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Abstract 

Purpose: Stroke is leading cause of long-term disability in the United States. The direct 

destruction of neural tissue from stroke combined with imbalances in transcallosal-mediated 

interhemispheric inhibition complicate motor recovery. Repetitive transcranial magnetic 

stimulation (rTMS) is thought to condition surviving but dormant neurons in the ipsilesional 

primary motor cortex (M1) region to become more amenable to voluntary recruitment during 

affected extremity movement. Low-frequency rTMS suppresses hyperexcitability in the 

contralesional hemisphere which can “disinhibit” the ipsilesional hemisphere resulting in greater 

ipsilesional M1 excitability. A bout of high-frequency excitatory rTMS, referred to as priming, 

potentiates the suppressive effects of low-frequency rTMS in healthy individuals. The objective 

of this study was to compare changes in brain excitability and affected hand function following 

three different rTMS treatments to ascertain whether potential gains from priming stimulation 

translate to the stroke brain. 

 

Methods: Eleven adults (3 females, mean age ± SD = 66 ± 9.4 years) with chronic stroke 

received three treatments (active 6-Hz priming + active 1-Hz rTMS, active 1-Hz priming + active 

1-Hz rTMS, and sham 6-Hz priming + active 1-Hz rTMS) to contralesional M1 in random order 

over a five-week course with a one-week washout period between treatments. Cortical 

excitability including interhemispheric inhibition, short-interval intracortical inhibition, 

intracortical facilitation, and cortical silent period measures along with affected hand function 

were analyzed using a mixed effects linear model. The model checked for carryover, treatment-

by-period interactions, and baseline differences before analyzing within- and between-treatment 

differences from baseline. 

 

Results: Active 6-Hz primed 1-Hz rTMS produced significant within-treatment differences in 

short-interval intracortical inhibition and cortical silent period duration from baseline indicating 

reduced intracortical inhibition. Compared to active 1-Hz and sham 6-Hz primed 1-Hz rTMS, 

active 6-Hz priming generated significantly greater decreases in cortical silent period duration.  

 

Discussion: The utility of priming in stroke does not present in such a straightforward manner as 

it does in healthy individuals given that active 6-Hz priming did not potentiate all outcome 

measures. Several potential factors are discussed. Our significant findings support the existence 

of ‘synaptic wisdom’ in the stroke brain involving the deployment of homeostatic and/or 

metaplastic processes that preserve synaptic function. 
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1 Introduction 

1.1 Identification of the Problem 

Approximately 795,000 people in the United States experience a new or recurrent stroke every 

year.
1
 An obstruction in the blood vessels that perfuse the neural tissue may result in an ischemic 

stroke. Whereas a rupture in the vascular system frequently caused by an aneurysm or an 

arteriovenous malformation, may trigger a hemorrhagic-type stroke. Ischemic stroke accounts for 

approximately 87% of stroke cases.
2
 As the leading cause of long-term disability in the United 

States,
3
 stroke poses substantial economic burden. Nearly 50% of survivors of ischemic stroke 

will experience hemiparesis or weakness on one side of their body,
4
 and less than 15% of 

individuals with paralysis following stroke will achieve complete motor recovery.
5
 Stroke may 

further hinder functional independence by compromising other important systems in addition to 

motor: cognition, mood, sensory, and language, for example, depending upon the location of the 

infarct.  

 

1.2 Neurological Aftermath  

1.2.1 Interhemispheric Inhibition Balance 

Interhemispheric inhibition (IHI) is a normal phenomenon that operates predominantly through 

transcallosal pathways involving concomitant activation of motor regions of one hemisphere 

AND inhibition of homologous regions in the opposite hemisphere.
6
 For instance, execution of a 

right-handed task requires activation of the left primary motor area (M1) and corresponding 

inhibition of the right M1. The degree of IHI increases with age in conjunction with maturation of 

the corpus callosum and corticospinal tracts as evidenced by the extinction of mirror movements 

and improved efficiency in unilateral and/or independent bilateral task performance.
7-9

 In healthy 

individuals, a balance of inhibition between hemispheres exists to enable smooth, coordinated 

volitional activity.
 6
  

1.2.2 Interhemispheric Inhibition Imbalance 

Along with the direct destruction of neural tissue, stroke also alters the activity and the regulation 

of various neurotransmitters that influence brain excitability and subsequent brain 

reorganization.
10

 During the acute post-stroke period, an upregulation of gamma-aminobutyric 
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acid (GABA), a neurotransmitter that decreases neuronal firing probability,
10

 ensues. Increased 

GABA during the acute recovery period serves as neuroprotective mechanism to prevent further 

apoptosis or cell death along the peri-infarct region from increased glutamatergic transmission.
11

 

However, during the sub-acute stage, an upregulation of glutamate and a corresponding 

downregulation of GABA enhances recovery by effectively “setting the stage” for neuroplastic 

change.
12-14

 These neurotransmitter fluctuations are widespread often entailing the contralesional 

hemisphere.
15

 Depending upon the severity of the stroke, enhanced excitability in the 

contralesional hemisphere may detract from the resumption of excitability along the peri-infarct 

region thereby perpetuating an imbalance in IHI.
16,17

 Specifically, contralesional M1 can impart 

greater inhibition onto ipsilesional M1 compared to the degree of inhibition imparted by 

ipsilesional M1 onto contralesional M1.
16

 In effect, ipsilesional M1 is “doubly disabled”
18

 from 

the direct death of neurons from the stroke combined with the shift in IHI balance favoring the 

contralesional hemisphere. 

