andrews, 1991). In addition to the 
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resolution of diaschisis, motor recovery after cortical injury occurs in large part through 

behavioral compensation, rather than via “true recovery” or restitution of “normal” motor 

strategies (Finger and Stein, 1982; Friel et al., 2000; Whishaw, 2000). For example, in 

one study of stroke patients, severely to moderately impaired subjects used more 

compensatory strategies with the trunk to accomplish a pointing task (Cirstea and Levin, 

2000). This is not unlike the response of rats after unilateral sensorimotor cortex lesions 

that employ postural compensation in retrieving food, rather than reestablishing normal 

motor strategies (Whishaw, 2000). It has also been reported that original motor strategies 

can, in some cases, be regained after motor cortex injuries in primates (Friel and Nudo, 

1998). However, this more complete recovery occurred after very small microinfarcts 

that resulted in mild and transient deficits in motor performance. 

  

Although resolution of diaschisis (and other pathologic sequelae) and behavioral 

compensation play major roles in the phenomenon of motor recovery, it has also been 

suggested that other cortical or subcortical structures, either adjacent to or remote from 

the damaged area can “take over” the function of the damaged area. This theory, known 

as vicariation of function, has gained considerable popularity over the past decade due to 

several recent examples of functional plasticity after cortical injury (Xerri et al., 1998). 

The degree, to which the reorganization observed in spared tissue represents mechanisms 

related to restitution of the original function, behavioral compensation, or both, is still not 

entirely clear.  
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Another mechanism that has been suggested for mediating functional changes in the 

cerebral cortex is modification of the synaptic strength of horizontal connections. The 

most widely studied model of synaptic mechanisms underlying learning and memory 

comprises the phenomena of long-term potentiation (LTP) and long-term depression 

(LTD) in the rat hippocampus or cerebral cortex. Studies in slice preparations of rat 

motor cortex report that LTP and LTD can be induced in layer II/III horizontal 

connections (Hess et al., 1996; Hess and Donoghue, 1994; Hess and Donoghue, 1996; 

Hess and Donoghue, 1999; Hess et al., 1994), similar to extensive studies in hippocampal 

slice preparations (Bliss and Lomo, 1973). More recently, it has been demonstrated that 

both LTP and LTD can be induced in the neocortex of the freely moving rat, but multiple, 

spaced stimulation sessions are required (Froc et al., 2000; Trepel and Racine, 1998).  

 

Changes in two neurotransmitter systems, GABA and glutamate, have been implicated in 

behavioral deficits following stroke, and alterations in the activity of each may play a role 

in functional recovery. The heightened potential for neural reorganization post-stroke is 

thought to be due to a spontaneous reduction in GABA inhibition, which is a factor that 

influences synaptic plasticity (Buchkremer-Ratzmann and Witte, 1997; Liepert et al., 

2005). Behavioral deficits similar to those seen after stroke are found in primates after 

reversible inactivation of primary motor (M1) and premotor cortex by injection of the 

GABA-A agonist muscimol (Kubota, 1996; Schieber and Poliakov, 1998). There is a 

decrease in the density of inhibitory GABA-A receptors and an increase in 

hyperexcitability in the area adjacent to the lesion following cortical injury in the rat 
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(Schiene et al., 1996). Others studies have shown a bihemispheric reduction of GABA-A 

receptors in multiple cortical areas connectionally related to the damaged area in rats (Qu 

et al., 1998). An upregulation of NMDA receptors in cortex following ischemic lesion 

appears to be a consistent result in rodents. Changes in GABA and glutamate receptor 

densities may explain increased hyperexcitability following a lesion. 

 

Such reorganization capacity can go by wasted or can even result in magnification of the 

functional deficit (Duque et al., 2005) if it is not directed properly. That is, in healthy 

subjects performing an upper extremity activity, the sensorimotor cortices show a 

predominance of contralateral activation (Babiloni et al., 2003; Cramer et al., 2002; Dai 

et al., 2001; Huang et al., 2004; Martuzzi et al., 2006; Zhu et al., 2005). Whereas, in 

patients with stroke the laterality during paretic upper extremity action frequently shifts 

to a predominance of ipsilateral (contralesional) neuronal activation, probably related to 

learned nonuse of the paretic limb (Taub, 1980). But evidence suggests that this shift can 

actually be maladaptive, as IHI from motor neurons in the nonstroke hemisphere acting 

on surviving homonymous motor neurons in the stroke hemisphere becomes exaggerated 

(Murase et al., 2004). Indeed, the persistent ipsilateral activation following stroke is 

negatively associated with recovery of function in the upper extremity (Jang et al., 2003; 

Marshall et al., 2000; Netz et al., 1997; Ward et al., 2003b). Thus, to maximize recovery, 

it is paramount to find those training conditions that maximize favorable brain 

reorganization, including the restoration of function in neurons experiencing diaschisis                          
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iii. Movement Velocity and Cortical Activation.  

There is early evidence for basic central organization differences of motor control for 

slow, smooth ramp movements vs. fast ballistic movements (DeLong and Strick, 1974; 

Kornhuber, 1971; Kornhuber, 1974; Thach, 1975). The conclusion is that the function of 

the cerebral cortex is to calculate the burst duration for rapid preprogrammed movements, 

a discontinuous function. On the contrary, the function of the cerebellar nuclei is to hold 

the positions reached by rapid movements precisely, a continuous regulation. The 

function of the basal ganglia (the strio-nigro-pallidum) is to generate slow smooth 

movements of voluntary speed, i.e. from the technical point of view, the basal ganglia 

function as a ramp generator. 

 

At the cell level, the velocity of the movement is important to explain the time course of 

cell activity in the motor cortex. There have been several studies in the motor cortex that 

explicitly addressed the relationship between velocity and cell activity in primate motor 

cortex. Humphrey et al (1970) used a function based on the time course of cell activity to 

predict the time course of different movement parameters. When based on the activity of 

several simultaneously recorded neurons, the predictive value of this function was 

strongest. Under these conditions the correlation between observed and predicted values 

was statistically significant for force, velocity and displacement. Hamada and Kubota 

(1979) found that the average firing frequency in 20% of the pyramidal tract neurons in 

the reaction time correlated with the peak velocity during the movement. Flament and 

Hore (1988) identified a number of cells whose activity represented, in its time course, 
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the speed of movement. In summary, the results of the various studies listed above 

indicate that the cell activity in the motor cortex and movement velocity is well related in 

the temporal domain, but this relationship may not be strong in other analyses. For 

example, the peak velocity of the ensuing movement does not have a clear relationship 

with the intensity of cell discharge during the reaction time (Hamada, 1981; Hamada and 

Kubota, 1979). It is also interesting that a temporal association has been described in the 

eye movement system between saccadic eye velocity and the ongoing discharge of cells 

in the superior colliculus (Berthoz et al., 1986).  

 

Following these studies, a strong relation of ongoing single-cell activity in the arm area 

of the motor cortex and area 5 to the parameter of movement velocity was suggested by a 

study done by Ashe and Georgopoulos (1994). They established that certain neurons in 

both areas are coded for velocity during arm movements in two-dimensional space in 

primates. They recorded single-cell activity in the arm representation area of the motor 

cortex and area 5 during two-dimensional movements towards a visual target. They found 

that cell activity and movement velocity were related in the temporal domain; velocity 

was the second most important determinant of cell activity, second only to that of 

direction. 

 

Other investigators using similar single-cell recording techniques in primates have 

consistently shown the same result, i.e. that movement patterns are coded in the activity 

of neurons in the motor cortex and that velocity is a critical parameter (Kelso et al., 1998; 
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Moran and Schwartz, 1999; Stark et al., 2007). For example, Moran and Schwartz (1999) 

studied the motor cortical substrate associated with reaching as monkeys moved their 

hands from a central position to one of eight targets spaced around a circle. They 

recorded single-cell activity patterns in the proximal arm area of motor cortex during the 

task. They found the time-varying speed of movement to be represented in the cortical 

activity. 

 

Using population vector method, by transforming neuronal activity to the spatial domain, 

Schwartz (1994) visualized the motor cortical representation of the hand's trajectory 

made by rhesus monkeys as they drew spirals. He found that hand path was accurately 

reflected by a series of population vectors calculated throughout the task and also found a 

psychophysical rule relating speed to curvature, the "power law", in this cortical 

representation. He also showed that the directions of the population vectors were very 

similar to those of the velocity vectors and each vector's magnitude can be thought of as 

speed.  

 

In healthy humans, Koeneke et al. (2006) trained fast repetitive thumb-tapping 

movements for 4 weeks and found an increase in maximum tapping speed accompanied 

by an increase in cortical excitability measured with TMS to primary motor cortex, M1 

contralateral to the trained hand. Furthermore, using fMRI, others have shown increases 

in neuronal recruitment in the contralateral M1 as a function of upper extremity 

movement velocity (Rao et al., 1996; Schlaug et al., 1996). Rao et al. (1996) examined 
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the effect of movement rate on the fMRI response recorded from the contralateral M1. 

Subjects performed flexion-extension movements of digits 2-5 of the right hand at five 

different rates. Results of this study indicated a positive linear relationship between 

movement rate and fMRI signal change. Schlaug et al. (Schlaug et al., 1996) applied 

fMRI to investigate blood flow-related MR signal changes in response to different rates 

of repetitive movements of the index finger. The contralateral precentral gyrus and the 

posterior frontomesial cortex revealed a significant increase in MR signal over baseline 

for 1, 2 and 3 Hz finger movements, with a linear effect of rate in the precentral gyrus.  

 

In summary, these studies showed a positive linear relationship between finger movement 

rate and fMRI percent signal change, as well as between the number of voxels activated 

in the primary motor cortex. Sadato et al. (Sadato et al., 1997) corroborated these results 

in the sensorimotor cortex using fMRI and PET. In disease conditions, for example, 

Truccolo et al. (2008) studied velocity of movement in humans with tetraplegia and 

showed a relationship between velocity and activation in M1. These combined findings 

suggest that velocity of movements is a potent factor that influences M1 excitability and 

this then invites investigation in people with stroke to determine whether fast-velocity 

training movements might preferentially promote brain reorganization compared to slow-

velocity movements.  

 

iv. Studying the Process of Reorganization: fMRI and TMS.  



 

 14 

In animals, reorganization following motor skill training has been studied using Intra 

Cortical Micro Stimulation techniques (ICMS), where extent of the motor cortex that 

produces visible movement or recordable electromyography (EMG) activity in a 

particular segment is denoted its representation (Schieber and Poliakov, 1998). During 

skill learning-based reorganization, an expansion of representations has been associated 

with improvement in skill (Kleim et al., 1998; Nudo et al., 1996b; Plautz et al., 2003; 

Plautz et al., 2000b). In humans, various neuroimaging techniques have emerged as 

potential tools for studying brain reorganization, some of the commonly used ones are 

functional magnetic resonance imaging (fMRI) and transcranial magnetic stimulation 

(TMS).  

 

fMRI. Assumptions made in the use of fMRI are that neural activity results in changes in 

glucose metabolism, blood flow and blood volume. The change in blood oxygenation can 

be detected with fMRI and is referred to as the blood oxygen-level-dependent (BOLD) 

response (Heeger and Ress, 2002). BOLD fMRI detects local changes in blood 

oxygenation that are associated with neural activity (Berns, 1999; Matthews and Jezzard, 

2004). Primarily the contrast in MRI is based on ‘relaxation times’, T1 being dependent 

upon the return of longitudinal magnetization and T2 and T2
* being the time constants for 

loss of signal due to phase-differences and field inhomogeneities in transverse 

magnetization (Jezzard et al., 2002). BOLD fMRI primarily depends on the T2
* effects. 

The T2
* effects and hence, the BOLD signal, depend on the differences in magnetization 

of oxyhaemoglobin and deoxyhaemoglobin. Increased neural activity leads to reduced 
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oxygen extraction, relative to the increased blood flow that occurs with activation, thus a 

higher ratio between oxyhaemoglobin and deoxyhaemoglobin. While the former is 

diamagnetic, the latter is paramagnetic, thus, in the vicinity of tissues that have reduced 

oxygen extraction due to greater blood flow, the T2
* will be longer, resulting in greater 

signal increase with respect to the baseline (Matthews and Jezzard, 2004).  

 

BOLD fMRI has an advantage over Electroencephalograpghy (EEG) and 

Magnetoencephalography (MEG) because the former can offer an excellent spatial 

resolution on the order of a few millimeters. There is recent evidence on relation of the 

BOLD response with neural activity. It has been shown that the BOLD signal correlates 

with the Local Field Potentials (LFPs) (Logothetis et al., 2001), which reflects the 

dendro-somatic input to an area. BOLD signal has also been shown to correlate with the 

average firing rate (Heeger and Ress, 2002) and the local spiking activity of neurons 

(Mukamel et al., 2005).  

 

In this procedure of exploration, in a seminal 1990 study, Ogawa and colleagues (Ogawa 

et al., 1990) tested the hypothesis, manipulating the proportion of blood oxygen would 

affect the visibility of blood vessels on T2*-weighted images, using high field MRI. As 

they originally hypothesized, experimental observations have turned out to be 

considerably more complicated. 
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Few studies have directly compared electrophysiological and BOLD fMRI 

measurements. In a landmark 2001 report, Logothetis and colleagues (Logothetis et al., 

2001) simultaneously recorded fMRI and electrophysiological data from the primary 

visual cortex. They compared local field potentials (LFPs), single- and multi-unit spiking 

activity with highly spatio-temporally resolved blood-oxygen-level-dependent (BOLD) 

fMRI responses from the visual cortex of monkeys. The largest magnitude changes were 

observed in LFPs, which at recording sites characterized by transient responses were the 

only signal that significantly correlated with the haemodynamic response. Linear systems 

analysis on a trial-by-trial basis showed that the impulse response of the neurovascular 

system is both animal- and site-specific, and that LFPs yield a better estimate of BOLD 

responses than the multi-unit responses. These findings suggest that the BOLD contrast 

mechanism reflects the input and intracortical processing of a given area rather than its 

spiking output. 

 

Heeger and Ress (Heeger and Ress, 2002) reviewed current understanding of how the 

fMRI signal relates to neuronal responses, in the context of a simple linear transform 

model, which has been a common assumption in the interpretation of fMRI studies. To 

the question, whether the evidence indicated that this model was a reasonable and useful 

approximation, their answer was ‘yes’ for some recording sites, in some brain areas, 

using certain experimental protocols, but the answer was ‘no’ under other circumstances. 

So we need to know more about the relationships between the different measures of 

neuronal activity, single- and multi-unit spiking activity, and LFP, to determine whether 
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they reflect different aspects of neuronal function. Sometimes it might be helpful to use 

more than one outcome measures.  

 

fMRI provides a noninvasive means of studying the brain and the changes that may occur 

during a voluntary motor task. Studies using fMRI have allowed investigation of both M1 

and concurrent activity of contributing regions during finger activity. The commonly 

used measures for classification of task-related activity in fMRI analysis are (i) changes 

in the volume of activation (Carey et al., 1993; Cramer et al., 2002; Johansen-Berg et al., 

2003; Karni et al., 1995; Kimberley et al., 2004; Small et al., 2002) called the voxel 

count, where ‘voxel’ is defined as an individual, cuboid element in the brain (Jezzard et 

al., 2002), (ii) change in BOLD signal intensity during task performance vs. the baseline 

(Floyer-Lea and Matthews, 2005; MacIntosh et al., 2004) and (iii) shifts in center of mass 

or centroid of activation (Small et al., 2002).  

  

Regarding the reliability of fMRI signals, meta-analyses generally do find impressive 

concordance across studies, though there is often substantial variability as well 

(Buchsbaum et al., 2005; Derrfuss et al., 2005; Duncan and Owen, 2000; Ridderinkhof et 

al., 2004). Aron et al. (Aron et al., 2006) also explored long-term test-retest reliability of 

fMRI. They scanned on two sessions, 1 year apart, while performing a classification 

learning task known to activate frontostriatal circuitry. They showed that behavioral 

performance and frontostriatal activation were highly concordant at a group level at both 

time-points. Furthermore, intra-class correlation coefficients (ICCs), which index the 
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degree of correlation between subjects at different time-points, were high for behavior 

and for functional activation. So they concluded that fMRI can have high long-term test-

retest reliability, making it suitable as a biomarker for brain development and 

neurodegeneration. In the stroke field, Kimberley et al. (Kimberley et al., 2008) 

examined the within- and between-session reliability of fMRI in cortical and cerebellar 

structures in subjects with stroke during a complex, continuous visual motor task 

performed with the less affected hand. They found that when comparing between-session 

results, moderate to good reliability was obtained with intensity change and showed good 

reliability in subjects with stroke when performing a continuous motor task. These 

combined findings give confidence for interpreting fMRI test/retest research in subjects 

with stroke. 

 

TMS. TMS is a non-invasive method to stimulate the brain (Hallett, 2000; Hallett, 2004). 

It is another important tool for studying reorganization in the cortex. It can be used as a 

test for excitability. This is achieved by discharging a high-voltage capacitor that is sent 

through a coil of conducting wire that induces a rapidly changing magnetic field 

(Wassermann et al., 2008). When this field is applied over electrically-active tissue, it 

induces a transient change in current in adjacent tissue (Rossini et al., 1994). If this 

current is of sufficient intensity, it can cause an excitation (depolarization) of cortical 

neurons (Rossini et al., 1994). This excitation is on a regional level, activating both 

cortico-cortical synapses as well as corticospinal efferent pathways directly (Wassermann 

et al., 2008). If applied to M1, this excitation is quantified by measurement of the 



 

 19 

corresponding muscle response via electromyographic (EMG), recording termed a motor 

evoked potential (MEP). A single-pulse MEP is a common measure of corticospinal 

excitability but is not specific to the cortex and requires parameter modification to 

identify the excitability of specific neuronal circuitry (Nollet et al., 2003). Notably, 

single-pulse MEP amplitude often demonstrates a high degree of inter-trial and inter-

individual variability that is reduced with increased stimulation intensity or muscle 

activation (Nollet et al., 2003; Wassermann et al., 2008). This variability may also be due 

to coil position as small millimeter shifts and/or changes in coil orientation may change 

the induced electrical fields within the brain thereby altering the evoked response 

(Ruohonen and Ilmoniemi, 2002). Many researchers advocate frameless stereotaxy using 

neuroimaging techniques to minimize the potential for this error (Romero et al., 2002; 

Ruohonen and Ilmoniemi, 2002). In many cases, logistical and financial constraints 

preclude the use of these multimodal imaging techniques and, therefore, coil localization 

remains predominately manual using the 10-20 International Electrode System (Jasper, 

1958) to define cranial landmarks. These landmarks have been found to be unreliable 

used in isolation but accurate stimulus localization is enhanced by systematically 

mapping the evoked response when stimulating areas within M1 (Romero et al., 2002; 

Wassermann et al., 2008). Stimulation intensity/response curves are also used to address 

variability of MEP size (Nollet et al., 2003; Romero et al., 2002; Wassermann et al., 

2008). This variability has been attributed to variable recruitment of motor neurons, 

variability in repetitive neuronal discharge and motor neuron de-synchronization 

(Wassermann et al., 2008).  
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Additional techniques have been developed to measure excitability and changes in 

excitability in specific circuits, including cortical silent period (CSP) and paired-pulse 

intracortical inhibition/facilitation (ICI/ICF). The CSP refers to the cessation of voluntary 

activity of a target muscle in response to a suprathreshold TMS pulse. The duration of 

EMG quiescence during CSP measurement is reflective of the GABAergic activity within 

the stimulated cortical region (Ziemann et al., 1996). In the paired-pulse technique, a sub-

motor threshold conditioning pulse is paired with a supra-motor threshold test pulse at 

different interstimulus intervals (ISIs) to measure intracortical synaptic activity (Kujirai 

et al., 1993). When ISI is short (1-5ms), GABAergic function is targeted while longer ISI 

(10-15ms) target glutamatergic synapses (Ziemann et al., 1996). With short ISI, in 

healthy individuals’ M1, conditioning pulse inhibits the motor evoked potential produced 

by the subsequent test pulse, referred to as short interval intracortical inhibition (SICI) 

(Kujirai et al., 1993).  It is shown that IHI can be mediated by GABA-A or GABA-B. 

Specifically, GABA-A mediated inhibition is measured with short ISI (1–5 ms) paired-

pulse testing, whereas GABA-B mediated inhibition is measured with cortical silent 

period (CSP) testing (McDonnell et al., 2006). The first part of the CSP is thought to 

arise from spinal cord refractoriness, the latter part is caused by cortical inhibition (Fuhr 

et al., 1991). An example of paired-pulse measurement is that Wu et al. tested ICI and 

ICF after repetitive TMS (rTMS) by a conditioning-test designed paired-pulse paradigm 

(Wu et al., 2000). They showed that after 15 Hz excitatory rTMS, ICI was significantly 

reduced for 3.2 min, ICF was enhanced for 1.5 min, muscle evoked potentials from single 
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TMS were increased in the first 30 s only. These refinements in TMS instrumentation and 

application allow for decreased measurement variability as well as increased specificity 

of cortical excitability investigation.  

 

TMS has already been proved helpful in defining cortical changes following Constraint-

Induced Movement Therapy for stroke (Liepert et al., 2000b; Liepert et al., 1998) and in 

exploring the neurophysiological correlates of neuroplasticity (Werhahn et al., 2002; 

Ziemann et al., 1998a; Ziemann et al., 1998b). 

 

Furthermore, there have been some multi-modal neuroimaging studies in this aspect, such 

as Hamzei et al (Hamzei et al., 2006) used two complementary methods to investigate 

cortical reorganization in chronic stroke patients during treatment with a defined motor 

rehabilitation program. BOLD fMRI and intracortical inhibition (ICI) and facilitation 

(ICF) measured with TMS via paired pulse stimulation were used to investigate cortical 

reorganization before and after “constraint-induced movement therapy”. The inverse 

dynamic process between both complementary methods (activation in fMRI and 

intracortical excitability determined by TMS) over the time period of CI illustrates the 

value of combining methods for understanding brain reorganization.  

 

Therefore, through the combined use of fMRI in voluntary activity as well as evoked 

activity with TMS, the possibility of understanding the underlying changes in neural 

network activity can be further explored. 
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v. Forced Use and Forced Learning.  