1.2.3 Maladaptive Reorganization 

Stroke research in rodents demonstrated heightened reliance on compensatory motor learning 

strategies involving the use of the less affected (i.e. nonparetic) forelimb in conjunction with 

reduced intracortical inhibition secondary to GABA downregulation.
19-21

 Interestingly, 

researchers also found increased synaptogenesis and dendritic growth in the contralesional rodent 

hemisphere and concluded that such synaptic change, in combination with compensatory motor 

training utilizing the nonparetic forelimb, greatly diminished paretic forelimb recovery.
20,21

   

 

Compensatory motor strategies entailing repetitive voluntary activation of the less affected upper-

extremity reinforces IHI imbalance. Over time, the persistent imbalance of IHI may lead to a 

reorganizational shift in motor control whereby motor execution of the less affected 

(contralateral) and affected (ipsilateral) limb originates in contralesional M1.
22

 Given that 

increased excitability in ipsilesional M1 correlates to greater improvement in functional 

recovery
23

 and that greater excitability of contralesional M1 is associated with poorer prognosis 

of affected hand recovery,
24

 an ipsilateral motor control arrangement as described above, is 

generally maladaptive. Yet, in cases of severe post-stroke motor impairment, contralesional M1 is 

necessary.
25
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1.3 Neuroplasticity 

The term neuroplasticity refers to structural and functional modifications of the central nervous 

system. Advancements in technology over the past several decades have enabled researchers to 

examine neuroplasticity from the cellular/molecular level of an organism to the structural level of 

a human. Microelectrode recordings, for instance, helped researchers measure excitability 

changes in populations of neurons following bouts of tetanic stimulation
26

 and motor training.
27

  

On the other end of the neuroplasticity spectrum, transcranial magnetic stimulation (TMS) and 

functional magnetic resonance imaging (fMRI) technology have expanded our understanding of 

neuroplastic capability in the human brain. Alterations in TMS-derived cortical maps
28,29

 and 

fMRI blood oxygen level dependent (BOLD) signal
30

 represent neural substrates of learning, or, 

in the case of stroke rehabilitation, relearning.  

1.3.1 Synaptic Plasticity 

Synaptic plasticity involves the strengthening or weakening of synapses in response to correlated 

activity between the presynaptic and postsynaptic neurons. As described by neuropsychologist 

Donald Hebb, “When an axon of cell A is near enough to excite a cell B and repeatedly or 

persistently takes part in firing it, some growth process or metabolic change takes place in one or 

both cells such that A’s efficiency, as one of the cells firing B, is increased.”
31

 Long-term 

potentiation (LTP) and long-term depression (LTD) describe the use-dependent increase and 

decrease in synaptic strength, respectively.
26,32

 The positive-feedback nature and destabilizing 

forces inherent to synaptic plasticity may result in unconstrained synaptic plasticity in the 

direction of either up-regulation, associated with repetitive use, or down-regulation, associated 

with repetitive non-use (reviewed by Turrigiano).
33

 For example, the strengthening of one 

synapse will facilitate synaptic strengthening at nearby synapses that eventually reduces overall 

specificity of the neural network. To retain synaptic specificity while maintaining neuroplastic 

capability in response to incoming salient information, the brain must enact mechanisms that 

counter the unrestrained synaptic plasticity. 

1.3.2 Homeostatic Synaptic Plasticity 

Homeostatic synaptic plasticity serves as a negative-feedback loop to promote “stable flexibility.” 

Synaptic scaling, one of the most widely studied mechanisms of homeostatic plasticity, entails an 

increase or decrease in the strength of a neuron’s synaptic inputs based on recent neural activity.
 

34
 When increased postsynaptic firing occurs from enhanced LTP at one presynaptic input source, 
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synaptic scaling reduces the strength of surrounding presynaptic inputs until the postsynaptic 

firing rate returns to its initial value while upholding the strength of the potentiated synapse.
33

 

Whereas synaptic scaling regulates the neuronal firing rates to prevent runaway plasticity, 

metaplasticity, another homeostatic mechanism, regulates the induction of LTP and LTD.
35

  

1.3.3 Metaplasticity 

Described as the plasticity of synaptic plasticity,
35

 metaplasticity adjusts the plasticity-generating 

capability of synapses.
35,36

 Relatedly, the Bienenstock-Cooper-Munro (BCM) theory introduced a 

dynamic, sliding threshold for synaptic plasticity generation using a computational model of 

experience-dependent synaptic plasticity in the mammalian visual cortex.
37

 In short, the theory 

postulated that recent post-synaptic firing activates intracellular and extracelluar processes that 

elevate the threshold for future LTP induction while lowering the threshold for future LTD 

induction. In contrast, diminished post-synaptic firing would activate processes that both reduce 

the threshold for future LTP and increase the threshold for future LTD induction. Experimental 

research in animal
38

 models supports the BCM theory and the presence of metaplasticity in the 

central nervous system. Confirmation of similar metaplastic mechanisms in the human brain is 

currently underway.
39-41

   

 

1.4 Neuromodulation in Stroke Rehabilitation Using rTMS 

1.4.1 Repetitive Transcranial Magnetic Stimulation 

Transcranial magnetic stimulation (TMS) is a non-invasive method of brain stimulation that 

operates through Faraday’s law of electromagnetic induction. A rapidly changing electric current 

in the stimulating coil positioned over the scalp generates a magnetic field that travels across the 

skull and induces electric currents in underlying neural tissue.
42

 Repetitive transcranial magnetic 

stimulation (rTMS), consisting of continuous trains or multiple intermittent trains of TMS pulses, 

is an emerging intervention in stroke used to condition the brain to make subsequent behavioral 

therapy more effective. High-frequency (≥ 3 Hz) rTMS produces after-effects that transiently 

raise corticospinal excitability
18,43

 while low-frequency (≤ 1-Hz) rTMS produces after-effects that 

transiently depress corticospinal excitability.
44

  

 

The objective of rTMS-use in stroke is to upregulate the excitability of surviving neurons in 

ipsilesional M1 to make them more amenable to voluntary recruitment during movement of the 
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affected limb. To achieve this feat, one can apply rTMS using the following approaches: 1) high-

frequency (excitatory) rTMS over ipsilesional M1 or 2) low-frequency (depressive) rTMS over 

contralesional M1. The second approach involves “disinhibiting” the ipsilesional hemisphere by 

suppressing exaggerated contralesional IHI.
45-48

 Both rTMS approaches have been explored in 

stroke and have demonstrated effects of improved ipsilesional corticospinal excitability and 

functional recovery of the paretic upper extremity.
18,46-51

 A recent meta-analysis
52

 concluded, 

however, that low-frequency rTMS to contralesional M1 was the more effective tactic. 

1.4.2 Use of Priming in rTMS Delivery  

Priming refers to an event that modifies various synaptic properties, and these persist long 

enough to eventually alter the effects of a subsequent plasticity-inducing event.
36

 In this context, 

the delivery of rTMS consists of two successive events: priming stimulation followed thereafter 

by conditioning stimulation. Principles of homeostatic plasticity and BCM theory underlie the 

utility of priming in rTMS delivery. Iyer and colleagues found significantly greater decreases in 

corticospinal excitability in healthy individuals following suppressive 1-Hz rTMS to M1 when it 

was preceded by excitatory 6-Hz rTMS priming compared to sham 6-Hz priming.
41

 Thus, 

preceding rTMS conditioning with a brief bout of rTMS priming may potentiate the after-effects 

of the conditioning rTMS. Additional studies in healthy subjects demonstrate an augmentation of 

the conditioning event’s after-effects with priming.
39,40,53,54

   

1.4.3 Primed rTMS in Stroke 

As previously stated, the objective of rTMS application in stroke is to reestablish a IHI balance 

by disinhibiting the ipsilesional hemisphere with either low-frequency rTMS to the contralesional 

hemisphere or high-frequency rTMS to the ipsilesional hemisphere. If 6-Hz primed low-

frequency rTMS led to an enhancement of corticospinal excitability suppression in healthy 

individuals, then, perhaps, the same priming/conditioning strategy may benefit individuals with 

stroke by potentiating disinhibition of the ipsilesional hemisphere. Although several recent 

studies confirmed the safety of 6-Hz primed low-frequency rTMS in stroke,
55-59

 the efficacy of 

priming stimulation in stroke remains unknown.  

1.4.4 Primed rTMS in the Stroke Brain  

Determining the efficacy of primed rTMS in stroke depends on additional exploration of the 

stroke brain, specifically examining for the presence (or absence) of homeostatic plasticity 

mechanisms. Because stroke changes the brain’s landscape and underlying function, one cannot 
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assume that such robust priming effects observed in healthy individuals translates to the stroke 

brain. This study was the first to assess the effectiveness of priming stimulation in adults with 

stroke by comparing three different modes of rTMS delivery to contralesional M1: 

 

1.) active 6-Hz priming + active 1-Hz rTMS 

2.) active 1-Hz priming + active 1-Hz rTMS 

3.) sham 6-Hz priming + active 1-Hz rTMS 

 

1.5 Aims 

Specific Aim #1: Compare the effects of active 6-Hz primed vs. active 1-Hz primed and sham 6-

Hz primed 1-Hz rTMS on corticospinal excitability change in chronic stroke 

Cortical excitability was measured with bilateral and unilateral paired-pulse TMS paradigms to 

evaluate interhemispheric inhibition and intracortical inhibition and facilitation, respectively. 