Two prominent training principles that have emerged over the last few decades, 

originating in large part from Taub’s seminal work (Taub, 1980), are “forced use” and 

“forced learning”. Nudo and colleagues (Nudo et al., 1996a) used intracortical 

microstimulation to map the representation of M1 in monkeys before and after inducing a 

focal ischemic infarct in the hand representation area of the cortex. They found that in 

animals recovering spontaneously, i.e. with repetitive use of the nonparetic forelimb, the 

infarcts produced large decreases in the size of the hand representation in neurons spared 

from the infarct. However, when monkeys were forced to use the paretic forelimb in a 

repetitive and skilled way, this loss of hand representation was not observed and, in some 

cases, it actually expanded into cortical areas previously dedicated to the elbow and 

shoulder (Nudo et al., 1996a). The combined results suggest that repetitive use of the 

paretic limb is important to prevent an otherwise likely further loss of neural function in 

undamaged regions.  

 

One implementation of this principle is referred to as constraint induced movement 

therapy (CIMT), which involves constraining the nonparetic limb via sling and/or hand 

mitt while concomitantly repetitively training the paretic limb intensely to overcome the 

“learned non-use” of the paretic limb post-lesion (Page et al., 2002; Wolf et al., 2006). As 

a direct result of the earlier mentioned primate studies, others (Dromerick et al., 2000; 

Plautz et al., 2000a) have investigated whether it was simply the repetitive use of the 
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paretic limb or the learning that was most advantageous; this led to the additional 

conclusion that motor activities that incorporate cognitive engagement, problem solving, 

and skill are preferable to unskilled movements in optimizing recovery.  

 

Forced learning, as opposed to forced use, refers the need to not only use the paretic limb, 

but to use it in a cognitively engaging manner that promotes learning of a task. Mahncke 

et al (Mahncke et al., 2006) emphasized that promoting favorable brain plasticity requires 

engaging subjects in demanding sensory, cognitive, and motor activities on an intensive 

basis to strengthen the neuromodulatory systems that control learning in adults. Jones et 

al (Jones et al., 1999) demonstrated the importance of tasks that challenge motor learning 

processes to brain organization in rodents. Nudo et al (Nudo and Milliken, 1996; Nudo et 

al., 1996a) and Plautz et al. (Plautz et al., 2000a) showed the same results in primates. 

Stefan et al (Stefan et al., 2004) illustrated that associative plasticity in the human motor 

cortex depends decisively on attention. Our own studies using fMRI have incorporated 

these activities of forced learning into a finger tracking training program and have 

contributed to the growing body of knowledge emphasizing challenging cognitive 

engagement during the sensorimotor retraining in stroke (Carey et al., 2004; Carey et al., 

2002a; Carey et al., 2007a; Carey et al., 2006).  

 

Although forced use and forced learning show evidence of promoting recovery, it is 

likely that greater effectiveness can be accomplished through a better understanding of 

the precise movement parameters within these interventions that influence cortical 
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reorganization and functional recovery. Until more of the mechanisms within these 

interventions are clarified, progress in the field of post-stroke rehabilitation will be 

suboptimal. The present study was intended to explore whether fast-velocity finger 

movement training induces greater cortical reorganization than slow-velocity training 

post-stroke. Both trainings involved forced learning. 

 

vi. Factors for Permanency of a Motor Skill.  

The premise of this study is based on studying motor skill learning induced changes in 

the cortex. However, knowledge of the theories and principles of learning is deemed 

important in order to construct a valid skill learning design for this study. While motor 

control refers to the ability to plan and execute a movement, motor skill learning refers to 

the improvement in spatial and temporal accuracy of movements following practice 

(Willingham and Goedert-Eschmann, 1999), practice being the most important factor for 

permanency of a motor skill (Guadagnoli and Lee, 2004). The concepts of motor learning 

have come a long way from the Schmidt’s original schema theory (Schmidt, 1975), such 

that increased cognitive effort is being suggested as the most important process in motor 

learning (Sherwood and Lee, 2003b). In terms of motor skill learning, cognitive effort 

refers to the decisions that result in perceptual-motor processes necessary for motor 

control. It is now being suggested that practice to gain skill should not just involve 

repetition alone, but should also involve the decision-making processes necessary for 

skilled behavior. Thus manipulations during practice that require more cognitive effort 
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would be more effective in motor skill learning than those that require less cognitive 

effort (Sherwood and Lee, 2003b).  

 

Another important parameter for motor skill learning is the variability of practice 

conditions, also called contextual interference. Contextual interference is defined as the 

degree of functional interference found in a practice situation when several tasks must be 

learned and are practiced together (Magill and Hall, 1990). The contextual interference 

effect is a learning phenomenon where interference during practice is beneficial to skill 

learning. That is, higher levels of contextual interference lead to poorer practice 

performance than lower levels while yielding superior retention and transfer 

performance. This rather counterintuitive effect, first demonstrated by Battig (Battig, 

1966) for verbal materials and later shown to be relevant to motor skill learning by Shea 

and Morgan (Shea and Morgan, 1979). High contextual interference conditions, such as 

those provided by random practice schedule, such as our telerehabilitation strategy at 

patient’s own home, rather than blocked practice schedule, have been shown to produce 

better retention and increased adaptability to novel transfer tasks (Magill and Hall, 1990; 

Ste-Marie et al., 2004). The advantage of using a random schedule instead of blocked, is 

attributed to the increasingly complex and effortful cognitive processing that is used in 

random practice conditions (Sherwood and Lee, 2003b). Besides learning of gross motor 

skills, high contextual interference conditions aid learning of fine motor handwriting 

(Ste-Marie et al., 2004) and graphomotor skills such as drawing (Albaret and Thon, 

1998).  
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A third important factor for ensuring effective motor learning is feedback. There are two 

different types of feedback: knowledge of results (KR) that refers to the terminal error 

information between the ideal response and the actual response and knowledge of 

performance (KP) that describes how the movement was performed (Schmidt, 1988). As 

opposed to the old viewpoint that stressed the use of augmented feedback (e.g. KR after 

every trial), the new “guidance hypothesis” indicates that in case of high KR frequency, 

subjects perform better on their acquisition trials, but fail to use other memory processes 

or fail to develop intrinsic feedback sources. On the other hand, when low KR frequency 

is provided, subjects are encouraged to engage in other memory processes or use 

information from their internal reference of correctness, leading to a consolidation of the 

task in long-term memory. Though low KR frequency results in the poor performance on 

acquisition trials, it leads to enhancement of retention performance (Jost and Kohl, 2001; 

Schmidt, 1988; Sherwood and Lee, 2003a; Sidaway et al., 2006). Anderson et al. 

(Anderson, Magill et al. 2005) compared delayed KR to a no-delay KR condition in 

healthy adults during an aiming task. Although, the delayed KR group showed poorer 

performance during acquisition, they showed much smaller decline from acquisition to 

retention. Further, the delayed KR group used greater intrinsic feedback sources as 

compared to the no-delay KR group. Thus, reduction in frequency of feedback is 

important for retention because it forces the individual to depend on intrinsic feedback 

which leads to stronger memory traces for better retention. However, for certain types of 

tasks, intrinsic feedback, such as visual feedback, is sufficient to provide most error 
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information. 

 

A critical issue in rehabilitation is how training transfers either to a new task or to a new 

environment. To test it in new task, we included behavioral tests including included Box 

and Block test, Jebsen-Taylor test, and finger extention force test (details see Methods 

section) rather than testing tracking skills. To test it in a new environment, training was at 

home, while testing happened in our lab. In a recent study of our lab (Deng et al., 2012), 

we used the same home tracking system, but to a different joint, ankle, Behavioral 

changes were measured with the 10-m walk test and gait analysis using a motion capture 

system. Results showed that ankle dorsiflexion during gait was significantly improved. 

 

vii. Tracking Training.  

Tracking experiments have been advocated as an ideal protocol for quantitating 

movement control (Cross, 1967; Jones and Donaldson, 1981; Schmidt and Lee, 2005). 

Measurement of tracking performance as an indicator of motor control was documented 

as early as 1922 (Koerth, 1922). A surge of interest in this topic occurred during World 

War II with a focus on gunnery skills (Kelley, 1969). Psychologists and educators have 

used tracking tests as a method of elucidating many of the intricacies of motor learning 

(Eason and White, 1960; Hagan et al., 1980). Other researchers have used tracking 

studies to examine the impaired movement control in individuals with multiple sclerosis 

(Henderson et al., 1975), Parkinson's disease (Flowers, 1978; Hufschmidt and Lucking, 

1995), brain injury (Jones and Donaldson, 1981), cerebellar ataxia (Ada et al., 2009; 
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Beppu et al., 1984), and stroke (Carey et al., 1998; Carey et al., 2007a; Carey et al., 

2002b). 

 

We believe that finger movement tracking that involved temporospatial processing to 

achieve accuracy will be more advantageous for recovery compared to the practice of 

simple finger movements that required no attention to accuracy. Although the purpose of 

the current study is to explore the parameter of velocity in training post-stroke, the 

concern that tracking could be a confounding factor will be well controlled in statistical 

analysis of the data, and we would like to take advantage of tracking as an ideal protocol 

for quantitating movement control. 

 

viii. Telerehabilitation.  

As communication technology has advanced, an unconventional method of rehabilitation 

has emerged that may allow rehabilitative training to continue remotely following 

discharge from acute care. This method is called telerehabilitation, defined as therapy 

from a distance directed by a computer and telecommunication. Telerehabilitation is 

relevant to the current study because all subjects performed their training in their own 

home using telerehabilitation technology to keep the cost of this project manageable 

while still probing the effects of fast vs slow movement training. Training was 

accomplished in the subject’s own home using a self-administered, computerized 

tracking training program with occasional teleconferencing with a remote therapist. There 

are already some studies showing the feasibility (Carey et al., 2007a; Deng et al., 2012; 
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Deutsch et al., 2007; Holden et al., 2007), and that behavioral improvements and 

associated brain reorganization could be accomplished by telerehabilitation. 

 

The prevalence of stroke survivors receiving outpatient stroke rehabilitation is lower than 

would be expected if clinical practice guideline recommendations for all stroke patients 

had been followed. Increasing the number of stroke survivors who receive needed 

outpatient rehabilitation might lead to better functional status and quality of life in this 

population ((CDC), 2007). Because of health care economics and the declining length of 

inpatient rehabilitation stay (Dobrez et al., 2010), alternative forms of rehabilitation, 

including telerehabilitation, may become increasingly important to approach the dosage 

of training needed to promote neuroplasticity and higher recovery. In this way, we do not 

envision telerehabilitation as a replacement for the hands-on interaction between patients 

and therapists so crucial for establishing trust, motivation, and guidance of therapy early 

on. Rather, it is envisioned as therapy at a less dependent stage in the recovery process 

that continues to emphasizes repetitive movements and cognitive processing, but with 

only periodic rather than continual therapist guidance and at a location, intensity, and 

schedule selected by the patients themselves. As the advancement of communication 

technology continues to accelerate, and as the need for cost containment in health care 

economics continues to deepen, and as evidence continues to mount that recovery of 

function can still occur even in the chronic stages of stroke, telerehabilitation offers hope 

for continued progress.  
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We believe that telerehabilitation can offer a valuable method for promoting further 

recovery from stroke, in part because of the convenience of practice at home at a time 

and intensity that befits a person’s own poststroke medical and psychological conditions. 

As more details are discovered in stroke on such factors as forced use versus forced 

learning, optimal schedules of practice with rest, contextual interference, and 

reinforcement, as well as best dose-response intensity curves for training, (Dobkin, 2005) 

the adaptability and flexibility of training availed through telerehabilitation may lessen 

impairments and disability. 

 

ix. Prior Exploratory Projects.  

Our initial investigation explored whether forced learning of the paretic hand could be 

used to improve function in chronic stroke (Carey et al., 2002b). Subjects performed 

finger tracking training using an electrogoniometer placed on the paretic index finger, 

which was connected to a computer. The computer screen displayed a variety of target 

waveforms, which the subject attempted to track with the cursor using careful paretic 

finger extension/flexion movements. Subjects performed 30 blocks of three trials (one-

hour treatments) each day for 20 days (four weeks) of finger tracking training. The fMRI 

results showed that cortical activation changed from predominately contralesional 

(ipsilateral) activation pretreatment to ipsilesional (contralateral) activation posttreatment 

(Figure 1). The results demonstrated that forced learning was effective in producing 

significant improvements in hand function that were corroborated by cortical 

reorganizational changes on fMRI.  
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Figure 1. Pretest and posttest paretic finger tracking responses for a single subject with right 
hemiplegia before and after finger tracking training. Tracking responses occurred simultaneous with 
fMRI, which revealed a shift in cortical activity from predominantly ipsilateral (contralesional) 
activation at pretest to predominantly contralateral (ipsilesional) activation at posttest (Carey et al., 
2002b).  

 

In a second study, using a single-subject design, we established the effectiveness of ankle 

tracking training (20 one-hour treatments of dorsiflexion/plantarflexion tracking) in an 

individual post-stroke. Improvements were demonstrated in subjective reports of ankle 

control during gait, ankle tracking accuracy during fMRI, and increased cortical 

activation (Carey et al., 2004).  

 

Next, we compared the effect of tracking training versus simple movement training using 

home-based telerehabilitation technology (Carey et al., 2007a). Twenty subjects post-

stroke were randomly assigned to receive 60 blocks of three training trials each day for 

10 days (two weeks) of either computerized tracking training (Track group) or simple 

movement training (Move group), with no attention to accuracy. Figure 2 shows the 

improved tracking and the increased cortical activation in the ipsilesional hemisphere in 
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one subject from the Track group. However, both groups improved on functional tasks 

and the paretic finger tracking training did not produce greater improvements than simple 

movement training, nor was there a difference in cortical reorganization between groups. 

One potential explanation for these findings is the difference in movement velocity 

between groups. The velocity of movement was not controlled in the Move group (to 

minimize cognitive processing) and examination of the movement patterns of both 

groups indicated that the Move group employed significantly fast velocity movements 

overall. Thus, whereas the Track group likely benefited from repeated tracking 

movements and the associated cognitive processing, the Move group may have benefited 

from repeated simple movements that were at a fast velocity. This evidence invites a new 

study comparing different velocities of simple movements.  

   

Figure 2. (a) Sample tracking responses for 1 subject from the “Track” group tracking with Left 
paretic index finger (0 degrees = maximum flexion). Accuracy improved from - 20.07% at pretest to 
45.01% at posttest. (b) Representative activation maps (1 slice) show mainly contralesional activation 
in M1 and primary somatosensory (S1) areas (green arrows mark central sulcus) at pretest (M1 
laterality index = - 0.50 and S1 laterality index = - 0.53), shifting in the direction towards more 
ipsilesional activation at posttest (M1 laterality index = - 0.03 and S1 laterality index and S1 laterality 
index = - 0.18. 
 

In our recently completed study (unpublished), we compared the effect of 30 minutes of 

finger extension tracking movements (Track group) vs. 30 minutes of finger extension 
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simple movements (Move group) on cortical-spinal excitability in nondisabled adults. 

This study was a follow-up from the work of Classen et al. (Classen et al., 1998), who 

showed that M1 excitability changes rapidly, albeit transiently, as a result of simple 

repetitive movements. We then questioned whether the magnitude and duration of the 

excitability change could be increased by using repeated finger extension tracking 

movements that required cognitive processing compared to simple, non-tracking 

movements. Using TMS, we measured the ratio of finger extensor MEP/finger flexor 

MEP, similar to Butefisch et al (Bütefisch et al., 2000), at pretest and posttests every five 

minutes for one hour. Analysis of the linear trend in the data (Ext/Flx ratio vs training 

velocity) established training velocity as a potential confounding variable. To adjust for 

the effects of training velocity on the Ext/Flx ratio then, all ratios were divided by their 

corresponding training velocity. The normalized data for all test trials of all subjects are 

plotted in Figure 3 and, overall, show a significantly larger normalized excitability in the 

Track group compared to the Move group when corrected for corresponding baseline 

differences.  
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Figure 3. (A) Shows all excitability (Ext/Flex Ratio) values, normalized to velocity, for all 10 subjects 
in each group. Each subject's baseline value was subtracted from their corresponding normalized 
ratio before plotting. (B) shows data with outlier (Track subject 6) removed. For both records, 
excitability was significantly higher in the Track Group.  
 

We postulate then that after stroke certain subsets of motor neurons may still be viable 

after stroke but are never recruited because voluntary movement choices as well as 

rehabilitation training demands focus on slower velocities. As a result of such “nonuse” 

(Taub et al., 1994), excitability of these neurons down-regulates. We further postulate 

that as repeated activation of these neurons occurs through forced use of fast-velocity 

movements, synaptic effectiveness increases, thereby availing previously dormant 

neurons to voluntary recruitment.  

 

In our next study (Deng et al., 2012), we then questioned whether stroke rehabilitation 

could be effective in the subject’s own home using telerehabilitation to improve ankle 

dorsiflexion, and whether brain reorganization and recovery could be influenced more by 

forced learning than by forced use. Sixteen subjects with chronic stroke and impaired 

ankle dorsiflexion were randomly assigned to receive four weeks of telerehabilitation of 

the paretic ankle using either computerized tracking training (Track group), with 

temporospatial processing to achieve accuracy, or simple movement training (Move 

group), with no attention to accuracy. Behavioral changes were measured with the 10-

meter walk test and gait analysis using a motion capture system. Brain reorganization was 

measured with ankle tracking during fMRI. The median increase in dorsiflexion during 

gait was significantly larger in the Track group compared to the Move group. For brain 

reorganization (Figure 4), although the magnitude of cortical activation in volume percent 
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volume, and intensity failed to show significant changes, the frequency of the direction of 

change was significantly different between the two groups with the Track group 

decreasing and the Move group increasing. Telerehabilitation emphasizing forced 

learning with the paretic limb can be effective in promoting brain reorganization and 

further recovery in people with chronic stroke.   
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Figure 4. Upper panal: Median change (Q1, Q3, min, max) values from pretest to posttest of volume, 
% volume and blood-oxygen-level-dependent (BOLD) intensity of activation of the ipsilesional and 
contralesional primary motor area (M1), primary somatosensory area (S1), premotor cortex (PMC), 
and supplementary motor area (SMA). Lower panel: Median (Q1, Q3, min, max) values of laterality 
index (LI) of volume, % volume and intensity for the primary motor area (M1), primary 
somatosensory area (S1), premotor cortex (PMC), and supplementary motor area (SMA). 
 

Then, we explored in people with chronic stroke the safety and efficacy of 6-Hz primed 

low-frequency rTMS combined with behavioral training in improving hand function and 

http://www3.interscience.wiley.com/journal/101521142/articletext?DOI=10.1002%2Fmrm.10318�
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promoting brain reorganization compared to either intervention given alone or to sham 

intervention (manuscript in preparation). We demonstrated no major adverse events, 

improved manual performance in the paretic hand (Figure 5), and increased ipsilesional 

M1 excitability.  
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Figure 5. Behavioral performance with paretic hand (mean ± SE) for subjects who did not receive 
rTMS compared to those who did. White p values show within-group differences from pretest, black 
p values show between-group differences. TEMPA=Test Évaluant la performance des Membres 
supérieurs des Personnes Âgées, rTMS=repetitive transcranial magnetic stimulation.  
 

x. Summary. 

Stroke is the primary cause of long-term disability worldwide, leaving individuals with 

significant motor impairment and compromised quality of life. Hospital-based time 

restrictions and insurance mandates currently necessitate optimization of time spent in 

every rehabilitation session by design of scientifically informed therapeutic interventions. 

It has been well established in both animal and human models that the post-stroke brain is 

primed for training-induced reorganization. The role of behavioral experience post-stroke 

is pivotal to recovery, as “forced use” can promote favorable brain reorganization and 

“learned nonuse” can promote maladaptive reorganization. Moreover, motor activities 

that incorporate cognitive engagement, problem solving, and skill (i.e. “forced learning”) 

are preferable to repetitive unskilled movements in optimizing brain reorganization and 

recovery. Although there is a well developed body of knowledge supporting forced use 

and forced learning of the paretic limb, it is unclear which training parameters optimize 

cortical reorganization and recovery. For example, evidence from animals and healthy 

humans suggests that velocity of limb movement significantly influences cortical 

activation, yet the efficacy of velocity in training movements has never been thoroughly 

investigated in stroke. In view of the increasing prevalence and cost of stroke, as well as 

the magnitude of its debilitating effects, this lack of clarity regarding optimal 

interventional characteristics is a serious gap in knowledge. Until we shed light on this 

fundamental issue, we will never know which rehabilitative treatment ingredients 
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maximize recovery.  

 

xi. Aims and Hypotheses. 

Aim 1. Determine whether fast-velocity finger tracking training improves hand function 

more than slow velocity training. Working hypotheses: The fast-velocity training will 

have significantly greater functional improvement compared to the slow-velocity training, 

as measured by standardized upper extremity functional tests (Jebsen-Taylor test, Box 

and Block Test, and finger force test). 

 

Aim 2. Ascertain whether fast-velocity finger tracking training differentially induces 

cortical reorganization as compared to slow-velocity finger tracking training. 

Working hypotheses: The fast-velocity training will have significantly greater cortical 

reorganization compared to the slow-velocity training, as measured by:  

1) TMS – increased amplitude of motor evoked potentials (MEP) from paretic 

extensor digitorum muscle in response to paired-pulse TMS to ipsilesional primary motor 

area (M1). 

2) fMRI – increased volume of activation, signal intensity, and laterality of 

ipsilesional M1. 
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Chapter III Methodology  

i. Design.  

The study implemented a single-case design. Subjects were assigned to the following two 

sequences: A1-B-A2-C-A3. By single-subject research standard terminology, A stands 

for baseline phase; B stands for slow-velocity (slow tracking training phase) or fast-

velocity (fast tracking training phase); C stands for fast or slow tracking training phase, 

depending on randomized assignment (Portney and Watkins, 2009). Subjects were 

randomized to one of the two sequences either slow or fast training first. 

 

A cross-over single-subject ABACA design was employed. The phases consisted of 3 

baseline periods (A). The first baseline period (A1) was 4 weeks and the subsequent A2 

and A3 phases were both 3 weeks. The intervention phases were a slow or fast tracking-

training phase (B) and a fast or slow tracking-training phase (C). Each intervention phase 

was 5 weeks long with a total experiment duration of 20 weeks. The order of the 

intervention phases was randomly selected. 