Corticospinal excitability was also evaluated using unilateral single-pulse TMS to assess the 

cortical silent period.  

 

Experimental hypotheses: 

H1. Active 6-Hz primed 1-Hz rTMS will yield significantly greater reductions in 

interhemispheric inhibition in the contralesional to ipsilesional direction from baseline 

than active 1-Hz primed and sham 6-Hz primed 1-Hz rTMS. 

 

H2. Active 6-Hz primed 1-Hz rTMS will yield significantly greater increases in 

interhemispheric inhibition in the ipsilesional to contralesional direction from baseline 

than active 1-Hz primed and sham 6-Hz primed 1-Hz rTMS.  

 

H3.  Active 6-Hz primed 1-Hz rTMS will yield significantly greater decreases in ipsilesional 

short-interval intracortical facilitation (SICI) from baseline than active 1-Hz primed and 

sham 6-Hz primed 1-Hz rTMS. 

 

H4. Active 6-Hz primed 1-Hz rTMS will yield significantly greater increases in ipsilesional 

intracortical inhibition (ICF) from baseline than active 1-Hz primed and sham 6-Hz 

primed 1-Hz rTMS.  
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H5. Active 6-Hz primed 1-Hz rTMS will yield significantly greater reductions in the cortical 

silent period (CSP) duration from baseline than active 1-Hz primed and sham 6-Hz 

primed 1-Hz rTMS.  

 

Specific Aim #2: Compare the effects of active 6-Hz primed vs. active 1-Hz primed and sham 6-

Hz primed 1-Hz rTMS on behavioral change in chronic stroke 

The Box and Block test was used as a measure of affected hand function. Based on previous 

research showing behavioral change in the affected hand following one session of rTMS,
46,47,60,61

  

our experimental hypothesis was: 

 

H6. Active 6-Hz primed 1-Hz rTMS will yield significantly greater improvements on the Box 

and Block test from baseline than active 1-Hz primed and sham 6-Hz primed 1-Hz rTMS. 
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2 Review of Literature 

2.1 A New Environment   

Stroke is the leading cause of long-term disability in the United States.
62

 Functional recovery 

from stroke depends on the neuroplastic capabilities of the brain encompassing both structural 

and functional reorganization that influence subsequent relearning and behavior.
27,63

 Along with 

the tissue death, stroke alters the neural environment by altering brain excitability in areas nearby 

and remote from the lesion. The challenges in stroke recovery, therefore, not only entail 

relearning and reorganization, but doing so in a radically transformed environment. 

2.1.1 The Peri-Infarct Zone 

Changes in brain excitability, specifically within the peri-infarct zone, arise from fluctuations in 

neurotransmitter signaling. Glutamate is the predominant excitatory neurotransmitter, binding to 

alpha-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate (AMPA) and N-methyl-D-aspartate 

(NMDA) receptors. Gamma-Aminobutyric acid (GABA) is the chief inhibitory neurotransmitter, 

binding to GABAA and GABAB receptors. Together, glutamate and GABA play a pivotal role in 

long-term potentiation (LTP), a process involving the enhancement of synaptic strength and 

efficacy. LTP underlies learning, memory formation, and neural reorganization.
26,64

 The peri-

infarct zone serves as an attractive therapeutic target because the region consists of surviving 

neural cells (i.e. neurons). Yet, neurotransmitter activity promoting excitation in the peri-infarct 

region is not always advantageous during the recovery process.
10

  

 

During the post-stroke acute phase, increased AMPA sensitivity to glutamate enhances brain 

excitability.
65,66

 Unfortunately, enhanced excitability in the peri-infarct region frequently triggers 

additional cell death and tissue destruction during the post-stroke acute phase.
65,66

 During the 

acute phase, increased GABAergic signaling is beneficial towards recovery as it counters the 

glutamate-driven excitotoxicity and fosters neuroprotection.
11

 However, persisting 

hypoexcitability from increased GABAergic activity during later stages of stroke recovery 

hinders functional recovery.
11

   

 

In a series of experiments entailing focally induced strokes in the forelimb motor and 

sensorimotor cortices of mice, Clarkson and colleagues demonstrated the dynamic 

interconnectedness of glutamate
65

 and GABA
11

 in stroke recovery. In one experiment, 
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investigators injected mice with a substance that increased the binding cooperativity of glutamate 

and AMPA starting five days after stroke (i.e. delayed administration) for six weeks.
65