 

ii. Rationale.  

The demands of traditional experimental methods can become barriers to rehabilitation 

research in clinical populations, including stroke. The exploration of inter-subject and 

intra-subject variability and the allowance of real-time/continuous monitoring of change 

(McReynolds and Thompson, 1986; Sohlberg and Mateer, 1989) are advantages of 

single-subject designs for stroke rehabilitation research. Additional benefits include the 
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ability to compare treatments and the use of a small number of subjects(Portney and 

Watkins, 2009). These advantages overcome the difficulties in recruiting a large number 

of homogeneous stroke subjects in more traditional experimental methods and may make 

results more germane to clinical practice as findings can be considered on an individual 

case basis. But there are limitations to single-subject designs as well, including subject 

selection with associated limited generalizability and internal validity threats such as 

from repeated testing and regression toward the mean. Thus, investigators must be 

cautious in stating conclusions and consumers of research must be cautious in 

interpreting them.   

 

In stroke rehabilitation research, we are dealing with an altered state of GABA inhibition 

following stroke (Cicinelli et al., 2003; Liepert et al., 2000c; Liepert et al., 2000d) as well 

as with individual variations in stroke location (Liepert et al., 2005), neuroprotective 

genes (Lau and Bading, 2009), brain-derived neurotrophic factor genes (Cheeran et al., 

2008b), hormonal levels (Bayer et al., 2008), etc. A single-subject design may be 

especially valuable with all this variability. 

 

iii. Specifics of Single-Subject Design.  

Datapoints. Tests included two categories: behavioral and brain reorganization. The 

behavioral tests included Box and Block test, Jebsen-Taylor test, and finger extension 

force test, which were done at weekly interval. Brain reorganization tests included TMS 

done at weekly intervals and fMRI, which was done before and after each training phase 

http://www.socialresearchmethods.net/tutorial/Burns/int.html#k�
http://www.socialresearchmethods.net/tutorial/Burns/int.html#g�
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(Figure 6). The measurement day in the week was chosen at the subjects’ convenience 

with the precondition of fixed interval.  

          
 

 
Figure 6. Experiment flow chart. Subjects are pseudo-randomly assigned into 2 different sequences: 
A1-B-A2-C-A3 and A1-C-A2-B-A3. A=testing, B= slow or fast tracking training, C= fast or slow 
tracking training. Measurements occurred in both testing and training phases and each circle stands 
for a data point measured at weekly interval.  
 

Baseline phase A1, A2 and A3. A1 phase was 4 weeks. A2 and A3 phases were both 3 

weeks. It’s recommended to have a minimum of three data points in each phase for single 

case design (Kazdin, 1982). 

 

Training phase B and C. The training phase was either fast- or slow-velocity finger 

movement training for 5 weeks. All subjects received both forms of training but the order 

of the two training phases were randomly assigned to each subject. See Fig. 6 for the 

procedure.  

 

iv. Subjects.  

Subjects were recruited as volunteers from letters sent to previous research subjects 

inviting their participation, through visits to local stroke support groups meetings, 
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newspaper advertisements and referrals from neurologists, physical therapists via IRB-

approved physician and therapist recruitment. After a subject/family expressed interest, a 

pre-screening via phone for inclusion/exclusion criteria was performed (Appendix A). If 

the screening deemed a subject appropriate, The Health Insurance Portability and 

Accountability Act (HIPAA) forms were mailed and signed and medical records 

concerning diagnosis were obtained for further screening. After receipt, the medical 

director reviewed the medical records for more detailed review of inclusion/exclusion 

criteria. If the medical director on the study deemed the medical records as appropriate, 

the person was invited to come on-site for further screening.  

 

Inclusion criteria were (1) ischemic stroke - due to higher risk of seizures in hemorrhagic 

stroke, (2) subcortical location of stroke, (3) stroke duration > 6 months - to avoid 

confounding from spontaneous recovery (Jorgensen et al., 1995) and no upper limit to 

maximize pool of candidate subjects while still showing training effect (Carey et al., 

2002b), (4) at least 18 years of age - to maximize pool of candidate subjects, (5) Mini-

Mental State Examination score >24 – to ensure satisfactory cognition to perform tasks, 

(6) satisfactory corrected vision - to see computer screen during training and testing, (7) 

active range of MP joint at paretic index finger of at least 10 degrees - based on minimal 

movement required to perform training task successfully, and that larger amplitudes 

would reduce the pool of subjects available for participating in the study. If a subject had 

full range of motion (ROM), he/ she was asked to open both hands as fast as he/ she 

could, if both hands could be opened at the same velocity, the subject was asked to 
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tapping the thumb to the index finger. Persons who had both non-impaired ROM and 

non-impaired finger movement velocity were not be recruited. (8) ability to pronate the 

forearm so that index finger extension movement during training is vertically upward and 

relaxation results in the finger falling back to the flexed starting position, (9) not 

currently receiving any other therapy – to avoid confounding treatment effects, (10) 

approval for participation by a neurologist – to ensure subject is reasonably safe to 

receive TMS testing. Subjects with proprioceptive loss or expressive aphasia would be 

included, providing they can carry out the training task.  

 

Exclusion criteria were (1) inability to follow 3-step commands, (2) a visual field cut that 

causes subjects not to see all indicators on a computer screen positioned centrally in from 

of them, (3) history of seizures, (4) family member with history of seizures, (5) presence 

of any other neuromuscular disorders, (6) pregnancy, (7) claustrophobia, or indwelling 

metal or medical devices/implants incompatible with functional fMRI testing, (8) history 

of exposure to finger tracking training, (9) no MEP elicited by TMS.  

 

Informed consent was obtained and TMS/fMRI safety screenings was conducted prior to 

testing procedures.  

 

Figure 7 summarizes this recruitment effort and the subjects excluded in that process. 

Eight individuals post-stroke were recruited and semi-randomly assigned to two 
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sequences. Ultimately, 5 subjects completed the study and their characteristics are shown 

in Table 1. 

 
 
Figure 7. Flow chart showing the number of participants at each stage of the study.  
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Table 1. Subject demographics. 

M=male, mo= months, Edinburgh= Edinburgh handedness inventory, MMSE= mini-mental state 
examination, Beck= Beck Depression Inventory, UEFM= Upper Extremity Fugl-Meyer. 
 

v. Equipment and Procedure. 

Training. Training for all subjects was done in their own home using telerehabilitation 

equipment. We chose this form of training because of the prohibitive cost to transport 

subjects to our laboratory repeatedly and because we have developed an effective 

telerehabilitation system that allows for independent home training (Carey et al., 2007a). 

The paretic finger movement training (training phase B and C) included two 5-week 

periods of five days per week, 2-hours per day phases. One of the 5-week training periods 

involved slow-velocity index finger movement training and the other involved fast-

velocity training. The two periods were each followed by a 3-week baseline period (phase 

A2 and A3).  

 

The participant and a family member were oriented in how to set up the computer/camera 

and apply the customized electrogoniometer with an attached potentiometer (ETI 

Systems Inc, Carlsbad, California) to the paretic hand. Several training trials then were 

observed to ensure that the participant could follow the procedures before being 

dismissed to repeat the setup at home. Subjects were seated in front of a laptop computer 
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(Dell, Round Rock, TX) with the paretic forearm resting on the arm of the chair in a quiet 

room of their house (Figure 8). The position of the forearm was pronated. An 

electrogoniometer, composed of a potentiometer attached to a custom hand splint, was 

placed on the paretic index finger with the potentiometer centered at the MP joint. The 

calibrated voltage signal from the potentiometer was converted into digital joint position 

(flexion/extension) data using at an analog-to-digital converter sampling rate of 60 Hz.   

 

The potentiometer was calibrated, followed by measurement of the subject’s active finger 

range of motion (ROM) to obtain amplitudes for training. During tracking, a cursor 

corresponding to metacarpophalangeal (MCP) joint position appeared on the screen, as 

did a target waveform. The cursor swept automatically across the screen from left to right 

throughout the trial providing feedback of finger position while the subject 

flexed/extended the index finger to trace the target waveform.  

 

Figure 8. Left panel: Home tracking system’s set up. Right panel: A sample trial of tracking on 
computer screen, which shows a “sawtooth” target waveform (blue) and tracking response (red). X 
axis was time, and Y axis was amplitude of finger movement. Bottom horizontal line = maximum 
flexion and top horizontal line = maximum extension  
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The frequency for the slow-velocity training was 0.2 Hz, whereas the frequency for the 

fast-velocity training was 4 times faster, at 0.8 Hz. From inspection of finger tracking 

movements in our earlier studies, we know that it is possible for subjects who have met 

our earlier inclusion criteria to attain these frequencies. The velocities associated with 

each of these frequencies for the extension (upward) phases were calculated as the 

change of joint position divided by the change in time for the triangle waveform.  

 

Because we wanted to standardize the number of repetitions within each tracking trial, 

and given the difference in frequencies between groups, the durations of the trials for the 

slow-velocity group were correspondingly shorter than the durations for the fast-velocity 

group. The number of repetitions per trial was 4 for each training condition. Therefore, 

trial duration was 20 sec for slow-velocity training and 5 sec for fast-velocity training. 

The number of training trials per day was 288. An inter-trial interval of 5 seconds and 20 

sec was assigned to slow-velocity training and fast-velocity training, respectively to 

balance the whole training time (2 hours/day) and also considering the expecting larger 

fatigue factor in fast-velocity training than slow-velocity training. Thus, the total number 

of finger movement repetitions was 28,800 (4 repetitions/trial * 288 trials/day * 25 days) 

for both the slow- and fast-velocity training. The total number including both training 

sessions were then 57,600. See Table 2 for training specifics. Both groups received 

equivalent knowledge of performance (KP, tracking performance on-line) and knowledge 

of results (KR, score after trial).  
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Table 2. Training specifics for two phases. 

 
 
 

The computer recognized if the subject was not moving the finger (through the voltage 

signal), in which case it would pause. The subject was also able to pause/stop the training 

repetitions by pressing a button. Training would resume at the same point when the 

button was pressed again.  

 

Another component of the telerehabilitation was for the training investigator (not the 

blinded testing investigator) to make contact with each subject 2-3 times per week using a 

web camera to check their performance and urge them to either speed up or slow down, 

as dictated by the velocity values made available to our laboratory computers through 

internet connections. The training investigator also checked to determine that the full 

ROM is being accomplished and urge subjects accordingly. Remote observation of 

subject performance at home from our laboratory already exists with our current 

telerehabilitation project. Our current system also emails our laboratory a record of the 

subject’s numerical data performance each day.  

 

We acknowledge that cognitive processing cannot be entirely extricated from the 
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experiment but we do believe that it was equivalent between the two conditions, leaving 

velocity as the one true independent variable distinguishing the conditions. We realize 

that subjects would not perfectly attain the desired velocity but we do believe that there 

would be a substantial difference in velocity that would allow for determination of a 

velocity effect. We also accounted for velocity differences in our statistical analysis.  

 

vi. Tests and Measurements. 

For all testing, the testing investigator was blinded to the subject’s training condition. 

Prior to testing, subjects was screened for health history, medications, and taken through 

the consent process. Also, the Fugl-Meyer test (Fugl-Meyer et al., 1975) was given to 

classify the level of function in each subject with stroke as a descriptive demographic 

measure. The Fugl-Meyer Test assesses the ability to move the arm and its segments 

selectively as well as sensation and passive joint mobility with an array of qualitatively 

rated items and is a measure of impairment (World Health, 2001).  

 

Primary tests included transcranial magnetic stimulation (TMS) and finger function tests 

(Box and Block test and Jebsen-Taylor test, and finger extension force) taken at weekly 

intervals. Secondary test was functional magnetic resonance imaging (fMRI) during 

fMRI scan were taken before and after each training phase for a total of four times for 

each subject. The reason for less frequent fMRI scans than other tests were mainly 

because of budget limitation. 
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Finger Function Testing.  

We measured finger grasp and release function with Jebsen-Taylor test and the Box and 

Block test. (1) Box and Block test. Subjects grasped 1-inch cubes (blocks) with the tips of 

the paretic index finger and thumb and transfer them from one side of a box to the other. 

Subjects performed three 1-minute trials of grasping and releasing as many blocks as 

possible, one at a time (Mathiowetz et al., 1985). The score is the number of blocks 

transferred in 1 minute. There are published normative values for this test and it has been 

shown to have high test-retest reliability and validity in older adults (Desrosiers et al., 

1994). (2) Jebsen-Taylor test. For each testing point, subjects performed 1 trial of the 

following components of the Jebsen-Taylor test (Jebsen et al., 1969): (i) turning over 

cards, (ii) picking up small objects (e.g., pennies, paper clips), (iii) stacking checkers, (iv) 

picking up beans with a spoon, (v) turning over large empty cans, and (vi) turning over 

large weighted cans. We did not use the handwriting component of this test, because not 

all subjects use their paretic hand for handwriting before the stroke. Each test was timed 

separately, and the dependent measure was the total time to complete all tests. Although 

the original Jebsen-Taylor test did not include a time limit, we set a maximal allowable 

time for completing any given component at 180 s. The Jebsen-Taylor test is a valid, 

reliable and widely used tool to assess hand motor function (Hackel et al., 1992; Jebsen et 

al., 1969). There are published studies using this test and it has been shown to have high 

intra-rater and inter-rater reliability (Gordon et al., 2006).  

 

fMRI Testing.  
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Each fMRI evaluation time point was carried out over a 1.5-hour period in one day. The 

fMRI testing day preceded the TMS testing day.  

 

The details of the data acquisition have been reported earlier (Carey et al., 2007b). FMRI 

scanning occurred in a 3 Tesla magnet (Magnetom Trio, Siemens, Munich, Germany). 

The subject wore ear plugs and headphones to minimize noise and allow communication 

from the control room. The subject was positioned supine, elbows supported in 

approximately 45° flexion, full forearm pronation, and neutral wrist flexion. Head 

movements were minimized by using a head coil with stabilization pads. Prior to 

scanning, we ensured that subjects could view the target screen and hear our commands 

over the headphones. Subjects viewed each condition during the fMRI experiment 

through a special mirror (Figure 9). Electrogoniometers were attached to both hands to 

serve as devices for the functional task described below. The electrogoniometer attached 

to the paretic index finger was for performing the tracking and the one attached to the 

nonparetic index finger was for monitoring for mirror movements. The primary data 

came from the paretic hand but we also monitored the nonparetic hand to ensure that no 

mirroring movements occur (Cramer et al., 1997). If mirror movements occurred, we did 

not include those data sets.  
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Figure 9. Set-up for finger movement test during fMRI. There was prompt on the screen directing 
the subject to either track or rest.  
 

A localizer scan was administered first to select the volume of brain to be studied. Next, a 

high-resolution (1mm
3
), T1-weighted, three-dimensional (3D) anatomical image dataset 

(3D MP-RAGE, TE/TI/TR = 2.5/1000/2150 ms, FA = 8°, GRAPPA R=2, total 

acquisition time = 4:58) was obtained over the entire brain to identify appropriate regions 

of interest (ROIs). This image then served as a template for the functional images, which 

was overlaid during later analysis.  

 

For functional scanning, a blocked design was used to present three repeating conditions 

to subjects. The conditions included rest (R, 7 blocks), higher-velocity finger tracking (H, 

3 blocks) and slow-velocity finger tracking (L, 3 blocks). Subjects were randomly 

assigned to one of two fMRI sequences to avoid order effects. Sequence one was: R1, H1, 

R2, L1, R3, H2, R4, L2, R5, H3, R6, L3, R7. Sequence two was the same except the 

high- and slow-velocity conditions were inverted. Each block lasted 30 seconds with a 3 

second pause between blocks. The rest condition served as a baseline BOLD signal 

comparison for the movement conditions. The projection screen viewed by the subject 
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displayed either “Rest”, “Slow Velocity” or “Fast Velocity”. For the rest condition, the 

subject simply rested.  

 

T2
*
-weighted fMRIs of the BOLD signal were taken in the transverse plane with a 

gradient echo-planar imaging sequence (echo time, 30ms; TR, 3000 ms; FA, 80°; field of 

view, 192 x 192 mm with a matrix size of 64 x 64). A total of 145 scans were taken of the 

selected brain volume, divided into 36 slices, with each slice 3 mm thick. The resultant 

voxel resolution was 3 * 3 * 3 mm.  

 

After the functional imaging, two additional scans were taken. A fluid-attenuated 

inversion recovery (FLAIR) MRI sequence was administered first to assist the 

neurologist’s later determination of stroke location for reporting purposes. Lastly, a 

gradient echo pulse sequence was run, as the contrast helps screen for hemorrhagic 

strokes, which were contraindicated in our study.  

 

fMRI Analysis.  

Brain Voyager QX software (Brain Innovation B.V., Maastricht, the Netherlands) was 

used for fMRI analysis as described previously (Carey et al., 2007b). Images were 

preprocessed to correct for head motion artifacts, differences in slice scan time 

acquisition and temporal linear trends. Anatomical images were co-registered with the 

functional images using anatomical landmarks, both standardized into Talairach space. 

Differences in BOLD signal intensity between slow-velocity and fast-velocity was 
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analyzedfor each subject using a general linear model (GLM) with 8 predictors. Two 

predictors were track conditions, whereas the other six accounted for translational and 

rotation movement in all three planes. The last six predictors were entered as covariates 

to exclude the influence of movement artifact on the BOLD signal. ROIs of primary 

motor cortex (M1), primary sensory cortex (S1), premotor cortex (PMC), and 

supplementary motor area (SMA) were drawn for each subject in both hemispheres 

(Figure 10). GLMs of the BOLD signal were determined using the false discovery rate 

(FDR) (Genovese et al., 2002) of q(FDR)<0.05 as the significance level. Clusters of 

activation in each ROI were assessed for volume of activation (voxel count), signal 

intensity (average t statistic reflecting difference in intensity between the paretic finger 

tracking and rest conditions) (Hamzei et al., 2006; Ward et al., 2003a), location and 

laterality index. The laterality index (LI) (Cramer et al., 1997; Kapreli et al., 2006) for 

intensity was calculated for each ROI by the formula: [(Intensityipsilesional – 

Intensitycontralesional)/ (Intensityipsilesional + Intensitycontralesional)], and LI for volume was 

calculated for each ROI by the formula: [(Volumeipsilesional – Volumecontralesional)/ 

(Volumeipsilesional + Volumecontralesional)]. A value of +1.0 indicates complete ipsilesional 

activation, a value of 0 indicates equal activation between hemispheres, and a value of -

1.0 indicates complete contralesional activation.  
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Figure 10. Regions of Interest for SF1 shown in transverse, coronal, and sagittal views. 
Pink=supplementary motor area, green =premotor cortex, red= primary sensory cortex, and 
purple=primary motor cortex. 
 

TMS Testing.  

For TMS testing, subjects went to our Clinical Translational Science Institute (CTSI) 

where they were screened by a neurologist (review medical records to ensure 

appropriateness for inclusion). Subjects wore earplugs and were seated in a reclining 

chair. Self-adhesive, tab surface EMG electrodes (Cadwell Laboratories, Kennewick, 

WA) spaced one centimeter apart were attached to the extensor digitorum (ED) muscle at 

the dorsal forearm halfway between the dorsal tubercle of the radius and the lateral 

epicondyle of the humerus, which was demonstrated by prior work in our lab to be over 

the extensor digitorum muscle fibers serving the index finger. We chose this muscle 

because it is a prime mover for finger extension, which is a motion that is frequently 

impaired in people following stroke (Fritz et al., 2005). EMG signals were amplified and 

recorded using a Cadwell Sierra II electromyography (EMG) device (Cadwell 

Laboratories, Kennewick, WA) with a bandpass filter of 20 to 2000 Hz and a notch filter 

of 60 Hz. Sampling rate of EMG was 6400 Hz (640 data points in 100 ms). 
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Subjects wore a Lycra swim cap (Invista Inc, Wilmington, DE), which was marked in a 

standardized fashion to assist with mapping approximate optimal brain stimulation site 

serving the ED muscle (Figure 11). TMS was delivered in single pulses to the ipsilesional 

hemisphere of the subject while at rest, using two Magstim200 magnetic stimulators and 

a Bistim module (Magstim Company Limited, Spring Gardens, UK). We searched for the 

optimal stimulation site to elicit MEPs in the contralateral (paretic) ED, starting at an 

initial intensity of 60% of maximum stimulator output. The stimulation was delivered 

using a flat 70mm figure-of-eight coil positioned 45° posterior-lateral to the midsagittal 

line over the hot spot while the subject rested in the recliner chair. Next, we determined 

resting motor threshold (RMT), defined as the lowest machine intensity required to elicit 

a motor evoked potential (MEP) in the ED muscle of at least 50 μV peak-to-peak 

amplitude in 5 out of 10 trials as monitored by surface EMG (Butefisch et al., 2004). If 

RMT could not be obtained from the stroke hemisphere, active motor thresholds (AMT) 

were attempted. Voluntary maximal ED contraction was first produced by the patient. 

The EMG signal was displayed on a computer screen. Using visual feedback, the patient 

then maintained ED contraction at 30% of maximum. The AMT was then determined as 

described above, using a minimum amplitude of 150 μV for AMT to separate from 

background contraction (Peinemann et al., 2004). Then, 10 single-pulses of TMS, 10 

paired-pulses with an inter-stimulus interval (ISI) of 3 ms, and 10 paired-pulses with an 

ISI of 15 ms were applied in a random order (Figure 12). The intensity of the 

conditioning pulse was set at 80% of RMT/AMT. The intensity of the single test pulses 
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was adjusted to a level that yielded a 0.5 mV MEP or the highest level that could be 

reached if lower than 0.5 mV MEP). The test pulse for the paired pulses used the same 

intensity. The 3-ms intervals measure intracortical facilitation (ICI) and the 15-ms 

intervals measure intracortical facilitation (ICF) (Kobayashi et al., 2004). Each MEP 

amplitude from 10 PPs applied randomly at each interval was normalized to the average 

of the 10 single-pulse MEPs.   

 

  

Figure 11. Subject receiving Transcranial Magnetic Stimulation testing.  
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Figure 12. TMS Traces for single pulse and paired pulses. Upper panel: Single pulse trace for one 
trial of one subject. Middle panel: 3ms- interstimulus interval (ISI) paired pulse trace. Lower panel: 
15ms ISI paired pulse trace. Note that the MEP amplitude for the 3 ms-ISI paired pulse is smaller 
than the single pulse and that the amplitude for the 15ms-ISI paired pulse is greater than the single 
pulse. For x axis, 1 ms = 6.4 measurement points.  
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Additionally, we determined cortical silent periods (CSP). It is known that intracortical 

inhibition can be mediated by GABA-A
 
or GABA-B. GABA-A mediated inhibition is 

measured with short-interval (2 or 3 ms) paired-pulse testing, whereas GABA-B 

mediated inhibition is measured with CSP testing (McDonnell et al., 2006). To test CSP, 

subjects were seated in the reclining chair with electrodes and swim cap applied as above. 

Subjects placed their paretic index finger into a ring attached to a load cell (Interface Inc., 

Scottsdale, AZ) (Figure 13 upper panel). The voltage signal from the load cell was 

directed to a computer loaded with software (WinDaq, Akron, OH) that measured finger 

extension force. Maximum finger extension force was determined as the peak of three 

trials. Then, with the subject exerting a finger extension contraction at 30% of maximum 

while guided by the force tracing shown on the computer screen, a TMS pulse at an 

intensity of 150% of RMT was given to the ipsilesional M1. The resultant CSP was 

measured from the stimulus artifact to the resumption of the average of pre-stimulus 

rectified EMG activity (Liepert et al., 2000a). Ten CSP trials were run with 20 sec 

between trials. The dependent variables of TMS testing were the average paired-

pulse/single-pulse (PP/SP) ratio of MEP amplitude for each ISI, and CSP. 
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Figure 13. Upper panel: during cortical silent period testing, subjects placed their paretic index 
finger into a ring attached to a load cell and exerted a finger extension contraction at 30% of 
maximum force. Lower panel: a raw CSP trace. For x axis, 1 ms = 3.2 measurement points. Duration 
of CSP for this subject was 251.8ms. 
 

vii. Safety. 
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We monitored for safety by conducting Hopkins Verbal Learning Test (Brandt, 1991) to 

assess recent memory and subject self-report (developed by our own lab). Thus, our 

ability to assess behavior and cortical-spinal excitability changes under both TMS 

conditions, in a safe manner, is particularly supportive of the proposed research.  

  

viii. Data Analysis.  

The dependent measures for the different tests were described above. 

 

Both visual and statistical analyses were used for single case design in the present study. 

Visual inspection refers to reaching a judgment about the reliability or consistency of 

intervention effects by visually examining the graphed data (Kazdin, 1982). Visual 

analysis of the graphic display of data is the most commonly used method. The 

insensitivity of visual inspection for detecting weak effects has often been viewed as an 

advantage rather than a disadvantage because it encourages investigators to look for 

potent interventions or to develop stronger interventions to the point that large effects are 

produced (Parsonson and Baer, 1978). Several characteristics of the data contribute to 

judging through visual inspection whether behavior has been changed. Several aids are 

available that permit the investigator to present more information on the simple line 

graph to address these characteristics, which include trend, celeration (split-middle) line. 

Trend refers to the direction of change. Trends can be described as accelerating or 

decelerating and may be characterized as stable (constant rate of change) or variable. 

Trends can be linear or curvilinear. 
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Graphs were drawn for each dependent variable except fMRI, as it was a secondary test. 

In addition, statistical analyses were applied that included the t test and split-middle 

technique, which provide a more quantitative approach to determine whether observed 

changes are real or chance occurrences. 

 

T test. Three paired t tests were selected to explore the effect of tracking training at 

different velocities. The following null hypotheses were used for each response variable: 

there will be no difference (1) between A1 and A2 phases, i.e. before fast tracking 

training and after fast tracking training (A1 vs. A2), which would mean there would be 

no training effect of the first training; (2) between A2 and A3 phases, i.e. before slow 

tracking training and after slow tracking training (A2 vs. A3), which would mean no 

training effect of slow training; and (3) between the difference of A1 and A2 vs. the 

difference of A2 and A3, i.e., (A2-A1) vs. (A3-A2), which would mean no difference in 

fast and slow tracking training effects. A Bonferroni adjustment was used to set the alpha 

level at p=.017 for 3 comparisons to compensate for the alpha-level inflation that occurs 

in multiple tests. For missing data due to various reasons such as noisy TMS data in 

pathological brains, a common method was applied to avoid losing data due to pairwise 

deletion in paired t test; the so-called ‘mean substitution of missing data’. It is a common 

issue of subjects with impaired brains that TMS data are noisy because these populations 

have higher variability in a TMS excitability measures than healthy subjects (Carey et al., 

2010; Kimberley et al., 2009). Also, due to the different durations of A1 phase (four 

weeks), and A2 andA3 phases (three weeks each), all comparisons with A1 phase 
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required mean substitution for paired t tests. For example, in the comparison of Jebsen-

Taylor  test for A1 and A2, the mean of the 3 data points in A2 was calculated and then 

added to A2 once to match the 4 data points in the A1 phase. With caution to the main 

disadvantages of mean substitution that it artificially decreases the variation of scores, 

confidence interval plots serve as a good addition to the t test results, since confidence 

interval plots used all the raw data without any imputation.  

 

Confidence interval. For each sample, the mean (M) and standard error of the mean 

(SEM), and sample size are used to construct a confidence interval representing a 

specified degree of confidence, typically 95%. Thus, for each sample, 95%CI = M ± SEM 

(t95%). The 95% confidence intervals with the means for graphical presentation of data 

were plotted at each phase for each response variable. As a potential alternative to 

standard null hypothesis testing with t and F tests, researchers have advocated for a 

confidence interval test with graphical presentation of data for proper 

interpretation.(Loftus, 2002; Loftus and Masson, 1994) The effectiveness of graphical 

data presentation is undeniable (Tufte and Howard, 1983) and is common in all forms of 

scientific communication. Accepting the null hypothesis of confidence-interval testing 

occurs when a confidence interval overlaps with the comparison confidence interval. The 

advantage of this method is considered crucial because of the ease of judgments (Masson 

and Loftus, 2003). Recent guidelines for the presentation of statistical results in medical 

journals have emphasized presentation of confidence intervals and confidence interval 

tests as an adjunct to other statistical tests (Wolfe and Hanley, 2002)  
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Split-middle line method. A split middle line was constructed for each response variable 

in A1 phase, which was the pretesting for the 1st training, that was then extended through 

the following 2 phases (i.e. the training phase and the post-training phase). Similarly, 

another split middle line was constructed in A2, as it served as the pretesting for the 2nd 

training, and then extended through the following 2 phases. The split middle line divides 

the data in a pretesting phase into 2 equal parts and then calculates the median value for 

each half. This gives two points to form a line, which when extended into the subsequent 

phases, creates a binomial distribution to test the significance of the distribution of 

response values (Portney and Watkins, 2009). The null hypothesis is that the data point 

distribution in the posttesting phase will show equal proportions above and below the 

extended split middle line. The alternative two-tailed hypothesis is that the distribution of 

scores will occur predominantly below or above the split middle line. P values were 

determined through a Binomial Distribution Table comparing A2 to A1, and A3 to A2.  

 

For each dependent measure from fMRI outcome (fMRI brain reorganization data), we 

would run a preliminary analysis to determine whether the order of a given training 

condition had a significant effect. We would calculate the change from end of A1 phase 

to end of first training phase for the 3 subjects who did slow-velocity training first and 

repeat this calculation for the change from end of A2 phase to end of second training 

phase in the 3 subjects who did slow-velocity training second. We would then use the 

Mann Whitney U test to determine whether there was a significant difference in these 

change values for the 3 subjects in each of these two design sequence who did slow-
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velocity training in different orders. If no significant order effect was found for the slow-

velocity condition, we would collapse the slow-velocity values for all 6 subjects. We 

would do the corresponding analysis for the fast-velocity condition. Then, for between-

condition analysis, we would run a paired t test comparing the collapsed pretest-posttest 

changes in the slow-velocity condition to the collapsed pretest-posttest changes for the 

fast-velocity condition. Next, for within-condition analysis, we would run separate paired 

t tests comparing the pretest-posttest change for each condition to the initial pretest 1-

initial pretest 2 change. If the Mann Whitney U test did show a significant effect for 

training order, and a correlational analysis (Spearman) showed a significant association 

between training order and the dependent measure, we would account for this by using an 

ANCOVA with training order as a covariate.  

 

Based on the fact that this experiment was exploratory and used single-subject design and 

so with a small N, correlations between the brain reorganization data (fMRI and TMS) 

and the finger function data (Jebsen-Taylor test score, Box and Block count and finger 

force) were not further explored. 
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Chapter IV Results  

All subjects received fMRI, TMS and behavioral testing at the designated times except 

one subject (SF1) missing two weeks’ data including one fMRI scan out of 20 weeks due 

to medical issues unrelated to the current study. One subject (SF3) was unable to perform 

the Box and Block test and the Jebsen-Taylor test with the paretic hand on all testing days 

due to spasticity with locked fingers and limited range of motion in the paretic hand. SF3 

was also unable to perform the force testing with the paretic hand due to lack of adequate 

finger and wrist movement to apply the load cell, again because of spasticity. Note that to 

help easy reading, more descriptive names such as Pre-Slow phase and Post-Slow phase 

replaced the traditional single-subject research terminology such as A, B and C phase in 

the Results section. 

 

i. Behavioral Measures.  

Subjects were randomly assigned to train either fast then slow (F-S) (subjects FS1, FS2) 

or slow then fast (S-F) (subjects SF1, SF2, SF3). All the following results were organized 

with FS1 and FS2 together and SF1, SF2 and SF3 together. No data between different 

treatment order were collapsed for the following two reasons: (1) The sample size was 

small, the order effect tested by the Mann-Whitney test had little power. (2) By 

visualizing the graphs of behavioral results (Figures 12-15) and TMS results (Figures 16-

20), generally, at the end of the wash-out period, data did not return to the baseline level 

at the very beginning.  
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FS1:  

Box and Block Test. Visual analyses of trend (Figure14A) showed that all data points 

for the Post-Fast phase were higher than the ones for the Pre-Fast phase, suggesting a 

training effect. For slow training, it showed that the majority of data points for the Post-

Slow phase were higher than the ones for the Pre-Slow phase, but the magnitude of 

change was less than the one in fast training. Split-middle line methods (Figure 14A) 

showed an improvement (p=0.004) after fast training, but a deterioration after slow 

training (p=0.004). Indeed, inspection demonstrates that the preponderance of data points 

of the Post-Fast phase was above the split-middle line extrapolated from Pre-Fast phase, 

while that of Post-Slow phase was below its corresponding split-middle line. Paired t 

tests (Figure 14B) showed a significant within-training improvement after both fast 

training (p<0.001) and slow training (p<0.003), which were consistent with confidence 

interval tests (Figure 14B). More important to the main research question, a significant 

between-training effect was found by paired t test favoring fast training (p=0.005). 

 

Jebsen-Taylor Test. By visual analyses (Figure 14C), a steep decreasing trend in scores 

was found along fast training, which suggested improvement, while more variable scores 

were found along slow training, and these results together favored fast training. However, 

by split-middle line methods (Figure 14C), paired t tests (Figure 14D), or confidence 

interval tests (Figure 14D), there was no significant training effect.  
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Figure 14. FS1’s behavioral testing results in plots. J-T Total = total time to finish the Jebsen-Taylor 
test. Left panel (A, C and E): Mean and 95% confidence intervals for each phase for each response 
variable. * = significant (p<0.017) paired t tests. Right panel (B, D and F): Split-middle lines of each 
dependent variable. Solid lines: split-middle line in pre-training training phase; which were then 
extrapolated to the post-training phase as dashed lines. Note that purple line is for the first training, 
and green line is for the second training. §= significant by split-middle line methods comparing pre- 
and post- each training using the Binomial Distribution Table (significant level as alpha<0.025 with 
Bonferroni correction).  
 

Finger Force Test. Although visual analyses (Figure 14E) of the trends showed variable 

results, split-middle line methods (Figure 14E) showed significant improvements for both 
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fast (p=0.004) and slow training (p=0.032). Paired t tests (Figure 14E) showed a 

significant within-training improvement in fast training (p<0.001) but not in slow 

training. More importantly, a significant between-training effect was found favoring fast 

training (p<0.001). Confidence interval tests (Figure 14E) showed no significant effect 

for either training. 

 

A summary of visual analyses of trends, split-middle line methods, paired t tests, and 

confidence interval tests for FS1’s behavioral testing results is shown in Table 3. 

Although results were mixed, generally, fast training appeared to show better effects in 

behavioral results than slow training in FS1. However, this observation is tempered by a 

possible order effect combined with a ceiling effect. That is, it was possible that the fast 

training improvement occurred because it was first, and little capacity for further 

improvement was available for the following slow training. Theses results must be 

reviewed in light of the results for subjects training in the reverse order.  
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Table 3. Behavioral testing results summary for FS1. 

 

NA= not available; NS= not significant; *= significant change. Fast dif = (Post-Fast) – (Pre-Fast); 
Slow dif = (Post-Slow) – (Pre-Slow). 
 

FS2: 

Box and Block Test. Visual analyses (Figure 15A) showed that the majority of data 

points for the Post-Fast phase were higher than that for the Pre-Fast phase, suggesting a 

training effect. For slow training, visual analysis also suggested an improvement and the 

magnitudes of the changes were about the same. The split-middle line methods (Figure 

15A) showed no effect for fast training, but a deterioration effect for slow training 

(p=0.004). Closer inspection found that the preponderance of the distribution of the Post-

Fast training phase was dispersed around the extrapolated split-middle line from the Pre-

Fast training phase, and that of Post-Slow training phase was below its extrapolated split-
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middle line. Paired t tests (Figure 15B) showed a significant within-training effect in both 

fast tracking training (p<0.001) and slow tracking training (p<0.001). However, no 

significant between-training effects were found. Confidence interval tests (Figure 15B) 

showed only slight overlapping in the ranges of confidence intervals between the 

corresponding phases, which suggested non-significant changes.  

 

Jebsen-Taylor Test. By visual analyses (Figure 15C), a decreasing trend in scores was 

found in fast training, which suggested an improvement, while more variable scores were 

found along slow training. However, by split-middle line methods (Figure 15C), paired t 

tests (Figure 15C), or confidence interval tests (Figure 15D), there was no significant 

training effect for either intervention. 

 

Finger Force Test. Visual analyses (Figure 15E) showed variable trends for both 

trainings. However, split-middle line methods (Figure 15E) showed significant 

improvements for both fast training (p=0.040) and slow training (p=0.004). Paired t tests 

(Figure 15F) showed that there was no significant within-training effect (consistent with 

confidence interval tests (Figure 15F)) or between-training effect. 
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Figure 15. FS2’s behavioral testing results in plots. J-T Total = total time to finish the Jebsen-Taylor 
test. Left panel (A, C and E): Mean and 95% confidence intervals for each phase for each response 
variable. Inset above each panel shows the significant results of paired t tests. *= significant within-
group difference (p<0.017). Right panel (B, D and F): Split-middle lines of each dependent variable. 
Solid lines: split-middle line in pre-training training phase; which were then extrapolated to the post-
training phase as dashed lines. Note that purple line is for the first training, and green line is for the 
second training. §= significant by split-middle line methods comparing pre- and post- each training 
using the Binomial Distribution Table (significant level as alpha<0.025 with Bonferroni correction).  
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A summary of visual analyses in trends, split-middle line methods, paired t tests, and 

confidence interval tests for FS2’s behavioral testing results is shown in Table 4. Overall, 

the results were generally mixed. 

 

Table 4. Behavioral testing results summary for FS2.  

 

NA= not available; NS=not significant; *= significant change. Fast dif = (Post-Fast) – (Pre-Fast); 
Slow dif = (Post-Slow) – (Pre-Slow). 
 

SF1:  

Note SF1 had two weeks’ missing data at the end of the slow training, which calls 

caution to data explanation due to unplanned inconsecutive data. 
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Box and Block Test. Visual analyses (Figure 16A) showed variable results from the Pre-

Slow phase to the Post-Slow phase. For the fast training, visual analysis suggested an 

accelerating trend in the Pre-Fast phase, and a stable trend through the fast training phase 

and the Post-Fast phase. Split-middle line methods (Figure 16A) showed a deterioration 

trend for both trainings (p=0.004 for both).Although paired t tests (Figure 16B) showed 

no significant within-training effect in either fast or slow tracking training, but a 

significant between-training effect was found (p=0.004) favoring the fast training. 

Confidence interval tests (Figure 16B) showed no significant results. 

 

Jebsen-Taylor Test. Visual analyses (Figure 16C) showed decelerating trends for both 

slow and fast trainings, favoring slow training with more change in magnitude. However, 

there was no significant within-training or between-training effect by split-middle line 

methods (Figure 16C), paired t tests (Figure 16D) or confidence interval tests (Figure 

16D). 

  

Finger Force Test. Visual analyses (Figure 16E) showed variable results from the Pre-

Slow phase to the Post-Slow phase, but a relatively stable trend from the Pre-Fast phase 

to the Post-fast phase. Split-middle line methods (Figure 16E) showed a deterioration 

trend for both trainings (p=0.004 for both). However, there was no significant within-

training effect (consistent with confidence interval tests (Figure 16F)) or between-training 

effect by pared t tests. 
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Figure 16. SF1’s behavioral testing results in plots. J-T Total = total time to finish the Jebsen-Taylor 
test. Left panel (A, C and E): Mean and 95% confidence intervals for each phase for each response 
variable. Inset above each panel shows the significant results of paired t tests. *= significant within-
group difference (p<0.017). Right panel (B, D and F): Split-middle lines of each dependent variable. 
Solid lines: split-middle line in pre-training training phase; which were then extrapolated to the post-
training phase as dashed lines. Note that purple line is for the first training, and green line is for the 
second training. §= significant by split-middle line methods comparing pre- and post- each training 
using the Binomial Distribution Table (significant level as alpha<0.025 with Bonferroni correction).  
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A summary of visual analyses in trends, split-middle line methods, paired t tests, and 

confidence interval tests for SF1’s behavioral testing results is shown in Table 5. Overall, 

results were generally mixed. 

 

Table 5. Behavioral testing results summary for SF1.  

 

NA= not available; NS= not significant; *= significant change; Slow dif = (Post-Slow) – (Pre-Slow); 
Fast dif = (Post-Fast) – (Pre-Fast). 
 
 
SF2:  

Box and Block  

Test. Visual analysis (Figure 17A) showed that majority of data points of the Post-Slow 

phase were higher than the data points of the Pre-Slow phase, suggesting a training effect. 
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For fast training, visual analysis suggested a variable trend. These results together favor 

the slow training. The split-middle lines (Figure 17A) showed a deterioration effect of 

slow training (p=0.040) but no effect of fast training. Paired t tests (Figure 17B) showed a 

significant within-training improvement in slow training (p<0.001) but not in fast 

training, which were consistent with confidence interval tests (Figure 17B), but there was 

no between-training effect by paired t tests. 

 

Jebsen-Taylor Test. Visual analysis (Figure 17C) showed that all data points for the 

Post-Slow phase were lower than the data points for the Pre-Slow phase, suggesting a 

training effect. For fast training, visual analysis suggested a stable trend. These results 

together favor the slow training. However, split-middle line methods (Figure 17C), paired 

t tests (Figure 17D), or confidence interval tests (Figure 17D) showed no effect for slow 

or fast training.  

 

Finger Force Test. Visual analysis (Figure 17E) showed that all data points for the Post-

Slow phase were higher than the data points for the Pre-Slow phase, suggesting a training 

effect, so did the fast training, and magnitudes of the changes were about the same. Split-

middle line methods (Figure 17E) showed significant training effects for both fast 

training (p=0.008) and slow training (p=0.004) (Figure 17E), which were consistent with 

paired t tests (Figure 17F) in within-training effects (Slow: p=0.002; Fast: p=0.004) and 

confidence interval tests (Figure 17F). However, no significant between-training effect 

was found by paired t test. 
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Figure 17. SF2’s behavioral testing results in plots. J-T Total = total time to finish the Jebsen-Taylor 
test. Left panel (A, C and E): Mean and 95% confidence intervals for each phase for each response 
variable. Inset above each panel shows the significant results of paired t tests. *= significant within-
group difference (p<0.017). Right panel (B, D and F): Split-middle lines of each dependent variable. 
Solid lines: split-middle line in pre-training training phase; which were then extrapolated to the post-
training phase as dashed lines. Note that purple line is for the first training, and green line is for the 
second training. §= significant by split-middle line methods comparing pre- and post- each training 
using the Binomial Distribution Table (significant level as alpha<0.025 with Bonferroni correction).  
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A summary of visual analyses in trends, split-middle line methods, paired t tests, and 

confidence interval tests for SF2’s behavioral testing results are shown in Table 6. 

Overall, although results were mixed, generally, slow training appeared to show better 

effects in behavioral results than fast training in SF2. However, the observation is 

tempered by a possible order effect combined with a ceiling effect, so it was possible that 

the slow training improvement occurred because it was first, and little capacity for further 

improvement was available for the following fast training. The pattern of theses results 

(favoring the first training) is similar to FS1, who had training in the reverse order.  

 

Table 6. Behavioral testing results summary for SF2.  

 

NA= not available; NS= not significant; *= significant change; Slow dif = (Post-Slow) – (Pre-Slow); 
Fast dif = (Post-Fast) – (Pre-Fast). 
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SF3:  

SF3 was unable to perform the Box and Block test and the Jebsen-Taylor test with the 

paretic hand due to spasticity with locked fingers and limited range of motion in the 

paretic hand. He was unable to perform the force testing, either, with the paretic hand due 

to lack of adequate finger and wrist movement to apply the load cell. So no data were 

available for the behavioral test results. This subject was included after screening 

including the criterion that he had active range of MP joint at paretic index finger of at 

least 10 degrees, so that he could perform the home tracking training. 

 

Behavioral Data Summary 

In summary, the results above by each subject were generally mixed, with one F-S 

subject (FS1) and one S-F subject (SF2) showing similar pattern in results favoring the 

first training, which might be explained by a possible order effect combined with a 

ceiling effect. 