 In 

comparison to controls, injected mice showed significantly higher improvements on grid-walking 

and forelimb tasks.
65

 Investigators also observed the release of brain-derived neurotrophic factor 

(BDNF) accompanying upregulation of AMPA-receptor activity.
65

 BDNF is a protein that 

promotes the survival and growth of neurons.
65,67

 Evidence of BDNF in the peri-infarct region
65

  

supports previous work depicting the peri-infarct zone as an area rich in neuroplasticity 

capability.
68,69

 When Clarkson and colleagues applied an AMPA receptor antagonist or blocked 

BDNF, they witnessed an attenuation of motor recovery. Together, these findings confirm the 

value of AMPA-mediated peri-infarct excitability during later stages of recovery and BDNF in 

motor recovery.
65

 Interestingly, when investigators injected mice with the same substance 

immediately after stroke (i.e. early administration), they found increases in infarct size and 

subsequent stroke damage.
65

 In a separate but related experiment, Clarkson et al. (2010) found 

improved functional recovery in mice relative to controls when they decreased GABA receptor 

activity beginning five days post-stroke.
11

 Hence, both glutamate and GABA regulation dictate 

peri-infarct excitability and subsequent motor recovery following stroke. 

2.1.2 Diaschisis 

Changes in neurotransmitter signaling and brain excitability following stroke extend beyond the 

peri-infarct zone.
12,21,70

 Another name for the peri-infarct zone is the ischemic penumbra, a region 

that sustained neural tissue damage but not death following the stroke.
71

 Fittingly, in astronomy, 

the term penumbra describes areas of half-light and half-shadow.
72

 In stroke rehabilitation, the 

penumbra is a therapeutic target, an area of potential recovery. Diaschisis (Greek origin meaning 

“shocked throughout”) is one of several theories of functional recovery that Russian scientist Von 

Monakow postulated in the early 1900’s.
73

 Diaschisis involves a decline in function in brain areas 

that are spatially distinct but functionally connected to the site of injury.
73

 Both animal
12,19,70,74

 

and human
75,76

 stroke models demonstrate diaschisis by showing alterations in cerebral blood 

flow, glucose metabolism, and neurotransmitter activity in areas distant from the lesion.  

According to Von Monakow, there are three forms of diaschisis:
73

  

 

1. Diaschisis cortico-spinalis. The effects of a motor cortex injury radiate into the spinal cord via 

corticospinal tract (CST) fiber pathways. For instance, during development, there is activity-

dependent withdrawal of ipsilateral CST projections onto the spinal cord.
77

 The withdrawal of 
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ipsilateral projections facilitates a contralateral motor control scheme whereby the right brain 

hemisphere, specifically the right primary motor cortex (M1), controls left-sided movement and 

vise versa. When stroke occurs during early development coinciding with CST formation, the 

ipsilateral CST projections frequently persist, resulting in an ipsilateral motor control scheme. In 

this case, with damage to the left CST from stroke, right M1 controls both right and left-sided 

movements.
78,79

  

 

2. Diaschisis associative. Areas located on the same hemisphere but somewhat removed from the 

lesion site can sustain damage indirectly via intracortical fiber tract connections. For example, 

adverse effects from injury to M1 can inundate nearby motor-association or sensorimotor cortex 

regions. 

 

3. Diaschisis commissuralis. Injury in one hemisphere affects homologous regions in the opposite 

hemisphere via transcallosal fiber tracts.  A relevant example of diaschisis commissuralis in 

stroke is unbalanced interhemispheric inhibition whereby contralesional M1 imparts a greater 

degree of inhibition onto ipsilesional M1.
13,16,17,80

  

 

2.2 Interhemispheric Inhibition 

2.2.1 Balanced Interhemispheric Inhibition 

Interhemispheric inhibition (IHI) is a form of communication between the brain hemispheres via 

transcallosal fiber connections.
6
 When activation occurs in one hemisphere, there is 

corresponding GABA-mediated inhibition in the homologous region of the opposite 

hemisphere.
81,82

 In healthy individuals, the amount of inhibition imparted from one hemisphere to 

the other (i.e. IHI) and vise versa are equal.
6,83

 Duque et al. (2007) showed temporary changes in 

IHI balance in healthy subjects during a simple reaction time task.
83

 At rest, subjects displayed 

balanced IHI. Just before movement initiation, investigators measured increased IHI onto 

ipsilateral M1.
83

 Later work by Hinder et al. (2010, 2012) demonstrated similar shifts in IHI prior 

to movement onset with decreases in inhibition onto M1 contralateral to the moving hand.
84,85

 

The main utility of IHI, as highlighted by these studies,
83-85

 is to facilitate smooth, coordinated 

movement by preventing mirroring movements.  
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Mirroring entails involuntary movement from the extremity opposite to the extremity performing 

the intended, voluntary movement. Mirroring represents an absence or deficit in IHI with failure 

in the suppression of simultaneous activation in ipsilateral M1. Mirroring also reflects the 

maturational status of white-matter tracts (e.g. corpus callosum and corticospinal tracts.) 

Typically- developing children ten years of age and younger depict mirroring movements 

secondary to incomplete white-matter tract myelination.
86,87

 Persisting mirror movements indicate 

pathology.
88,89

 Kuhtz-Buschbeck observed a significantly higher frequency of mirroring 

movements in individuals with hemiplegic cerebral palsy compared to healthy control subjects.
89

  

While the mirroring subsided with increasing age in control subjects, mirroring continued in older 

children and adolescents with cerebral palsy.
89

 Similarly, Nelles et al.
 88

  witnessed mirroring in 

adults with stroke vs. healthy controls.
88

 A potential neural substrate of mirroring could be a 

prolonged imbalance of IHI.
16,17,80

   

2.2.2 Interhemispheric Inhibition Imbalances Following Stroke 

Following stroke, there is an imbalance in IHI with greater inhibition in the contralesional to 

ipsilesional direction, imparting greater inhibition onto ipsilesional M1.
13,16,17,80,90

 Murase et al. 

(2004) utilized a paired-pulse transcranial magnetic stimulation (TMS) protocol (described in 

Section 2.6.1.7) to measure the amount of IHI at various timepoints during a simple reaction time 

paradigm.
16

 Subjects with stroke did not demonstrate significant differences in IHI at rest 

compared to controls. However, just prior to movement initiation of the affected hand, individuals 

with stroke demonstrated an increase in IHI in the contra to ipsilesional M1 direction that 

correlated to reduced finger-tapping speed and overall motor performance. In contrast, control 

subjects demonstrated a decrease in IHI, indicative of facilitation, prior to movement onset. In a 

similar study, investigators measured IHI in the ipsi to contralesional direction during index 

finger tapping of the less affected hand and discovered a decrease in IHI at movement onset in 

similar fashion as control subjects.
17

 Bütefisch et al. (2008) also used a paired-pulse TMS 

protocol to study IHI in individuals with stroke, but found no difference in the amount of 

inhibition from contra to ipsilesional M1 relative to age-matched healthy controls.
90

 Rather, they 

found reduced inhibition from ipsi to contralesional M1.
90

 It is important to note that Murase et 

al. (2004)
16

 assessed IHI during active conditions while Bütefisch et al. (2008)90
 assessed IHI 

during resting conditions, a discrepancy that likely influences IHI quantification. Regardless, 

longstanding imbalances in IHI compound the damaging effects of neuronal death essentially 

rendering the ipsilesional hemisphere “doubly-disabled.”
 18

  Figure 1 and Figure 2 show IHI 
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balance in an individual without stroke and IHI imbalance present in an individual post stroke 

respectively.
91

  

 

 

Figure 1. Typical Interhemispheric Inhibition. A. setup for measuring interhemispheric inhibition 

(IHI) with two 50 mm figure-8 coils over left and right primary motor areas (M1) of healthy subject 

and EMG electrodes on bilateral first dorsal interosseous (FDI) muscles. B. mean (SD) values 

showing relatively balanced IHI in both directions, derived from multiple trials of left M1 inhibiting 

right M1 (Left to Right) (C-D) and right M1 inhibiting left M1 (Right to Left) (E-F).  C. motor-

evoked potential (MEP) in left FDI (upper trace) in response to unconditioned suprathreshold test 

stimulus to right M1.  D. MEP in right FDI (lower trace) in response to suprathreshold conditioning 

stimulus to left M1, followed by an MEP in left FDI in response to suprathreshold test stimulus to 

right M1 (interstimulus interval = 10 ms). IHI in the direction of left M1 inhibiting right M1 is 

demonstrated by reduction in conditioned test MEP (lower circle, D) compared to unconditioned test 

MEP (upper circle, C). E-F. IHI in the direction of right to left (compare circles in E and F). Figure 

and caption reprinted/adapted from Phys Ther. 2014; 94(1):139-150, with permission of the 

American Physical Therapy Association. Copyright © 2014 American Physical Therapy Association.   
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Figure 2. Interhemispheric Inhibition In Stroke. A. anatomical MRI showing stroke (arrows). B. 

mean (SD) values showing exaggerated interhemispheric inhibition (IHI) in direction of 

contralesional primary motor area (M1) inhibiting ipsilesional M1 (Contralesional to Ipsilesional), 

derived from multiple trials of contralesional  M1 inhibition ipsilesional M1 (Contralesional to 

Ipsilesional) (C-D) and Ipsilesional M1 inhibiting Contralesional M1 (Ipsilesional to Contralesional) 

(E-F). C. motor-evoked potential (MEP) in affected first dorsal interosseous (FDI) (upper trace) in 

response to unconditioned suprathreshold test stimulus to ipsilesional M1.  D. MEP in less affected 

FDI (lower trace) in response to suprathreshold conditioning stimulus to contralesional M1, followed 

by an MEP in affected FDI in response to suprathreshold test stimulus to ipsilesional M1 

(interstimulus interval = 10 ms). IHI in the direction of contralesional M1 inhibiting ipsilesional M1 

is demonstrated by reduction in conditioned test MEP (lower circle, D) compared to unconditioned 

test MEP (upper circle, C). E-F. IHI in the direction of ipsilesional to contralesional M1 (compare 

circles in E and F). Figure and caption reprinted/adapted from Phys Ther. 2014; 94(1):139-150, with 

permission of the American Physical Therapy Association. Copyright © 2014 American Physical 

Therapy Association.  