 

Table 7 showed the behavioral data summary for the outcome measures organized by 

different treatment orders. Paired t tests were done for within-training and between-

training effect for each treatment order with p<0.017 as the significant level. The 

comparison between two treatment orders was not done due to order effect and unclean 

wash-out effect as mentioned earlier.  
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Table 7. Behavioral outcome measures organized in different treatment orders.  

 
Take FS1 and FS2 together, who did fast tracking first, and SF1, SF2 and SF3 together, who did slow 
tracking first. #= data were not normally distributed, so Wilcoxon Signed-Rank Test was used. 
 
 
Box and Block Test. Both fast and slow training had significant within-training effect in 

F-S subjects. Furthermore, a significant within-training effect was found favoring fast 

training. For S-F subjects, there was no significant effect after slow training, but a 

significant improvement after fast training, but no between-training effect was found. 

These results together favored fast training despite the treatment order. 

 

Jebsen-Taylor Test. Only one significant change was shown in all possible between- 

and within-training comparisons, which was in S-F subjects after slow training.  

 

Finger Force Test. No significant changes were found in all possible between- and 

within-training comparisons. 

 

ii. Brain Reorganization Measures 
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TMS Results 

FS1: 

PP3/SP Ratio. Please refer to Figure 12 and 13 for a sample of TMS results in Methods 

section. Visual analyses (Figure 18A) showed a decelerating trend from the Pre-Fast 

phase to the Post-Fast phase, while an accelerating trend from the Pre-Slow phase to the 

Post-Slow phase. Split-middle line methods (Figure 18A) showed that scores 

significantly increased after both fast training (p<0.001) and slow training (p<0.001), 

suggesting less GABA-A intracortical inhibition. Paired t tests (Figure 18B) showed no 

significant change after fast training, but a significant increase after slow training 

(p=0.001), which were consistent with the confidence interval tests (Figure 18B). 

Furthermore, the two trainings were significantly different by paired t test (p<0.001).  

 

PP15/SP Ratio. Visual analysis showed variable trends for both trainings (Figure 18C). 

Split-middle line method showed no significant change after fast training but a significant 

increase after slow training (p<0.001), suggesting increased glutamatergic intracortical 

facilitation (Figure 18C). Paired t tests showed no significant within-training effect 

(consistent with confidence interval test) or between-training effect (Figure 18D).  

 

CSP. Visual analyses (Figure 18E) showed a decelerating trend from the Pre-Fast phase 

to the Post-Fast phase, suggesting less GABA-B mediated inhibition, but a variable trend 

from the Pre-Slow to the Post-Slow phase. Split-middle line methods (Figure 18E) 

showed a significant increase after fast training (p<0.001) but a significant decrease after 
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slow training (p<0.001). Paired t tests (Figure 18F) showed that significant decreases 

after both fast training (p<0.001) and slow training (p=0.001), but the two training effects 

were not significantly different. Confidence interval test (Figure 18F) results showed a 

significant decrease after fast training, but for slow training, overlapping existed in the 

comparable confidence intervals, which suggested non-significant change. 
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Figure 18. FS1’s TMS testing results in plots. PP3/SP Ratio= testing response of paired pulse at 3ms 
interval normalized by single pulse response; PP15/SP Ratio= testing response of paired pulse at 
15ms interval normalized by single pulse response; CSP=cortical silent period. Left panel (A, C and 
E): Mean and 95% confidence intervals for each phase for each response variable. Inset above each 
panel shows the significant results of paired t tests. *= significant within-group difference (p<0.017). 
Right panel (B, D and F): Split-middle lines of each dependent variable. Solid lines: split-middle line 
in pre-training training phase; which were then extrapolated to the post-training phase as dashed 
lines. Note that purple line is for the first training, and green line is for the second training. §= 
significant by split-middle line methods comparing pre- and post- each training using the Binomial 
Distribution Table (significant level as alpha<0.025 with Bonferroni correction).  
 
 



 

 88 

A summary of visual analyses in trends, split-middle line methods, paired t tests, and 

confidence interval tests for FS1’s TMS results is shown in Table 8.: Overall, although 

results were mixed, there are two consistent findings: (1) slow training decreased GABA-

A mediated ICI; (2) fast training decreased GABA-B mediated inhibition.  

 

Table 8. TMS testing results summary of FS1.  

 

NA= not available; NS= not significant; *= significant change; Fast dif = (Post-Fast) – (Pre-Fast); 
Slow dif = (Post-Slow) – (Pre-Slow); CSP= cortical silent period. 
 

FS2: 

PP3/SP Ratio. Visual analyses (Figure 19A) showed a decelerating trend from the Pre-

Fast phase to the Post-Fast phase, while a variable trend from Pre-Slow to Post-Slow 

phase. Split-middle line methods (Figure 19A) showed significant decreases after both 
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fast training (p<0.001) and slow training (p<0.001), indicating increased inhibition. 

Paired t tests (Figure 19B) showed a significant decrease after fast training (p<0.001), but 

no significant change after slow training, which were consistent with confidence interval 

tests (Figure 19B), and no between-training effect was found by paired t test.  

 

PP15/SP Ratio. Visual analyses (Figure 19C) showed variable trends of both trainings. 

Split-middle line methods (Figure 19C) showed a significant increase after fast training, 

indicating increased facilitation (p<0.001), while a significantly decrease after slow 

training (p<0.001) . Paired t tests (Figure 19D) showed no significant change after fast 

training, but a significant decrease after slow training (p<0.001), which is consistent with 

confidence interval tests (Figure 19D), and no between-training effect was found by 

paired t test. 

 

CSP. Visual analyses (Figure 19E) showed a decelerating trend from the Pre-Fast phase 

to the Post-Fast phase, while an accelerating trend from Pre-Slow to Post-Slow phase. 

Split-middle line methods (Figure 19E) showed no significant change after fast training, 

but a significant increase after slow training (p<0.001). Paired t tests (Figure 19F) 

showed a significant decrease after fast training, (p<0.001), but a significant increase 

after slow tracking training (p<0.001), which were consistent with confidence interval 

tests (Figure 19F). However, the two training effects were not significantly different 

(p<0.001).   
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Figure 19. FS2’s TMS testing results in plots. PP3/SP Ratio= testing response of paired pulse at 3ms 
interval normalized by single pulse response; PP15/SP Ratio= testing response of paired pulse at 
15ms interval normalized by single pulse response; CSP=cortical silent period. Left panel (A, C and 
E): Mean and 95% confidence intervals for each phase for each response variable. Inset above each 
panel shows the significant results of paired t tests. *= significant within-group difference (p<0.017). 
Right panel (B, D and F): Split-middle lines of each dependent variable. Solid lines: split-middle line 
in pre-training training phase; which were then extrapolated to the post-training phase as dashed 
lines. Note that purple line is for the first training, and green line is for the second training. §= 
significant by split-middle line methods comparing pre- and post- each training using the Binomial 
Distribution Table (significant level as alpha<0.025 with Bonferroni correction).  
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A summary of visual analyses in trends, split-middle line methods, paired t tests, and 

confidence interval tests for FS2’s TMS results is shown in Table 9. Overall, although 

results were mixed, there are three consistent findings: (1) fast training increased GABA-

A mediated ICI; (2) slow training decreased ICF; (3) slow training increased GABA-B 

mediated inhibition. 

  

Table 9. TMS testing results summary of FS2.  

 

 
NA= not available; NS= not significant; *= significant change. Fast dif = (Post-Fast) – (Pre-Fast); 
Slow dif = (Post-Slow) – (Pre-Slow); CSP= cortical silent period. 
 

SF1:  

PP3/SP Ratio. Visual analyses (Figure 20A) showed variable trends of both trainings. 

Split-middle line methods (Figure 20A) showed no significant change after slow training, 
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but a significant increase after fast training (p<0.001). Paired t tests (Figure 20B) showed 

no significant within-training effect (consistent with confidence interval tests (Figure 

20B)) or between-training effect.  

 

PP15/SP Ratio. Visual analyses (Figure 20C) of trends were variable of both trainings. 

Split-middle line methods (Figure 20C) showed significant decrease after slow training 

(p<0.001), but a significant increase after fast training (p<0.001). Paired t tests (Figure 

20D) showed a significant decrease after slow training (p=0.004) and a significant 

increase after fast training (p=0.010) (consistent with confidence interval tests (Figure 

20D)) and between training effect (p=0.001).  

 

CSP. Visual analyses of trends were variable for both trainings (Figure 20E). Split-

middle line methods showed a significant decrease after slow training (p=0.016) but no 

significant change after fast training (Figure 20E). Paired t tests showed significant 

decreases after both slow training (p<0.001) and fast tracking training (p=0.001), which 

were consistent with confidence interval tests. However, the two training effects were not 

significantly different (Figure 20F).  
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Figure 20. SF1’s TMS testing results in plots. PP3/SP Ratio= testing response of paired pulse at 3ms 
interval normalized by single pulse response; PP15/SP Ratio= testing response of paired pulse at 
15ms interval normalized by single pulse response; CSP=cortical silent period. Left panel (A, C and 
E): Mean and 95% confidence intervals for each phase for each response variable. Inset above each 
panel shows the significant results of paired t tests. *= significant within-group difference (p<0.017). 
Right panel (B, D and F): Split-middle lines of each dependent variable. Solid lines: split-middle line 
in pre-training training phase; which were then extrapolated to the post-training phase as dashed 
lines. Note that purple line is for the first training, and green line is for the second training. §= 
significant by split-middle line methods comparing pre- and post- each training using the Binomial 
Distribution Table (significant level as alpha<0.025 with Bonferroni correction).  
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A summary of visual analyses in trends, split-middle line methods, paired t tests, and 

confidence interval tests for SF1’s TMS results is shown in Table 10. Overall, although 

results were mixed, there are three consistent findings: (1) slow training decreased ICF 

(2) fast training increased gluatermergic ICF; (3) slow training decreased GABA-B 

mediated inhibition. 

 

Table 10. TMS testing results summary of SF1.  

 

NA= not available; NS= not significant; *= significant change; Slow dif = (Post-Slow) – (Pre-Slow); 
Fast dif = (Post-Fast) – (Pre-Fast); CSP= cortical silent period. 
 

SF2: 

PP3/SP Ratio. Visual analyses (Figure 21A) showed variable trends of both trainings. 

Split-middle line methods (Figure 21A) showed significant decrease after slow training 



 

 95 

(p<0.001), but no significant change after fast training. Paired t tests (Figure 21B) 

showed no significant change of within-training effect (consistent with confidence 

interval tests (Figure 21B)) and between-training effect.  

 

PP15/SP Ratio. Visual analyses (Figure 21C) showed variable trends for both trainings. 

Split-middle line methods (Figure 21C) showed significant decreases after both slow 

training (p<0.001) and fast training (p<0.001). Paired t tests (Figure 21D) showed no 

significant change of within-training (consistent with confidence interval test (Figure 

21D)) and between-training effect.  

 

CSP. Visual analyses (Figure 21E) showed first an accelerating trend from the Pre-Slow 

phase to the slow training phase, and then a decreasing trend from the slow training phase 

to Post-Slow phase. There was a similar pattern (first accelerating, and then decelerating) 

along fast training. Split-middle line methods (Figure 21E) showed significant decrease 

after slow training (p<0.001), but an increase after fast training (p<0.001). Paired t tests 

(Figure 21F) showed a significant decrease after slow tracking training (p<0.001), but a 

significant increase after fast tracking training (p<0.001), which were consistent with 

confidence interval tests (Figure 21F). Furthermore, the two training effects were 

significantly different by paired t test (p<0.001).  
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Figure 21. SF2’s TMS testing results in plots. PP3/SP Ratio= testing response of paired pulse at 3ms 
interval normalized by single pulse response; PP15/SP Ratio= testing response of paired pulse at 
15ms interval normalized by single pulse response; CSP=cortical silent period. Left panel (A, C and 
E): Mean and 95% confidence intervals for each phase for each response variable. Inset above each 
panel shows the significant results of paired t tests. *= significant within-group difference (p<0.017). 
Right panel (B, D and F): Split-middle lines of each dependent variable. Solid lines: split-middle line 
in pre-training training phase; which were then extrapolated to the post-training phase as dashed 
lines. Note that purple line is for the first training, and green line is for the second training. §= 
significant by split-middle line methods comparing pre- and post- each training using the Binomial 
Distribution Table (significant level as alpha<0.025 with Bonferroni correction).  
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A summary of visual analyses in trends, split-middle line methods, paired t tests, and 

confidence interval tests for SF2’s TMS results is shown in Table 11. Overall, although 

results were mixed, there are two consistent findings: (1) slow training decreased GABA-

B mediated inhibition; (2) fast training increased GABA-B mediated inhibition. 

 

Table 11. TMS testing results summary of SF2.  

 
NA= not available; NS= not significant; *= significant change; Slow dif = (Post-Slow) – (Pre-Slow); 
Fast dif = (Post-Fast) – (Pre-Fast); CSP= cortical silent period. 
 

SF3: 

PP3/SP Ratio. Visual analyses (Figure 22A) showed variable trends for both trainings. 

Split-middle line methods (Figure 22A) showed significant increases after both slow 

training (p<0.001) and fast training (p<0.001). Paired t tests (Figure 22B) showed a 
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significant decrease of slow training (p<0.001), but no significant effect of fast training, 

which were consistent with confidence interval tests (Figure 22B). A between-training 

effect was found in between training effect (p<0.001).  

 

PP15/SP Ratio. Visual analyses (Figure 22C) showed a decreasing trend of slow training 

but a more variable trend (first accelerating and then decelerating) of fast training. Split-

middle line methods (Figure 22C) showed significant increases after both slow training 

(p<0.001) and fast training (p=0.042). Paired t tests (Figure 22D) showed a significant 

decrease after slow training (p<0.001), but no significant change after fast training, which 

were consistent with confidence interval tests (Figure 22D). A between-training effect 

was found in between training effect by paired t test (p<0.001).  

 

CSP. Visual analyses (Figure 22E) showed variable trends of both trainings. Split-middle 

line methods (Figure 22E) showed a significant decrease after slow training (p<0.001), 

but a significant increase after fast training (p=0.004). Paired t tests (Figure 22F) showed 

no significant change after slow training, but a significant decrease after fast training 

(p=0.010), and the two training effects were significantly different. Confidence interval 

tests (Figure 22F) showed no significant effect of either training. 
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Figure 22. SF3’s TMS testing results in plots. PP3/SP Ratio= testing response of paired pulse at 3ms 
interval normalized by single pulse response; PP15/SP Ratio= testing response of paired pulse at 
15ms interval normalized by single pulse response; CSP=cortical silent period. Left panel (A, C and 
E): Mean and 95% confidence intervals for each phase for each response variable. Inset above each 
panel shows the significant results of paired t tests. *= significant within-group difference (p<0.017). 
Right panel (B, D and F): Split-middle lines of each dependent variable. Solid lines: split-middle line 
in pre-training training phase; which were then extrapolated to the post-training phase as dashed 
lines. Note that purple line is for the first training, and green line is for the second training. §= 
significant by split-middle line methods comparing pre- and post- each training using the Binomial 
Distribution Table (significant level as alpha<0.025 with Bonferroni correction).  
 
 
A summary of visual analyses in trends, split-middle line methods, paired t tests, and 

confidence interval tests for SF3’s TMS results is shown in Table 12. Overall, although 



 

 100 

results were mixed, there is one consistent finding: slow training increased GABA-A 

mediated ICI. 

  

Table 12. TMS testing results summary of SF3.  

 
NA= not available; NS= not significant; *= significant change; Slow dif = (Post-Slow) – (Pre-Slow); 
Fast dif = (Post-Fast) – (Pre-Fast); CSP= cortical silent period. 
 

TMS Data Summary 

In summary, the results above by each subject were generally mixed, and only one 

consistent pattern was found across subjects: slow training appeared to decrease ICF in 

FS2 and SF1.  
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Table 13 shows the TMS data summary for the outcome measures organized by two 

different treatment orders. Paired t tests were done for within-training and between-

training effect for each treatment order with a<0.017 as the significant level. 

 

Table 13. TMS outcome measures organized by treatment order.  

 
CSP= cortical silent period. #= data were not normally distributed, so Wilcoxon Signed-Rank Test 
was used. 
 
 
fMRI 

Stroke location  

FS1 had subcortical stroke (inferomedial right cerebellar hemisphere; remote change in 

the left frontal lobe, which was not visible in the anatomical MRI images. This 

information was obtained from the subject’ medical record, and was confirmed by a 

neurologist in our research team). 
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Figure 23 below shows anatomical MRI images from FS2 indicating subcortical stroke 

(inferior left cerebellar hemispheric and left tonsillar infarct). 

 

Figure 23. Anatomic Magnetic Resonance Images of FS2. Crosshairs (in Talairach coordinates: x=-
29, y=-47, z=-35) show infarct.  
 
 
Figure 24 below shows anatomical MRI images from SF1 indicating subcortical stroke 

(left caudate nucleus and lenticular nuclei infarct). 

 

Figure 24. Anatomic Magnetic Resonance Images of SF1. Crosshairs (in Talairach coordinates: x=-
25, y=-4, z=8) show infarct.  
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Figure 25 below shows anatomical MRI images from SF2 indicating subcortical stroke 

(right basal ganglia with extension along the posterior limb of the right external capsule 

and extension into the corona radiata infarct). 

 

Figure 25. Anatomic Magnetic Resonance Images of SF2. Crosshairs (in Talairach coordinates: x=25, 
y=-15, z=17) show infarct.  
 

Figure 26 below shows anatomical MRI images from SF3 indicating subcortical stroke 

(infarct in corona radiata on the right and superior aspect of the basal ganglia). 

 

Figure 26. Anatomic Magnetic Resonance Images of SF3. Crosshairs (in Talairach coordinates: x=25, 
y=-10, z=12) show infarct. 
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ROI analysis 

Summary tables of ROI analysis with q (FDR)<0.05 were shown in Tables 14-16 for the 

contrast of fast tracking to slow tracking. 

 

Table 14. Functional Magnetic Resonance Imaging activation volume results. 

 

Contralateral= Contralateral to the paratic hand, Ipsi-lateral= Ipsi-lateral to the paratic 
hand, M1=Primary Motor Cortex, S1=Primary Sensory Cortex, SMA=Supplemental Motor Cortex, 
PMC=Premotor Cortex. 



 

 105 

Table 15. Functional Magnetic Resonance Imaging activation intensity results. 

 
Contralateral= Contralateral to the paratic hand, Ipsi-lateral= Ipsi-lateral to the paratic 
hand, M1=Primary Motor Cortex, S1=Primary Sensory Cortex, SMA=Supplemental Motor Cortex, 
PMC=Premotor Cortex. Intensity was defined as average t statistic. 
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Table 16. Functional Magnetic Resonance Imaging laterality index results. 

  
M1=Primary Motor Cortex, S1=Primary Sensory Cortex, SMA=Supplemental Motor Cortex, 
PMC=Premotor Cortex, vol=activation volume, int=activation intensity. 
 

No specific pattern turned out after initial analyses of the fMRI data, so a more focused 

analysis was then focused in the M1 area as the figures and the table below (Figure 27-

31). A specific p or q value was chose for each subject for the purpose to show the 

activation change through four scans. Note that due to the sidedness of the paretic hand 

might be the same side of the stroke, for example, in SF1, whose stroke was in left 

cerebellum and weak hand was left, too,  when describe cortex activity change, term for 

sidedness such as  “contralateral to the paretic hand” was used instead of “ipsilesional” or 

“contralateral”. 
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Figure 27. Cortical activation in one representative slice for FS1 with right cerebellar stroke (not 
shown) while performing finger tracking task with paretic left hand. Act_vol = activation in primary 
motor cortex contralateral to the paretic hand. Statistical contrast was Fast Tracking versus Slow 
Tracking. q (FDR) < 0.050. Patient showed decreased activation after fast training. Slow training 
resulted in general decrease in activation, but more focused activation in primary motor cortex. Blue 
indicates the activation intensity was lower in fast tracking than in slow tracking in the covered 
voxels, who exceed the threshold Orange indicates the opposite. 
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Figure 28. Cortical activation in one representative slice for FS2 with left cerebellar stroke (not 
shown, see Figure 22) while performing finger tracking task with paretic left hand. Act_vol = 
activation in primary motor cortex contralateral to the paretic hand. Statistical contrast was Fast 
Tracking versus Slow Tracking. p<0.01. Whitish marking in the brain showed one region of interest, 
the right primary motor cortex (M1), due to the activation shown here was in a relatively deep slice, 
so that hand knob was not obvious. Patient showed increased activation in the right M1 after fast 
training, but decreased activation in the right M1 after slow training. Blue indicates the activation 
intensity was lower in fast tracking than in slow tracking in the covered voxels, who exceed the 
threshold. Orange indicates the opposite. 
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Figure 29. Cortical activation in one representative slice for SF1 with left basal ganglia stroke (not 
shown, see Figure 23) while performing finger tracking task with paretic right hand. Act_vol = 
activation in primary motor cortex contralateral to the paretic hand. Statistical contrast was Fast 
Tracking versus Slow Tracking. q (FDR) <0.05. Patient had a missing scan at Post-Slow, fast training 
resulted in a decrease in activation volume. Blue indicates the activation intensity was lower in fast 
tracking than in slow tracking in the covered voxels, who exceed the threshold. Orange indicates the 
opposite. 
 

 

http://download.videohelp.com/vitualis/med/basal_ganglia.htm�
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Figure 30. Cortical activation in one representative slice for SF2 with right basal ganglia stroke (not 
shown, see Figure 24) while performing finger tracking task with paretic left hand. Act_vol = 
activation in primary motor cortex contralataral to the paretic hand. Statistical contrast was Fast 
Tracking versus Slow Tracking. p<0.03. Purple marking in the brain showed one region of interest, 
the right primary motor cortex (M1), due to the activation shown here was in a relatively deep slice, 
so that hand knob was not obvious. Patient showed increased activation in the right M1 after both 
fast training and slow training. Blue indicates the activation intensity was lower in fast tracking than 
in slow tracking in the covered voxels, who exceed the threshold. Orange indicates the opposite 
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Figure 31. Cortical activation in one representative slice for SF3 with right corona radiate and basal 
ganglia stroke (not shown, see Figure 25) while performing finger tracking task with paretic right 
hand. Act_vol = activation in primary motor cortex contralateral to the paretic hand. Statistical 
contrast was Fast Tracking versus Slow Tracking. q (FDR)<0.05. Purple marking in the brain 
showed one region of interest, the right primary motor cortex (M1), due to the activation shown here 
was in a relatively deep slice, so that hand knob was not obvious. Patient showed decreased activation 
in the right M1 after slow training, but increased activation in the right M1 after fast training. Blue 
indicates the activation intensity was lower in fast tracking than in slow tracking in the covered 
voxels, who exceed the threshold. Orange indicates the opposite. 
 