  

 

2.3 Recovery of Function & Neurorehabilitation Strategies 

2.3.1 Reversal of Diaschisis 

As previously discussed, the repercussions of stroke extend beyond the lesion site in diaschisis. A 

reversal of diaschisis accounts for early, spontaneous recovery following stroke.
73

 Reversal of 

diaschisis involves a return or partial return of blood flow and metabolism to pre-stroke levels 

and even the presence of axonal sprouting, indicative of neural repair, along areas remote from 

the lesion.
70,74,92
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2.3.2 Vicariation of Function  

Vicariation involves alternate cortical and subcortical areas and structures assuming function of 

the damaged region.
93

 Six months following induction of medullary corticospinal tract lesions in 

adult non-human primates, investigators performed intracellular recordings from motor neurons 

innervating hand musculature and discovered significantly higher amounts of post-synaptic 

responses from the medial longitudinal fasciculus compared to controls, suggesting a role of the 

reticulospinal tract in recovery of hand function.
94

 Changes in cortical map representation reveal 

alterations in hand-motor representation post stroke that correspond to vicariation.
95,96

 In a similar 

population, Frost et al. (2003) found an enlargement of hand representation in the ipsilesional 

ventral premotor cortex three months post-infarct.
95

 Investigators later determined that cortical 

map enlargement in the ventral premotor cortex was proportional to the amount of hand 

representation in M1 destroyed.
95

  

 

The study of vicariation of function in humans relies on more non-invasive methods of analyzing 

brain activity. Functional magnetic resonance imaging (fMRI) is a neuroimaging procedure that 

involves structural MRI and the construction of functional maps based on changes in the ratio of 

oxygenated to deoxygenated hemoglobin (reviewed by Kimberley et al., 2008)
97

 in response to 

neural activity.  The blood oxygen level dependent (BOLD) signal is an indirect measure of 

neural activity
98

 that provides the location and intensity of activity during a behavioral task. 

Previous work confirmed the reliability of fMRI-use in stroke.
99

 During a finger-tracking task 

employing the affected hand in subjects with stroke, Carey et al. (2002) observed significantly 

greater ipsilateral activation in M1, premotor, and sensorimotor cortices relative to healthy 

controls that demonstrated contralateral activation of these motor areas during tracking with their 

dominant hand.
30

 Similarly, Cramer et al. (1997) found differences in in cortical activation 

between individuals with chronic stroke and controls.
100

 During a finger-tapping task using their 

dominant hand, controls depicted activation of contralateral sensorimotor cortex, supplementary 

motor area, and ipsilateral cerebellum. Subjects with stroke demonstrated similar patterns of 

activation when performing the task with their affected hand, although, the areas of activation 

were larger compared to controls. Ipsilateral sensorimotor and premotor cortices were also 

activated during affected hand-use. During finger- tapping with the less affected hand, subjects 

demonstrated decreased activation in contralesional sensorimotor cortex compared to affected 

hand tapping conditions, indicating a greater utilization of the contralesional sensorimotor cortex 

area during affected hand movements.
100

 Hamzei et al. (2006) found changes in sensorimotor 
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cortex activation between subjects with chronic stroke.
101

 Subjects with intact or sparred M1 and 

descending CST projections demonstrated decreased sensorimotor cortex activation following 

motor training of their affected upper extremity; whereas, subjects with damage to M1 and/or 

CST projections demonstrated increased ipsilateral sensorimotor cortex activation both before 

and after motor training. Results suggest two types of cortical reorganization amongst subjects 

following a rehabilitative intervention.
101

 Lastly, in a two-year longitudinal study, Jaillard et al. 

(2005) observed a gradual shift in functional representation of finger-tapping and finger-

extension tasks from the contralesional hemisphere to ipsilesional M1 adjacent to the lesion.
102

  

The BOLD signal shift in motor area representation demonstrates a corresponding shift in task 

strategy from a strategy of compensation to a strategy of restitution.
102

  

2.3.3 Compensation and Restitution 

Compensation and restitution occur on a variety of levels ranging from basic cellular to systems. 

At the neuronal level, compensation involves activation of cortical areas or structures that were 

not originally utilized prior to injury. Vicariation of function is an example of compensation. 