 

In summary, there was no consistent finding across subjects.  
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iii. Safety Measures  

Adverse Events 

No subject experienced any major adverse event. Subject report of symptoms revealed 

minor symptoms, all of which resolved (Table 17).  

 

Table 17. Subject report of symptoms.  

 
CTCAE= Common Terminology Criteria for Adverse Events where Grade 1 Mild, Grade 2 
moderate, Grade 3 Severe, Grade 4 Life-threatening/disabling and Grade 5 Death related. 
 

Hopkins Verbal Learning Test -revised  

The results were summarized in Table 18. No significant changes were found for each 

item in this test comparing week 1 (at the beginning of the study) and 20 (at the end of 

the study). These results showed that no short-term memory impact from participating the 

study. 
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Table 18. Hopkins Verbal Learning Test -revised results. 

 

Total recall maximum possible = 36, delayed recall maximum possible = 12, retention% = (Trial4/ 
higher score of trial 2 and 3)*100, Discrimination index = (Total Number of True Positives) - (Total 
Number of False Positives), *= one-tailed paired t tests were done for safety testing to be more 
sensitive to possible safety issues.  
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Chapter V Discussion 

This study investigated the effects of finger tracking training at fast vs. slow movement 

velocities on finger function and brain reorganization. To our knowledge, no other studies 

have investigated the impact of varying velocity of training movements on brain 

reorganization and recovery in people with stroke. A single-subject, cross-over design 

was applied on five subjects who trained at home using telerehabilitation technology. All 

subjects performed 28,800 repetitions of finger extension and flexion movements at slow-

velocity and 28,800 at fast-velocity separated by a 3-week wash-out phase. When 

analyzing the current single-subject study results, both visual analysis of trends and 

statistical tests, including split-middle technique, t tests, and confidence intervals, were 

used to avoid overlooking potential treatment effects. The outcome of each hypothesis 

will be discussed separately and then will be followed by a general discussion of the 

whole study. 

 

i. Aim 1. Working Hypothesis:  

The fast-velocity training will have significantly greater functional improvement 

compared to the slow-velocity training, as measured by standardized upper extremity 

functional tests (the Box and Block Test, the Jebsen-Taylor test, and the finger force test) 

 

This working hypothesis was supported by the Box and Block Test, but not consistently 

by the Jebsen Taylor or finger force. 
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Using a Bonferroni corrected α-value of 0.017 for paired t tests, the Box and Block Test 

showed a significant within-training effect of fast training phase in subjects of each 

treatment order. For FS1 and FS2, who had fast training first, it significantly improved 

from Pre-Fast training phase to Post-Fast training phase. Furthermore, this fast training 

effect was significantly greater than the slow training effect, which itself was a significant 

effect. For SF1, SF2 and SF3, who had slow training first, it also improved significantly 

from Pre-Fast training phase to Post-Fast training phase, but no between-training effect 

was found. A possible order effect combined with a ceiling effect should be considered as 

stated earlier in Results section. If the fast training effect depended on the order of the 

treatment, then one order should have worked better than the other one, which turned out 

not to be the case since in both treatment orders, fast training had a significant effect. In 

terms of possible ceiling effect, if both fast and slow training had treatment effect, the 

second treatment should have not shown any further effects, which was not the case for 

either treatment order. So combining all these considerations, the effect of fast training to 

the Box and Block test was a true treatment effect, and furthermore, this effect was better 

than that of slow training. 

 

For the mechanism of the superior treatment effect of fast training over slow training on 

the Box and Block test, there are a few perspectives. First of all, one can ask the question: 

why did the treatment only have an effect on this test only, but not in the Jebsen-Taylor 

or finger force test. One possible answer was that finger extension and flexion are major 

components of the movements involved in the performance of the Box and Block test, 
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which were exactly what the subjects were training on in the tracking program. So this 

similarity between the test and the training made the transferring relatively easier than the 

other two tests. The Jebsen-Taylor test is composed of different tasks with involvements 

of more complicated hand/finger movements than the Box and Block test.  In Jebsen-

Taylor test, there are tasks including (i) turning over cards, (ii) picking up small objects 

(e.g., pennies, paper clips), (iii) stacking checkers, (iv) picking up beans with a spoon, (v) 

turning over large empty cans, and (vi) turning over large weighted cans. In the finger 

force test, an isometric finger extension movement was tested. Studies have suggested 

that the representation of motor actions in M1 is better correlated with task kinetics under 

isometric conditions and with task kinematics under movement conditions and target 

distance (Ashe and Georgopoulos, 1994; Georgopoulos et al., 1982; Schwartz, 1992; 

Schwartz et al., 1988). And this is further validated in a monkey study with recording cell 

activities in M1 (Sergio and Kalaska, 1998). So the differences between the finger 

movements in tracking training and the isometric force in the finger force test have 

different underlying neural mechanisms, which might explain the relatively difficult 

transferability from training to the force testing. This is consistent with literature that 

studies have already determined that the amount of transfer depends on the similarity 

between the two tasks or the two environments (Meijer and Roth, 1988).  

 

For the Jebsen-Taylor test, the only significant improvement was slow training effect for 

SF1, SF2 and SF3, who had slow training first. This can possibly be explained by an 

order effect. Assume that this effect was true, SF1, SF2 and SF3 with slow training first 
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showed effects in the results, and when the slow training was the second training, as for 

FS1 and FS2, a treatment effect was not shown on top of a possible fast training effect. 

Specifically, although a statistically significant effect was not found, the mean of FS1 and 

FS2 already decreased profoundly from the Pre-Fast phase to the Post-Fast phase, which 

implied improvement. This possible improvement might be overlooked by small trial 

number and variability nature of these data with a relatively big SD. For the finger force 

test, there was no significant treatment effect. An issue of this test was observed during 

this test across all subjects. Specifically, observations showed that all subjects had 

spasticity at different degrees (data not available, which is a limitation of the current 

study, and will be discussed later), and the finger force test in the current study was done 

by isometric contraction with index finger fixed in a ring. In this method, all subjects 

reported subjectively the difficulty of finger positioning due to spasticity. So the scores 

might not be a true reflection of their finger force.  

 

With inspection of each single subject’s results, it was found, not surprisingly, that FS1 

and FS2 showed a consistent increasing trend of the Box and Block test score change in 

both the confidence interval plots (Figure 12A and 13A) and split middle line plots (12B 

and 13B), which was consistent with the within-training effects discussed above. 

Interestingly, both FS1 an FS2 showed significant within-training effects in finger force 

test for both fast and slow trainings using split-middle line methods, which were not 

shown significant using paired t tests in subjects with this treatment order. This 

discrepancy was similar to another study using both split-middle test and group analysis 
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in a single-subject study (Kimberley and Di Fabio, 2010), and the authors advocated for 

small N statistics such as split-middle technique. Furthermore, in the finger force tests, 

although split-middle line results suggests favorable effects for fast training in FS1 and 

FS2 consistently, there was a significant between-training effect by paired t tests favoring 

fast training compared to slow training in FS1, but not in FS2, which might explain that 

the non-significant paired t test results.    

  

Conclusive remark for Aim 1 hypothesis.  

The conclusion is that the fast-velocity training had significantly greater functional 

improvement compared to the slow-velocity training in the Box and Block Test, but not 

consistently in the Jebsen-Taylor and finger force tests. Therefore, although the 

behavioral results are mixed, it is encouraging that the most relevant of the primary 

outcome measures showed improvement consistently. Still, more data from a larger 

number of subjects are needed to form a firm conclusion. 

 

ii. Aim 2. Working Hypothesis:  

Fast-velocity training will have significantly greater cortical reorganization compared to 

the slow-velocity training, as measured by:  

a) TMS – increased amplitude of motor evoked potentials (MEP) from paretic 

extensor digitorum muscle in response to paired-pulse TMS to ipsilesional primary motor 

area (M1). Re-state as PP/SP ratio.  
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b) fMRI – increased volume of activation, signal intensity, and laterality of 

ipsilesional M1.  

 

Hypothesis 1: TMS 

Among all the TMS results, using a Bonferroni corrected α-value of 0.017, seven out 12 

possible within-training effects showed significant changes (Table 14). Three significant 

effects resided in fast training, and four in slow training. Specifically, those three 

significant effects resided in fast training were:  

1) For FS1 and FS2 together, PP3/SP ratios significantly decreased, suggesting more 

GABA-A mediated ICI; 

2) For FS1 and FS2 together, CSP significantly decreased, suggesting less GABA-B 

mediated inhibition; 

3) For SF1, SF2 and SF3 together, PP15/SP ratios significantly increased, suggesting 

more glutamatergic ICF. 

 

Those four significant effects resided in slow training were: 

1) For FS1 and FS2 together, PP15/SP ratios significantly decreased, suggesting less 

glutamatergic transmitter mediated facilitation. 

2) For FS1 and FS2 together, CSP significantly increased, suggesting less GABA-B 

mediated inhibition; 

3) For SF1, SF2 and SF3 together, PP15/SP ratios significantly decreased, suggesting 

less glutamatergic ICF; 
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4) For SF1, SF2 and SF3 together, CSP significantly decreased, suggesting less GABA-

B mediated inhibition. 

 

Among all the six possible between-training effects (Table 13), all but one (PP3/SP ratios 

in SF1, SF2 and SF3) showed significant differences. 

 

Although with such a few significant differences in within- and between-training effects, 

fast training did not show favorable effects to slow training.  

 

We used paired-pulse testing and CSP to measure ipsilesional cortical excitability 

because we wanted to distinguish between ICI (3-ms ISIs) mediated by GABA-A, ICF 

(15-ms ISIs) mediated by glutermergic system, and inhibition mediated by GABA-B 

effects on changes in cortical excitability (Kujirai et al., 1993) and also because Wu et al. 

(2000) demonstrated that this testing was sufficiently sensitive in showing both decreased 

ICI and increased ICF after a brief application of high-frequency suprathreshold rTMS in 

healthy subjects. However, perplexingly, in the current study, we found mixed results in 

all PP3/SP, PP15/SP and CSP. Some stroke rehabilitation studies using rTMS treatment 

have found increased excitability at ipsilesional M1 (Fregni et al., 2006; Khedr et al., 

2009; Takeuchi et al., 2005), which measured excitability changes with either motor 

thresholds, MEP size, or transcallosal inhibition, not paired-pulse testing or CSP. In a 

study specifically tested with ICI, ICF and CSP (Liepert, 2006), authors found that 

therapy-associated changes of motor cortex excitability mainly occur in the lesioned 
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hemisphere by up-regulation or down-regulation of ICI, specifically, but not in ICF or 

CSP. Furthermore, they measured post-rTMS excitability only on the same day as the last 

treatment, whereas we measured it each week of the whole 20-week before, during and 

after treatment, and the focus of the analysis was by phase but not by day. One study 

tested CSP showed that CSP actually increased over time in the experimental group, 

although not significantly, suggesting a resurgence of inhibition related to recovery 

(Sawaki et al., 2008). 

 

Therefore, amidst our observed behavioral improvement, the possibility exists that there 

was our mixed results are a manifestation of the complicated interaction of treatments, 

different stroke location and onset although all chronic, applied to a damaged nervous 

system with inherently heightened disinhibition (Cicinelli et al., 2003; Liepert et al., 

2000d). Another possibility exists that our observed behavioral gains are more related to 

other cortico-cortical processes, which requires different TMS tests such as stimulus-

response curve with different stimulation intensity, and area under the curve, inter-

hemisphere inhibition, etc.   

 

Hypothesis 2: fMRI 

This hypothesis was not supported as qualitative analysis revealed large variability in 

voluntary cortical activation. In the case of fMRI, such variability was noted not only 

between subjects in the two treatment orders but also between hemispheres, in terms of 

volume of activation, signal intensity, and laterality index. 
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There were no consistent pattern found in fMRI findings in the change in cortical 

activation across subjects, Feydy et al. (2002) observed two different patterns of cortical 

reorganization in the motor recovery following stroke: focusing – marked by initial 

recruitment of ipsilesional and contralesional areas followed by restriction to the 

ipsilesional areas only, or persistent recruitment – marked by initial and sustained 

recruitment of contralesional areas. Figure 26 shows an example of recruitment in FS1 

after slow training in the current study. In a study done by Johansen-Berg et al. (2002) 

also found that the inverse correlation between the increased activation in ipsilateral 

cortical motor areas during movements of a paretic hand, also shown in previous 

functional imaging studies (Cramer et al., 1997; Cuadrado et al., 1999), represented a 

functionally relevant, adaptive response to the associated brain injury. Surprisingly, 

Feydy et al. (2002) emphasized that both patterns had no relation to the degree of 

recovery. Similarly, Nowak et al. (2008) found no correlation between the reduced 

cortical activation contralesionally following rTMS and improved paretic hand function. 

Thus, as stroke lesions are highly individualized as so in our five research participants, so 

also may be the reorganization pattern at its connection to recovery.  

 

Conclusive remark for Aim 2. The conclusion is that this hypothesis was not supported 

by TMS or fMRI testing.  

 

iii. Single-Subject Research Results Analysis 
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A combined analysis with visual analyses of trends, split-middle line method, paired t 

tests, and confidence interval tests was used to examine for effects from slow and fast 

finger tracking training in a single-subject cross-over design. 

 

Totally, there are 24 comparable pairs of results’ consistency including all 12 pairs of t 

tests and confidence interval tests, and all 12 pairs of t tests and split-middle line 

methods, but not including the possible 12 pairs of confidence interval tests and split-

middle line methods because the high consistency rate between t tests and confidence 

interval tests.  

 

Results of t tests were highly consistent with confidence interval tests. With the expected 

high consistency between t tests and confidence interval tests, one might argue there is 

redundancy in using both methods, but confidence interval plots are still presented here 

due to its effectiveness to data interpretation. In contrast, there were inconsistencies 

between t tests and split-middle line method. A variety of factors may contribute to the 

different results from these analysis methods.  

 

To be more specific, use FS2 as an example for close inspection to the individual 

subject’s data. The results of the split-middle line plots compared to the t test results 

revealed patterns in these discrepancies:  

(1) Totally there are nine discrepancies (two between t tests and confidence interval tests, 

and six between t tests and split-middle line methods) out of 24 pairs including all 12 



 

 124 

pairs of t tests and confidence interval tests, and all 12 pairs of t tests and split-middle 

line methods, but not including the possible 12 pairs of confidence interval tests and split-

middle line methods because the high consistency rate between t tests and confidence 

interval tests (Table 4). Fast tracking training to ICF failed to show significant changes 

using paired t tests. When evaluated with single-subject split-middle line method for 

significance, significant change was found for this result. This discrepancy was similar to 

another study using both split-middle test and group analysis in a single-subject study 

(Kimberley and Di Fabio, 2010),  and the authors made a conclusion that small N 

statistics such as split-middle technique should be used as a means to accompany 

conventional group-level analysis to assist understanding variable responses.  

(2) Fast tracking training showed significant effects to Box and Block test and CSP with 

paired t tests, while split-middle technique did not. Close inspection of the split-middle 

line plots revealed that there was an increasing trend (celeration line going up) in A1 

phase in Box and Block test and a decreasing trend (celeration line going down) in A1 

phase in CSP.  

(3) Slow training showed improving effect to Box and Block test with paired t tests, but 

deterioration effect by split-middle line method. Close inspection of the split-middle line 

plots revealed that there was an increasing trend (celeration line going up) in A2 phase of 

Box and Block test, which might be explained by practice effect. 

 

The split-middle line plotted each individual data point of the pretest phases with 

extension into the subsequent phases. In this way, the split-middle line method takes 



 

 125 

maturation, defined as changes in subject response over time that is not related to the 

intervention, into account. The paired t test does not do this, which might explain the 

discrepancies in the last two patterns listed above. 

 

Also, an incomplete wash-out effect and order effects should be considered because of 

the cross-over design, which complicated the current analysis and is a limitation of the 

present study.  

 

There are three discrepancies in FS2’s TMS results: Effect of fast tracking training to 

CSP was shown using conventional paired t test, while not shown in split-middle test; 

Slow tracking training to ICI, and fast tracking training to ICF failed to show significant 

changes using paired t tests, but shown by split-middle line method. The consideration of 

a combined analysis method, e.g. split-middle line method and t tests, for brain 

reorganization measured by TMS may assist researchers in describing the variability of 

TMS outcome measures. Response to TMS is known to be variable (Carey et al., 2010; 

Kimberley and Di Fabio, 2010). The source of individual variability in responsiveness is 

unknown, but has a significant impact on investigations. The search for reliable albeit 

weak intervention effects is especially difficult with visual inspection. These 

interventions may be important to detect, especially in the early stages of research before 

the intervention is well understood and developed (Kazdin, 2010). In an investigation of a 

potential intervention for a patient population, if a subject does not respond to an 

intervention, one cannot determine if the lack of response was due to a general ‘rTMS 
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unresponsiveness’ for that individual, or to a lack of efficacy of the intervention. The 

importance of the combined analysis method was stressed in Kimberley and Di Fabio’s 

work that may assist researchers in describing the variability of TMS outcome measures. 

In our case, it is also advocated that this needs to extend to other measurements beside 

TMS outcome measures to avoid overlooking potential treatment effects due to those 

discrepancies in behavioral results. 

 

From a statistical stand point, gold standards for single-subject analyzing methods do not 

currently exist. The results as discussed above indicate that interpretation of single-

subject research data is directly influenced by the method of data analysis selected, and 

variation exists across both visual and statistical methods, which is consistent with other 

researchers’ findings (Nourbakhsh and Ottenbacher, 1994; Ottenbacher, 1986). For 

example, Nourbakhsh and Ottenbacher (1994) examined whether the use of three 

different statistical methods for analyzing single-subject data led to similar results and to 

identify components of graphed data that influence agreement (or disagreement) among 

the statistical procedure, and they found that a relatively low degree of agreement (38%) 

was found among the three statistical tests. The highest rate of agreement for any two 

statistical procedures (71%) was found for the two-standard deviation band method and 

the C statistic. 

 

iv. Neuroplasticity. 
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As discussed earlier in Literature Review section, much of the information we have 

gained in understanding homeostatic plasticity in humans comes from animal 

experiments (Bliss and Lomo, 1973; Froc et al., 2000; Hess et al., 1996; Hess and 

Donoghue, 1994; Hess and Donoghue, 1996; Hess and Donoghue, 1999; Hess et al., 

1994; Trepel and Racine, 1998). Furthermore, research in movement velocity and cortical 

activation mostly used single-cell recording techniques in primates (Ashe and 

Georgopoulos, 1994; Kelso et al., 1998; Moran and Schwartz, 1999; Stark et al., 2007). 

Indeed, this exploration of velocity-dependent training effects was mostly based on 

single-cell recording techniques in primates.  Significant correlation between neuronal 

firing rate and movement velocity has been documented in previous studies of M1 in 

neurologically intact nonhuman primates (Ashe and Georgopoulos, 1994; Georgopoulos 

et al., 1988; Moran and Schwartz, 1999; Paninski et al., 2004). A study on humans with 

tetraplegia (Truccolo et al., 2008) examined the relationship between spiking activities in 

primary motor cortex (M1) and intended movement kinematics (position and velocity). 

Study participants were asked to perform two different tasks: imagined pursuit tracking 

of a cursor moving on a computer screen, the idea of which is similar to our tracking 

program, and a “neural cursor center-out” task. Their results indicate that correlations 

between spiking activity and intended movement velocity were present in stroke patients’ 

M1, and that M1 spiking activities share many kinematic tuning features whether 

movement is imagined by humans with tetraplegia, or is performed as shown previously 

in able-bodied nonhuman primates. So this study showed in human, both intended 

position and velocity signals were available in M1 activity. This was actually 
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incorporated with the tracking training program by having the subjects tracing the line, 

which require them to use both position and velocity control. But as the fact is that their 

study was realized in a neural interface system, while in our study, subjects actually 

performed the tracking movement by their own body. Furthermore, the interpretation and 

identification of the mechanisms underlying these tuning functions remain controversial 

(Kalaska et al., 1989; Scott, 2004; Scott et al., 2001; Todorov, 2000). In nonhuman 

primate studies using body parts as listed earlier, considering the function difference of 

upper extremity in primates and human, human beings have more involvement of fine 

control using fingers in daily activities in, while primates have more gross activities in 

movement such as swinging. Accordingly, differences in muscle structure and proportion 

of fast- or slow- twitch fibers might partly explain in results’ difference in between our 

study and those studies.   

 

There are a few other possibilities of negative results in our brain reorganization data. 

Firstly, we used a fast tracking vs. slow tracking contrast for fMRI analysis because it’s 

the main research question to compare those two trainings. With the common component 

balanced out, the only component to differentiate them in fMRI was the velocity. As 

discussed earlier, movement parameters such as position and velocity are coded at least in 

some of the M1 neurons. So it is possible no effect can survive to be significant in 

analysis. Secondly, in the studies discussed above either on primates or humans, direct 

recording from individual neurons using electrodes arrays were used. To our knowledge, 

there have been no studies using fMRI or TMS detecting the kinematic parameters in 
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humans to the accurate level of direct recording. It’s possible explained by technical 

difficulty and/or the degree of the neural change’s insensitivity.   

 

Changes in brain-derived neurotropic factor (BDNF) (Kleim et al., 2003; Klintsova et al., 

2004) and trans-synaptic signaling molecules (Wankerl et al., 2010) may play a role in 

the mechanism of homeostatic plasticity in humans. Wankerl et al. (2010) used an L-type 

voltagegated Ca(2+) channel antagonist to investigate the involvement of these Ca(2+) 

channels in LTP/LTD and metaplasticity in humans. Their findings suggest that Ca(2+) 

dynamics determine the polarity of LTP/LTD-like changes and the L-type voltage-gated 

Ca(2+) channel may act as molecular switches mediating metaplasticity induced by 

endogenous neuronal activation, so the Ca(2+) channel might serve as a molecular basis 

for metaplasticity at the systems level in humans. Although outside of the scope of this 

dissertation, such work allows translational research to work at the human systems level, 

supported by theory and evidence at the cellular and molecular level. Other growth 

factors beside BDNF, such as insulin growth factor-1, transforming growth factor  1, 

and glial cell line– derived neurotrophic factor, have been reported to be beneficial in the 

early ischemic period (Johansson, 2000). Besides the potential pharmacological uses, 

BDNF gene might also have applications in predict responders and non-responders in 

stroke rehabilitation. Cheeran and co-authors investigated whether the susceptibility to 

TMS probes of plasticity was significantly influenced by the BDNF polymorphism 

(Cheeran et al., 2008a). They found that the response of Met allele carriers differed 

significantly in all protocols compared with the response of Val66Val individuals, 
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suggesting that this was due to the effect of BNDF on the susceptibility of synapses to 

undergo LTP/LTD.  

 

v. Telerehabilitation. 

We believe that telerehabilitation offers a valuable method for promoting further 

recovery from stroke. An earlier telerehabilitation study of our lab (Carey et al., 2007a), 

which also involved tracking training program in the index finger, did not produce a clear 

advantage in the track group. However, the training in that study lasted only 2 weeks, 

compared with 5 weeks here, and so dosage of training likely is an important factor. In 

our recently finished study in chronic stroke (Deng et al., 2012), but using the paretic 

ankle, joint dorsiflexion were assigned randomly to receive 4 weeks of telerehabilitation 

of the paretic ankle. The results suggest that telerehabilitation, emphasizing complex task 

training with the paretic limb, is feasible and can be effective in promoting further 

dorsiflexion in people with chronic stroke. These findings highlight a potentially 

important advantage of telerehabilitation. It avails extended training time so that a large 

number of movement repetitions, considered to be crucial for cortical 

reorganization(Kimberley et al., 2010), can occur. Because of health care economics and 

the declining length of inpatient rehabilitation stay (Dobrez et al., 2010), alternative 

forms of rehabilitation, including telerehabilitation, may become increasingly important 

to approach the dosage of training needed to promote neuroplasticity and a higher level of 

recovery. In this way, we do not envision telerehabilitation as a replacement for the 

hands-on interaction between patients and therapists so crucial for establishing trust, 
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motivation, and guidance of therapy early on. Rather, it is envisioned as therapy at a less 

dependent stage in the recovery process that continues to emphasizes repetitive 

movements and cognitive processing, but with only periodic rather than continual 

therapist guidance and at a location, intensity, and schedule selected by the patients 

themselves. As the advancement of communication technology continues to accelerate, as 

the need for cost containment in health care economics continues to deepen, and as 

evidence continues to mount that recovery of function can occur even in the chronic 

stages of stroke, telerehabilitation offers hope for continued progress.   

 

vi. Study Limitations. 

One of the most apparent limitations in this study was the small sample size due to the 

single-subject design as expected. A prominent difficulty in translational research, 

especially in disease populations with neurological deficits, is recruiting and/or securing 

subjects who both fit the inclusion/exclusion criteria and who are willing to dedicate their 

time and energies to a demanding research study such as this in both aspects. Single-

subject design overcomes this limit in strict inclusion/exclusion criteria in recruitment of 

stroke rehabilitation studies, but brings in the expected shortcomings such as 

generalizability. The mixed findings in the majority of the outcome measures call for 

expanding the sample size of the study and continuing exploration of the potential effect 

of the tracking training at different velocities. Alternative outcome measures may be 

more necessary to measure outcomes especially the finger force measurement due to the 
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difficulty in positioning wrist, hand and finger for this population with prevailing 

spasticity symptoms. 

 

vii. Future Research.  

Evidence available suggests that stroke rehabilitation may improve functional outcome 

and enhance quality of life. However, therapeutic response is also quite variable across 

patients as shown in the current study, making it necessary to identify reliable predictors 

of functional outcome in order to optimize available resources. Future studies to 

investigate low responders and high responders in stroke rehabilitation might help not 

only to allocate limited health care dollars to those most likely to benefit from such 

rehabilitation, but also to planning realistic therapeutic goals for each patient. In the 

current study, fMRI results turned out to show no consistent findings using ROI analysis 

in cortex of M1, S1, PMC and SMA. As the recruitment criterion of subcortical stroke 

only, a lesion site analysis might help in defining and/or finding correlations with 

responders and non-responders in future explorations. In a recent study of our lab 

(manuscript in preparation) we explored the safety, efficacy and brain reorganization 

associated with 6-Hz primed low-frequency rTMS applied to the contralesional primary 

motor area combined with finger movement tracking training in chronic stroke, although 

no consistent pattern of ROI analysis results in fMRI was observed, high responders to 

the combined treatments showed much less involvement in posterior limb of internal 

capsule than low responders.  
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As mentioned in the Introduction section, hemiparesis can have devastating impacts on 

gross motor outcomes not only in the upper extremity but also lower extremity. 

Investigating the influence of different velocity movement training on other areas and/or 

joints of the body, as well as other systems such as sensory and conginitive, could 

contribute to the neuroplasticity to help function recovery and quality of life.
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Appendix A. Initial Phone Screening form. 

Initial Phone Screening  
Subject Name: __________________  Initials: _____ID#: ____ Investigator: _______ 
Phone screen Date: __________  Referral Source: ___________________________    
Time Commitment: _______ 
Study interest:     hand     ankle     both 
Phone:  _____________________   Ht: __________ 
Address: _____________________   Wt: __________ 
               _____________________   Current Therapies: ______________ 
               _____________________   Botox: ____________ 
Birthdate: ___/___/____   Age: _______  
Date of stroke: ___________   
Type of stroke:     clot/infarct     hemorrhage     unsure cortical     subcortical     
unsure 
Side of weakness:     Right     Left   Preferred hand before stroke:     Right     Left 
Hospitalized where:  ____________________________ 
Emergency Contact person and phone:  ______________________________________  
    Communication: 
o Yes o No  Does subject respond appropriately in conversation?  

If spouse is answering all questions on phone, try to speak to 
subject also. 

o Yes o No  Evidence of aphasia?_____________________________________  
 

TMS and fMRI Questions: 
o Yes o No  Has the subject ever had a seizure? 
o Yes o No  Has anyone in the immediate family had a seizure? 
o Yes o No  Does the patient get frequent or severe headaches? 
o Yes o No Has the subject ever been injured by metallic foreign body which 

was not removed? 
o Yes o No   Does the subject wear braces or have false teeth? 
o Yes o No   Does the subject have any unremovable body piercings? 
o Yes o No   Does the subject have any tattoos? If yes, describe their location. 
o Yes o No   Has the subject ever had any previous MRI? After stroke?  
o Yes o No   Cardiac pacemaker 
o Yes o No  Implanted cardiac defibrillator 
o Yes o No   Aneurysm clip(s) 
o Yes o No   Carotid artery vascular clamp 
o Yes o No   Neurostimulator 
o Yes o No  Eye injuries or surgeries 
o Yes o No  Metal slivers 
o Yes o No  Insulin or infusion pump 
o Yes o No   Implanted drug infusion device 
o Yes o No   Bone growth/fusion stimulator 
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o Yes o No   Cochlear, otologic, or ear implant 
o Yes o No   Any type of prosthesis (eye, penile, etc.) 
o Yes o No   Heart valve prosthesis 
o Yes o No   Artificial limb or joint 
o Yes o No   Electrodes (on body, head, or brain) 
o Yes o No   Intravascular stents, filters, or coils 
o Yes o No   Shunt (spinal or intraventricular) 
o Yes o No   Vascular access port and/or catheter 
o Yes o No   Swan-Ganz catheter 
o Yes o No   Any implant held in place by a magnet 
o Yes o No   Transdermal delivery system (Nitro) 
o Yes o No   IUD or diaphragm 
o Yes o No   Tattooed makeup (eyeliner, lips, etc) 
o Yes o No   Body piercing(s) 
o Yes o No   Any metal fragments 
o Yes o No   Internal pacing wires 
o Yes o No   Aortic clip 
o Yes o No   Metal or wire mesh implants 
o Yes o No   Wire sutures or surgical staples 
o Yes o No   Harrington rods (spine) 
o Yes o No   Metal rods in bones 
o Yes o No   Joint replacement what joint and when _______________ 
o Yes o No   Bone/joint pin, screw, nail, wire, plate 
o Yes o No   Hearing aid (Remove before MRI) 
o Yes o No   Dentures (Remove before MRI) 
o Yes o No   (Females): Is there any possibility that the subject is pregnant?  

Function: 
o Yes o No   Can the subject walk 100 feet? 
o Yes o No   Can the subject make a fist with the weak hand? 
o Yes o No   Can the subject open it?  
o Yes o No   If not all the way, can the subject open at least 10 degrees?  
o Yes o No   If it does open all the way, does it open as fast as the strong hand 
              or is it slower? 
   General Medical: 
o Yes o No   Diabetes 
o Yes o No  Allergies (list)  _________________________________________ 
o Yes o No  Does the subject wear glasses? 
o Yes o No   Does the subject have a problem with claustrophobia  
o Yes o No  Has the subject ever had an operation? If yes, describe. 
o Yes o No   Does the subject have a breathing disorder? If yes describe. 
o Yes o No Medications:  
 
 
Comments: 
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Appendix B. On-site Screening Form. 

On-site Screen 
 
 
Subject Initials:  ___     Subject ID#:  _____      
On-site screen date: __________     Investigator:____________________________ 
 
Double check initial phone screen information for  
Seizures:  ________ 
Implanted medical devices: ________ 
Indwelling metal: ________ 
Pregnancy test if appropriate: ________ 
If female, continue the next. 

Menstruation cycle: when is your last period? ________ (check here if menopaused ___)  

 
 
List medications and dosages: 
  
  
  
  
  
Screen finger motion (> 10 degrees) √_____ 
 
Screen visual fields √______   
 
Screen tactile sensation  √_______ 
 
Screen kinesthesia √ _______ 
 
Modified Ashworth at paretic fingers _________ 

0. No increase in tone 
1. Slight increase in tone with a catch and release at end of range 
2. As 1 but with minimal resistance through range following catch 
3. More marked increase throughout range of motion 
4. Considerable increase in tone, passive movement difficult 
5. Affected part rigid 

 
 
Ambulatory 100 feet √  ______ 
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Appendix C. Informed Consent Form. 

Consent to Participate in Research Study: 
 

Movement Velocity Effect on Cortical Reorganization and Finger Function in 
Stroke 

 
 
You are invited to participate in a study involving how movement velocity training 
affects hand movement recovery and brain reorganization following stroke.  

 
Please read this form and ask any questions before agreeing to be in this study. 
 
Introduction 
 
This study is being conducted by investigators James Carey, PhD, PT, and PhD 
candidate, Huiqiong Deng, MD, MS, in the Program in Physical Therapy, the Center for 
Magnetic Resonance Research, and Clinical Translational Sciences Institute at the 
University of Minnesota.  The purpose of the study is to determine whether home-based, 
computerized finger velocity tracking training results in improved hand control and 
function and whether it produces new areas of activity in the brain.  The information 
gained from this study may be helpful in understanding the factors that influence 
recovery of function following a stroke. 
 
Procedures 
 
If you agree to participate, we will  

 ask you to answer some questions that give us information about your current 
health, your physical activity, your ability to understand and follow directions and 
your general mood.  

 ask you to perform certain movements with your weakened hand and the therapist 
will rate your performance.  

 check your ability to recognize when your hand is being moved slightly and 
whether you have sensation in the skin of your arm and hand.  

 check your vision by your indication when a marker on the computer screen is on 
or slightly off of a target line.  

 
Once you are screened to be eligible for our study, you will have both hand training and 
testing. Primary tests, including transcranial magnetic stimulation (TMS), Jebsen-Taylor 
tests, and Box and Block test, will be done at weekly intervals for twenty weeks. TMS is 
a non-invasive method to stimulate the brain. It is used as a test for brain excitability in 
our study. Secondary tests, i.e. magnetic resonance imaging (MRI), will only be done 
before and after each training phase. The Box and Block test will determine the number 
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of 1-inch cubes grasped and released with the weak hand in 1 minute. Jebsen-Taylor test 
will determine your general hand function including turning over cards, picking up small 
objects (e.g., pennies, paper clips), stacking checkers, picking up beans with a spoon, 
turning over large empty cans, and turning over large weighted cans.    
 
In TMS:  

 you will be seated in a reclining chair.  
 we will place EMG electrodes on the finger muscles of the affected forearm..  
 a swim cap will be applied to your head so that we can make measurements and 

mark spots for the brain stimulation.  
 we will find the best location in the affected side of the brain and the lowest level 

of stimulation (threshold) needed to activate the part of the brain that controls the 
affected index finger. A figure-8 coil about the size of the hand will be placed on 
your head and positioned over a site that corresponds to the hand area of the brain. 
A painless pulse of electrical current will pass through the coil once every 10 
seconds and this will create a magnetic stimulus that will pass through the skull 
and activate the brain. You may feel a small tapping sensation on the scalp. A 
clicking noise will also be made. To reduce this noise, earplugs will be inserted 
into the ears. After each pulse of stimulation we will check for a response from 
the index finger on the EMG machine. We will lower the stimulation intensity and 
explore several locations until we find the optimal location and lowest intensity 
that produces a low-level response on 5 out of 10 trials. We will then use this 
threshold to set the intensity for the two TMS tests.  

 in the first test (paired-pulse), we will give pairs of stimulation pulses in a narrow 
time period. We will monitor the responses from the index finger muscle.  

 the second TMS test (silent period) will require you to exert a low-level force 
with the affected index finger while we stimulate the affected side of the brain. 
Again, we will monitor the responses from the index finger. TMS and the hand 
function tests together will last about two hours.  

 
MRI is a new way to look at the brain. During MRI, a very strong magnet makes certain 
atoms in your body send out a signal. A coil around your head receives that signal and 
sends it to a computer, which turns it into a picture of your brain. The magnetic field 
strength of this device has FDA approval; however, the long-term risks are not yet 
known. For this testing, you will be asked to lie down inside a large magnet. This device 
looks like a table in a big tunnel. While in this device, you will be able to communicate 
with the researchers and you will be able to get out of the device if you feel sick. During 
the MRI you will perform some finger tracking movements. For the tracking test, a 
device will be attached to your weak hand and connected to a computer. You will be 
asked to carefully move your index finger up and down in an effort to guide a marker on 
the computer screen as accurately as possible along a target track displayed on the screen. 
The length of the MRI and tracking test will be one and a half hours. 
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You will be randomly assigned (like flipping a coin) to one of two training groups.  Both 
groups will receive hand training exercises in your own home using a computer that we 
will loan you. One group will track some targets with a relative fast speed on the 
computer screen first for five weeks and then with a relative slow speed for another five 
weeks with a three-week rest period in between; the other group will do the same thing 
but with the opposite order. Both groups will be loaned a cellular modem, which is a 
device that allows hand movement data to be sent to our lab. A camera will also be 
connected. The purpose of these connections is to allow us to see you (only occasionally 
while you are exercising) and guide your exercise sessions without actually having us in 
your home. We will not be able to see you without you knowing about it. You would 
have to do a special procedure for us to be able to see you. We ask that you exercise for a 
total of two hours per day (not continuous), five days per week for two five-week 
sessions. The second training phase will also follow a three-week rest period with tests 
happening at weekly interval. 
 
Benefits of Study Participation 
 
Because this project is experimental, we are not certain whether you will receive any 
benefits in hand function as a result of your participation.   
 
Risks of Study Participation 
 
Most people experience no ill effects from the MRI, but some people do report dizziness, 
mild nausea, headaches, a metallic taste in their mouth, or a sensation of flashing lights.  
These symptoms, if present, subside shortly after leaving the magnet.  No serious ill 
effects have been reported to date at any site operating at this magnetic field strength.  
There could be adverse effects that we do not know about yet. 
 
There have been reports of a seizure from TMS. Patients who have experienced brain 
injury are potentially at an increased risk of a TMS-induced seizure. The distance 
between the stroke and the stimulation site may also affect the risk of seizure. Also, 
because the intensity of stimulation given to the injured side of your brain may be as high 
as 100% of the machine maximum, there is a higher risk of seizure. However, the 
magnitude of this risk by using such high levels of stimulation is unknown. Our 
procedure for managing a seizure includes:  

• A neurologist screen your medical record to ensure you are appropiate to the 
study in terms of the stroke location 

• Presence of, or ready access to, life support equipment (oxygen, suction, blood 
pressure monitor, CPR equipment) 

• Access to antileptic drugs 
 
There is a social implication of seizure. A seizure can affect future employability, 
insurability, or eligibility to drive. To minimize this potential problem, we will provide to 
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any subject who experiences a seizure a letter documenting that the seizure was 
experimentally produced.    
 
Other possible side effects from the TMS include numbness or twitching of the face.  The 
possibility also exists for a temporary headache due to the TMS or the tight swim cap 
surrounding the head.  If this pain occurs, we will manage it by administering 
acetaminophen. There is a risk of permanent hearing loss if an earplug should loosen, 
become detached or fall out. We will monitor the position of your earplugs but, in 
addition, you should immediately report to the investigator any loosening or detachment 
of an earplug during TMS. We will immediately stop TMS if you or an investigator 
observes that an earplug has loosened or has fallen out. Fainting is also a risk. We urge 
you to eat a full meal before coming and to drink fluids yet no ingestion of caffeine. If 
you do faint or reports symptoms of lightheadedness, we will stop the TMS and lay you 
down on a bed. Once you are able to sustain a proper blood pressure in the standing 
position, you will be released to go home. Lastly, the possibility exists for TMS-induced 
mania, dental pain, cognitive impairment, motor control impairment, temporary neck 
pain, temporary hearing impairment, and unknown effects on hormonal changes. The 
effects of TMS on thinking, memory and mood in subjects with stroke are not known. 
The effect of TMS on the unborn fetus is not known and participating women should not 
be pregnant. Further, women should not become pregnant during the study period. We 
may discontinue the TMS without your consent if we recognize any abnormal signals in 
muscle recordings or any abnormal behavioral responses. The long-term effects of TMS 
are unknown. 
 
Research-Related Injury 
 
In the event that this research activity results in an injury, treatment will be available, 
including first aid, emergency treatment and follow-up care as needed.  Care for such 
injuries will be billed in the ordinary manner, to you or your insurance company.  If you 
think that you have suffered a research-related injury, please let us know right away.  
 
Compensation 
 
You will receive no payment for participating in this study.  Parking for you at the 
University will be free.  If you need hired transportation, we will arrange it and pay for it.  
You will not be charged for any of the tests. 
 
Confidentiality 
 
The records of this study will be kept private; however, the U.S. Food and Drug 
Administration may inspect subjects’ records to insure safety.  Also, since you will be 
seen at the Clinical Translational Sciences Institute for testing, a medical record 
pertaining to you will be created at Fairview University Medical Center.  In any 
publications or presentations, we will not include any information that will make it 
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possible to identify you as a subject.  Your record for the study may, however, be 
reviewed by departments at the University with appropriate regulatory oversight.  This 
information will not be recorded in your medical record.  To these extents, confidentiality 
is not absolute.   
 
Protected Health Information (PHI) 
 
Your PHI created or received for the purposes of this study is protected under the federal 
regulation known as HIPAA.  Refer to the attached HIPAA authorization for details 
concerning the use of this information. 
 
Voluntary Nature of the Study 
 
Participation in this study is voluntary.  Your decision whether or not to participate in this 
study will not affect your current or future relations with the University or the University 
of Minnesota Medical Center, Fairview.  If you decide to participate, you are free to 
withdraw at any time without affecting those relationships.   
 
Alternatives to Study Participation 
 
If you desire to pursue conventional rehabilitation procedures (occupational therapy, 
physical therapy, etc.) that might improve your hand performance, you should contact 
your personal physician. 
 
Contact People 
 
You may ask questions now.  If you have any questions later, you are encouraged to 
contact James Carey (612/626-2746).  If you have any questions or concerns regarding 
the study and would like to talk to someone other than the researcher(s), you are 
encouraged to contact the Fairview Research Helpline at telephone number 612-672-7692 
or toll free at 866-508-6961. You may also contact this office in writing or in person at 
University of Minnesota Medical Center, Fairview Riverside Campus, 2200 Riverside 
Avenue, Minneapolis, MN 55454.  You will be given a copy of this form to keep for your 
records.  You are making a decision whether or not to participate.  Your signature 
indicates that you have read the information provided above and have decided to 
participate.   
 
Signature/Patient:______________________   Date:__________  Time of day:______ 
 
Signature/Investigator:__________________   Date:__________  Time of day:______ 
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Appendix D. CMRR Safety Screening Form.  
Name:      Date:_________ DOB: _________ Weight: ____lbs 
Test: (check one)  Pre _______   Post ________  Follow-Up ________ 
Other:________ 

CMRR Safety Screening Form 
1.Do you have a problem with claustrophobia (fear of closed spaces?)                        Yes   No 
2.Do you have a heart pacemaker or defibrillator or other implanted devices?             Yes   No 
3.Have you ever had an operation?  If yes, Investigator to fill out separate page         Yes   No 
4.Have you ever been injured by metallic foreign body which was not removed?         Yes   No 
5.Do you wear braces on your teeth? Do you have removable bridgework or false teeth? Yes  No 
6.Do you have any tattoos or non-removable body piercings?  If so, indicate where.    Yes  No 
7.Do you wear a hearing aid?  If yes, it will need to be removed for the scan.       Yes   No 
8.(Females only):  It is recommended that you not wear underwire bras for the scanning session, 
due to possible discomfort when the metal is attracted by the field, and a small risk of heating in 
the wire.   Do you have any reason to believe that you are pregnant?                          Yes   No 
Are you currently using (wearing) an IUD or diaphragm?                      Yes   No 
9.Are you wearing a Transdermal delivery system? examples: Birth Control patch,     Yes   No 
 Nicotine patch, Nitro patch, Fentanyl patch, etc.  If yes, it will need to be removed. 
10.Please list medications you took today or are taking regularly on a separate sheet. 
 (try to include the name of the medicine, dose, how often, and time of last dose). 
11.Have you ever had any previous studies (MRI, CT or other)?                   Yes   No 
12.Do you have a breathing disorder or movement disorder?  If yes describe.           Yes   No 
   
Some of the following items may be hazardous to your safety and some can interfere with the MRI examination.  Please 
check the correct answer for each of the following.  Do you have any of the following: 
 Yes   No Cardiac pacemaker 
 Yes   No Implanted cardiac defibrillator 
 Yes   No Carotid artery vascular clamp 
 Yes   No Intravascular stents, filters, or coils 
 Yes   No Aortic clip 
 Yes   No Internal pacing wires 
 Yes   No Vascular access port and/or catheter 
 Yes   No Swan-Ganz catheter 
 Yes   No Shunt (spinal or intraventricular) 
 Yes   No Aneurysm clip(s) 
 Yes   No Neurostimulator 
 Yes   No Electrodes (on body, head, or brain) 
 Yes   No Heart valve prosthesis 
 Yes   No Any type of prosthesis (eye, penile, etc.) 
 Yes   No Artificial limb or joint replacement 
 Yes   No Bone growth/fusion stimulator 
 Yes   No Bone/joint pin, screw, nail, wire, plate 
 Yes   No Metal rods in bones 
 Yes   No Harrington rods (spine) 
 Yes   No Metal or wire mesh implants 
 Yes   No Wire sutures or surgical staples 
 Yes   No Insulin pump or infusion device 
 Yes   No Any metal fragments (i.e. metal shop) 
 Yes   No Any implant held in place by a magnet 
 Yes   No Cochlear, otologic, or ear implant 
NOTE:  YOU ARE REQUIRED TO WEAR EARPLUGS OR EARPHONES DURING THE MRI EXAMINATION. 
 

        Date:  / /  
Signature of Person Completing Form 
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        Date:  / / 
  
Signature of Investigator  
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Appendix E. Region of Interest Drawing Instructions in Brain Voyager QX. 
Glossary: 
M1 Primary Motor Cortex 
SMA Supplemental Motor Area 
PMC Premotor Cortex 
S1 Primary Sensory Cortex 
ROI Region of interest 
TRA Transverse 
VOI Volume of interest 
COR Coronal 
CS Central Sulcus 
SAG Saggital 
 
Drawing ROI for M1 (Mainly follow the TRA view) 
1. Open TAL.vmr. 
2. On full dialog box, click segmentation tab. Click “enable” and size to 2. 
3. Hit Ctrl-T to get to a large TRA slice. Click “A” to hide the cross. 
4. Find central sulcus (CS) by going down slices from the vertex. Make sure the CS goes 
all along to the longitudinal fissure. 
5. Then on the superiormost slice showing the CS, start to draw on the grey matter just on 
the anterior bank of the sulcus. Hit the control button and then left click to draw. Hit the 
shift button similarly to erase. Reload all to erase all. 
6. Continue to move inferiorly until the CS disappears. 
7. In regions where the precentral gyrus has an expanded lateral width, draw M1 only 
until you cover half of the lateral edge. The rest in front will be taken over by PMC. 
8. To Save: 
Under segmentation, click “options” 
Define VOI 
Input the name such as “10**pre_M1_L” 
Click OK 
Click color and make sure you choose a color that shows up bright (eg. bright blue) 
In Volume-of-Interests analysis, save, input the same file name again, and hit save. 
 
Drawing ROI for S1 (Mainly follow the TRA view) 
1. Identify the central sulcus (CS) in the top most slices where you can see it clearly. 
2. Color the entire the post central gyrus according to its lateral width and follow it 
medially to the extent of the central sulcus in all the slices. 
3. In the lower slices, draw according to the boundaries of the CS, ignoring the extent of 
the sulcus behind it. 
 
Drawing ROI for SMA 
SMA is fairly simple and should be drawn before drawing PMC. Borders of SMA are: 
1. Anterior- VAC line, i.e. the vertical line going through the anterior commissure 
(Y=0) 
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2. Posterior- half point of the precentral gyrus on the medial wall 
3. Lateral- SMA doesn�t go lateral very much, stays on the medial wall.. 
4. Inferior- Cingulate sulcus that you see clearly on the SAG view. 
Go to the TRA view and find a slice at the top of the brain that has a good grey white 
matter demarcation. Note the slice number. Now go to the SAG view where you can see 
the medial surface of the brain and see a good cingulate sulcus. Then along the VAC line 
drop a line from the slice you chose that reaches vertically down to the cingulate (y=0 
always). This will be the anterior border. Go back to TRA view and find a slice where 
you find good grey white matter demarcation in the region of the precentral gyrus. Click 
on the medial wall at the projected center of the precentral gyrus. Go to the SAG view 
and drop a vertical line from this center point you chose down to the cingulate sulcus 
(e.g. y=-44 always for that brain; value varies depending on individual brain). This line 
forms the posterior border of the SMA. Draw along the cingulate sulcus in the SAG view 
trying to connect the inferior points of both the anterior border and the posterior border. 
Once this is done, you have three borders of the SMA already created on the SAG view. 
Now you have to fill it. To do so, go to the topmost slice that shows the top of at least one 
line- anterior or posterior. You don�t necessarily have both anterior and posterior points 
on the same slice at the top and bottom slices. If you see only one point- say anterior, 
draw medial grey matter boundary around it. In the middle slices, you could use y=0 and 
y=-44 as a reference to draw a medial boundary connecting the two points. When you see 
both points on the same slice, draw a medial boundary connecting the two points. Once 
you stop seeing either of the points, stop drawing. Double check in 3-view after you are 
done, and draw in SAG and TRA view if needed.  
 
Drawing ROI for PMC 
The challenge of drawing the PMC is that it is shaped like a wedge that tapers as you go 
down the z slices. 
Its borders are: 
1. Anterior- VAC line, i.e. the vertical line going through the anterior commissure 
2. Posterior- half point of the precentral gyrus on the medial wall 
3. Lateral- it is the lateral most region and its medial edge abuts the lateral edge of 
SMA 
4. Inferior-as far lateral and inferior as the precentral sulcus goes (ending just above the 
sylvian fissure in SAG view) 
 
Render a VOI transparent in two different ways: 
a) Using the shortcut (Shift+Ctrl + "arrow down" button). To render it opaque you can 
use the same combination with the "arrow up" button. 
b) Go to ROI Analysis tool options and click on the VOI functions tab. Find the field 
called "VOI Transparency". You can set a transparency value numerically (0=fully 
transparent, 1=opaque). 
 
Adding additional ROI’s; 
For example, the originally drawn slices are M1_R_1; the newly drawn slices are 
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M1_R_2. 
Make sure that tal.vmr is opened every time before analysis. 
Open both files 
Click window 
Click tile 
Under Volume-of-Interest analysis click “a or b” 
Name is for example M1_R_3 
Click Save 
 
To Erase: 
Shift-Left mouse key 
(1) before save, just do it and save it; 
(2) if you have already saved the drawing including some errors, open it and erase the 
error. When saving, you need to adjust the color. For example, change color from 220 to 
100. Then press save. 
 
How to delete part of ROI 
Define a bounding box that spans all the VMR matrix up to the point you would like to 
cut off (e.g. y=-30). 
Click on “Segmentation” tab 
Using the "Fill box" button, define this as a VOI 
Mark the new and your old VOI with the mouse and use the "A and B" button to define 
the conjunction of VOIs (this should automatically get rid of everything 
beyond the box limit). 
Afterwards the bounding box VOI can be deleted 
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Appendix F. CSP Interrater Reliability. 

Due to higher variability of CSP analysis than SP and PP, interrater reliability was 

calculated. Ten CSP trials were randomly chosen from all subject’s CSP trials. Two 

blinded raters processed the same ten CSP trials separately (Table 19). Interrater 

reliability on determination of the average CSP was high (ICC = 0.992).   

 

Table 19. Two blinded raters’ results of ten randomly selected CSP trials.  

CSP= cortical silent period. 
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Appendix G. Raw data for Box and Block test. 

Table 20. Raw data for Box and Block test. 

Subject Phase Week trial1 trial2 trial3 
wk01 52 52 55
wk02 50 49 54
wk03 50 51 49

A1 

wk04 49 50 51
     

wk05 54 55 59
wk06 54 54 59
wk07 56 56 59
wk08 55 60 60

B 

wk09 59 57 57
     

wk10 61 61 60
wk11 65 67 71A2 
wk12 60 68 66

     
wk13 64 66 71
wk14 66 66 68
wk15 57 64 66
wk16 65 69 70

C 

wk17 67 71 na
     

wk18 69 70 74
wk19 70 71 73

FS1 

A3 
wk20 66 71 67

      
wk01 38 38 44
wk02 45 50 49
wk03 48 51 46

A1 

wk04 44 45 43
     

wk05 43 46 na
wk06 45 43 44
wk07 41 47 47
wk08 na na na

B 

wk09 na na na
     

wk10 37 41 40
wk11 45 45 42A2 
wk12 48 45 44

SF1 
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wk13 47 50 43
wk14 46 45 49
wk15 45 50 45
wk16 46 45 50

C 

wk17 45 49 46
     

wk18 44 43 48
wk19 48 49 47A3 
wk20 46 47 42

   
wk01 21 20 30
wk02 17 24 26
wk03 20 24 24

A1 

wk04 19 28 29
     

wk05 22 27 25
wk06 28 27 27
wk07 19 31 28
wk08 27 31 30

B 

wk09 24 29 28
     

wk10 26 27 30
wk11 24 29 32A2 
wk12 27 29 29

     
wk13 29 30 27
wk14 27 30 33
wk15 29 34 32
wk16 31 34 33

C 

wk17 29 30 32
     

wk18 28 32 33
wk19 29 32 36

FS2 

A3 
wk20 28 33 32

      
wk01 4 8 8
wk02 13 12 13
wk03 13 11 7

A1 

wk04 14 13 12
     

wk05 13 14 15
wk06 17 17 15
wk07 17 15 17
wk08 17 13 16

SF2 

B 

wk09 14 18 18
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wk10 21 19 17
wk11 18 11 18A2 
wk12 16 20 19

     
wk13 16 16 16
wk14 17 18 13
wk15 16 21 15
wk16 10 19 17

C 

wk17 24 23 23
     

wk18 21 19 20
wk19 18 20 21A3 
wk20 21 14 17

      
wk01 0 0 0
wk02 0 0 0
wk03 0 0 0

A1 

wk04 0 0 0
     

wk05 0 0 0
wk06 0 0 0
wk07 0 0 0
wk08 0 0 0

B 

wk09 0 0 0
     

wk10 0 0 0
wk11 0 0 0A2 
wk12 0 0 0

     
wk13 0 0 0
wk14 0 0 0
wk15 0 0 0
wk16 0 0 0

C 

wk17 0 0 0
     

wk18 0 0 0
wk19 0 0 0

SF3 

A3 
wk20 0 0 0

wk=week; na=not available. 
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Appendix H. Raw data for Jebsen-Taylor test (unit: seconds). 

Table 21. Raw data for Jebsen-Taylor test (unit: seconds). 

Subject Phase Week page_ 
turning 

small_ 
objects 

feeding stacking Light 
_cans 

Heavy 
_cans 

sum 

wk01 11.09 15.16 13.63 7 10.47 9.91 67.26
wk02 6.94 10.28 10.38 6.59 10.28 9.69 54.16
wk03 6.35 9.57 12.66 4.41 9.34 8.59 50.92

A1 

wk04 6 9.97 12.97 5.5 8.81 8.91 52.16
         

wk05 6.31 10.27 17.11 10.8 8.57 7.97 61.03
wk06 5.62 8.62 12.42 6.57 8.43 7.53 49.19
wk07 6.09 8.62 10.06 6.66 7.63 8.03 47.09
wk08 5.75 8.03 9.09 7.4 7.97 7.6 45.84

B 

wk09 5.81 8.35 9.35 5.19 7.47 7.03 43.2
         

wk10 5.18 9.29 9.56 5.28 6.66 7.22 43.19
wk11 5.12 7.31 11.22 5.94 7.75 7.6 44.94

A2 

wk12 5.14 7.78 8.55 4.27 7.27 8.52 41.53
         

wk13 5.26 7.81 8.29 5.06 7.24 7.02 40.68
wk14 5.28 7.66 7.59 5.16 7.75 8.22 41.66
wk15 5.1 9.63 7.19 5.25 8.87 7.5 43.54
wk16 5.28 7.78 7.38 5.46 6.91 7.41 40.22

C 

wk17 5.1 7.78 7.09 5.4 6.94 6.97 39.28
         

wk18 4.85 7.84 8.26 5.15 12.03 8.33 46.46
wk19 5.13 7.31 7.03 5 7.81 7.44 39.72

FS1 

A3 

wk20 4.69 7.12 7.66 6.34 7.59 6.84 40.24
          

wk01 10.25 14.85 15.34 18.75 18.53 16.35 94.07
wk02 7.82 11.35 10.5 9 12.44 15.37 66.48
wk03 5.97 12.16 9.91 10.91 17.87 12.63 69.45

A1 

wk04 7.03 10.69 8.65 10.16 15.78 13.75 66.06
         

wk05 6.76 12.38 9.29 11.29 14.69 13.63 68.04
wk06 6.81 10.62 9.11 9.6 12.41 12.3 60.85
wk07 6.28 8.62 8.35 8.25 11.94 13.72 57.16
wk08 na na na na na na na

B 

wk09 na na na na na na na
         

wk10 8.81 11.62 9.46 11.22 15.37 13.53 70.01
wk11 5.78 10.63 8.78 10.37 11.15 13.72 60.43

SF1 

A2 

wk12 6.96 11.16 9.21 9.81 11.71 13.62 62.47



 

 166 

         
wk13 6.97 10.87 9.03 11.06 12.75 13.25 63.93
wk14 6.03 10.78 8.47 9.69 14.18 13.22 62.37
wk15 6.81 12.29 8.59 9.19 12.38 12.28 61.54
wk16 6.38 10.22 8.59 9.6 13.69 13.59 62.07

C 

wk17 6.5 10.56 8.41 10.16 11.97 12.35 59.95
         

wk18 6.44 12.72 9.07 8.79 12.03 14.88 63.93
wk19 7.48 10.4 7.97 9.5 12.19 12.56 60.1

A3 

wk20 6.28 9.69 7.99 8.19 10.28 12.97 55.4
    

wk01 12.52 27.42 43.31 87.89 45.25 28.27 244.66
wk02 13.79 51.11 71 176.55 44.88 28.54 385.87
wk03 20.06 51.22 55.81 180 43.59 34.29 384.97

A1 

wk04 21.4 44.69 25.37 70.13 37.56 23.09 222.24
         

wk05 14.19 22.28 21.28 62.31 41.62 23 184.68
wk06 16.25 29.47 23.43 24.87 35.65 30.99 160.66
wk07 11.75 20.22 31.34 180 38.75 41.41 323.47
wk08 14.13 24.34 16.81 69.87 40.5 34.82 200.47

B 

wk09 11.16 39.13 26.63 180 45.4 35.06 337.38
         

wk10 14.87 19.38 29.91 101.28 36.1 24.9 226.44
wk11 11.09 33.88 23.11 26.15 40.59 22.71 157.53

A2 

wk12 13.59 19.5 18.43 71.87 31.32 22.47 177.18
         

wk13 15.03 26.06 26.5 41.19 55.79 32.28 196.85
wk14 22.84 28.72 29.35 103.19 61.5 34.54 280.14
wk15 14.34 36.91 20.69 84.09 33.31 23.43 212.77
wk16 10.62 23.25 20.52 58.72 34 21.97 169.08

C 

wk17 11.44 37.12 36.72 46.53 33.22 22.97 188
         

wk18 13.03 30.96 33.49 37.81 27.35 28.38 171.02
wk19 12.97 26.13 47.25 49.53 45.84 22.97 204.69

FS2 

A3 

wk20 13.25 30.65 33.1 44.47 43.71 25.88 191.06
          

wk01 73.53 129.69 28.12 111.62 158.31 134.06 635.33
wk02 32.12 52.85 29.93 56.12 103.75 87.21 361.98
wk03 37.32 59.88 26.75 47.69 51.37 55.03 278.04

A1 

wk04 26.44 50.09 20.72 41.88 81.53 80.19 300.85
         

wk05 26.18 50.63 17.35 33.72 180 63.84 371.72
wk06 23.53 44.08 18.47 44.09 30.47 38.06 198.7
wk07 24.57 39.13 28.66 43.48 72.56 36.09 244.49

SF2 

B 

wk08 22.22 36.97 24.31 27.75 29.72 44.97 185.94
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wk09 22.19 28.03 19.6 32.85 34.75 28.53 165.95
         

wk10 22.06 33.28 22.13 30.88 39.12 34.44 181.91
wk11 19.25 28.82 20 38.47 53.87 43.93 204.34

A2 

wk12 29 47.78 17.22 28.37 90.37 30.75 243.49
         

wk13 16.03 44.16 17.78 26.37 51.54 37.87 193.75
wk14 21.78 28.06 16.44 35.44 58.35 36.25 196.32
wk15 20 28.84 10.25 24.91 54.19 79.72 217.91
wk16 24.16 30.19 15.85 24.03 57.12 40.5 191.85

C 

wk17 19.75 30.56 13.17 24.03 53.59 48.3 189.4
         

wk18 21.94 28.76 14.34 34.42 35.07 33.94 168.47
wk19 21.05 28.48 12.18 43.62 32.69 44.96 182.98

A3 

wk20 18.96 29.01 16.75 26.14 43.67 34.44 168.97
          

wk01 na na na na na na na
wk02 na na na na na na na
wk03 na na na na na na na

A1 

wk04 na na na na na na na
   na

wk05 na na na na na na na
wk06 na na na na na na na
wk07 na na na na na na na
wk08 na na na na na na na

B 

wk09 na na na na na na na
   na

wk10 na na na na na na na
wk11 na na na na na na na

A2 

wk12 na na na na na na na
   na

wk13 na na na na na na na
wk14 na na na na na na na
wk15 na na na na na na na
wk16 na na na na na na na

C 

wk17 na na na na na na na
   na

wk18 na na na na na na na
wk19 na na na na na na na

SF3 

A3 

wk20 na na na na na na na
wk=week; na=not available. 
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Appendix I. Raw data for finger force test (unit: Newtons). 

Table 22. Raw data for finger force test (unit: Newtons). 

Subject Phase Week trial1 trial2 trial3 
wk01 15.35 14.36 17.33
wk02 10.72 12.17 8.43
wk03 10.78 11.09 13.68

A1 

wk04 11.7 12.54 12.35
     

wk05 12.22 12.68 16.29
wk06 14.68 14.93 14.62
wk07 12.06 11.74 11.74
wk08 14.74 15.56 16.74

B 

wk09 14.99 15.49 14.18
     

wk10 17.55 19.05 20.37
wk11 11.68 12.56 11.87A2 
wk12 19.74 16.87 15.93

     
wk13 10.5 12.68 12.99
wk14 17.74 18.3 17.24
wk15 15.93 15.31 14.37
wk16 13.49 15.87 19.3

C 

wk17 15.68 15.43 17.05
     

wk18 na na na
wk19 11.62 13.68 13.62

FS1 

A3 
wk20 14.12 12.93 12.62

      
wk01 9.58 9.64 12.63
wk02 11 17.21 27.8
wk03 12.93 15.9 14.29

A1 

wk04 8.99 13.84 10.47
     

wk05 12.43 13.12 14.81
wk06 11.87 14.06 16.74
wk07 24.68 21.18 21.92
wk08    

B 

wk09    
     

wk10 9.18 9.68 10.5
wk11 8.75 9.56 11.37A2 
wk12 17.49 13.24 12.68

SF1 
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wk13 8.68 10.75 10.75
wk14 12.81 13.24 14.31
wk15 14.56 11.31 13.93
wk16 14.43 12.96 12.24

C 

wk17 11.24 13.43 11.99
     

wk18 12.06 8.56 9.18
wk19 8.62 12.68 11.56A3 
wk20 13.31 12.74 10.87

   
wk01 38.17 30.36 22.05
wk02 15.74 25.43 18.18
wk03 23.11 33.67 23.36

A1 

wk04 20.12 16.31 19.24
     

wk05 27.11 23.93 23.11
wk06 22.43 21.37 19.33
wk07 29.93 37.05 24.74
wk08 16.62 19.05 21.87

B 

wk09 18.12 25.68 26.49
     

wk10 25.55 23.49 27.86
wk11 12.81 22.3 20.43A2 
wk12 19.05 17.37 18.3

     
wk13 31.05 27.05 26.8
wk14 17.24 21.24 34.48
wk15 28.05 21.12 23.36
wk16 20.18 22.12 30.61

C 

wk17 22.05 25.99 19.63
     

wk18 17.12 30.74 29.67
wk19 18.62 15.81 21.49

FS2 

A3 
wk20 29.42 24.24 15.81

      
wk01 0 0 0
wk02 0 0 0
wk03 0 0 0

A1 

wk04 0 0 0
     

wk05 0 0 0
wk06 0 0 0
wk07 0 0 0
wk08 0.75 0.5 0.06

SF2 

B 

wk09 0 0 0
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wk10 2.06 3.44 na
wk11 1.75 1.87 1.75A2 
wk12 1.12 1.94 2

   
wk13 1.62 1.69 2.11
wk14 3.12 na na
wk15 2.75 2.69 3.62
wk16 1.87 2 2.37

C 

wk17 3.19 3.81 3.81
     

wk18 3.25 4.12 4.87
wk19 4.31 4.94 5.87A3 
wk20 2.75 2.19 2.25

      
wk01 0 0 0
wk02 0 0 0
wk03 0 0 0

A1 

wk04 0 0 0
     

wk05 0 0 0
wk06 0 0 0
wk07 0 0 0
wk08 0 0 0

B 

wk09 0 0 0
     

wk10 0 0 0
wk11 0 0 0A2 
wk12 0 0 0

     
wk13 0 0 0
wk14 0 0 0
wk15 0 0 0
wk16 0 0 0

C 

wk17 0 0 0
     

wk18 0 0 0
wk19 0 0 0

SF3 

A3 
wk20 0 0 0

wk=week; na=not available. 
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