Restitution involves a restoration of ipsilesional neural tissue function, specifically in the peri-

lesion region. Revisiting the Carey et al. (2002) study, prior to finger-tracking training in 

individuals with chronic stroke, investigators observed contralesional activation of M1 and 

motor-associated regions.
30

 Following tracking training, subjects demonstrated ipsilesional 

activation of these same regions, indicating restitution of function similar to the findings of 

Jaillard and colleagues (2005).
102

   

 

Compensatory strategies involve the use of adaptive maneuvers or devices. Use of the less 

affected upper extremity for completing self-care tasks like brushing one’s teeth or utilizing trunk 

lateral flexion and shoulder hiking to complete a reaching task are compensatory strategies.  

Kinematic data comparing subjects with stroke (right hemiparesis) with right-hand dominant 

controls during a reaching task revealed “new degrees of freedom” employed by subjects with 

stroke as they compensated for diminished elbow-shoulder coordination with trunk movement.
103

 

Friel and Nudo (1998) examined hand use in primates following ischemic injury to the hand 

region of M1 and found an increased number of finger flexion movements while attempting to 

retrieve a pellet with the affected forelimb.
104

 Following a bout of rehabilitation training, many of 

the primates demonstrated less finger flexion movements during pellet retrieval and resumed pre-

infarct movement patterns and strategies consistent with restitution. Other primates demonstrated 



 

 16 

similar efficiency with pellet retrieval following rehabilitation; however, these primates adopted 

new patterns that persisted beyond the rehabilitation training, consistent with compensation.
104

  

 

Restitution involves effort to reinstate premorbid movement patterns, muscle recruitment, and 

task strategies. In general, restitution strategies are preferred over compensatory strategies. 

Greater improvement in functional recovery correlates with elevated excitability in ipsilesional 

M1
23

 while elevated excitability in contralesional M1 is associated with poorer prognosis of 

functional use of the affected upper extremity.
24

 However, depending on the extent and/or the 

location of the stroke, restitution may not be possible or feasible. In cases of severe involvement, 

compensatory strategies may be the only option to promote functional independence. 

Unfortunately, persistent use of compensatory strategies and behaviors shape underlying synapses 

through a process called learned non-use that, in turn, reinforce compensation. Learned non-use 

is therefore a maladaptive form of neuroplasticity. 

 

2.4 Neuroplasticity 

The central nervous system (CNS) possesses an inherent degree of flexibility that enables the 

system to adapt to environmental, behavioral, and physiological change. Neuroplasticity 

describes the malleable capabilities of the CNS and involves modifications spanning cellular, 

molecular, and systemic levels.  

2.4.1 Synaptic Plasticity 

Brain plasticity following a neurological injury like stroke provides hope to patients, family 

members, clinicians, and scientists alike as the possibility exists for brain reorganization and 

repair in an attempt to regain function. However, to fully grasp systemic and behavioral-level 

changes arising from neuroplasticity, an appreciation of the basic cellular and molecular 

mechanisms comprising neuroplasticity is necessary. Synaptic plasticity involves an activity-

dependent enhancement or reduction in synaptic efficacy, referred to as long-term potentiation 

(LTP) and long-term depression (LTD) respectively.  Neuropsychologist Donald Hebb’s 

famously coined prediction, “Neurons that fire together, wire together” described how repeated 

presynaptic activity unto the postsynaptic neuron drives synaptic connectivity.
31

 Correlated 

pre/post synaptic activity, the basis of LTP and LTD, underlies Hebbian plasticity. Seminal work 

by Bliss and Lomo (1973) supported Hebb’s rule by providing one of the earliest demonstrations 
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of LTP.
26

 Following repetitive stimulation to the rabbit hippocampus, Bliss and Lomo measured 

increases in excitatory post-synaptic potential and population spike amplitudes in the dentate 

gyrus, a hippocampal region relevant in learning and memory, that persisted up to 10 hours 

following stimulation. Importantly, high-frequency and repetitive stimulation led to a prolonged 

enhanced response. 

 

As previously defined, glutamate and GABA are neurotransmitters that dictate neuronal 

excitability. Glutamate, in particular, plays an important role in LTP. Following its calcium-

triggered release from the presynaptic terminal, glutamate binds to postsynaptic NMDA and 

AMPA receptors. Activation of NMDA depends on glutamatergic binding AND removal of a 

magnesium block. Upon activation of AMPA, sodium cations flow into the cell causing a 

depolarization of the postsynaptic neuron. Sufficient depolarization facilitates the removal 

NMDA’s magnesium block, allowing calcium flow into the cell. Calcium activates numerous pre 

and postsynaptic second-messenger intracellular signaling cascades that drive both LTP and LTD. 

Activation of various protein kinases (e.g. calcium/calmodulin-dependent kinase II, protein 

kinase A, etc.) enhance neural activity through protein phosphorylation. For instance, 

phosphorylation of certain subunits of AMPA result in an increase in channel conductance
105

 and 

even an increase in the insertion of additional AMPA receptors at the post-synaptic membrane.
106

 

During late stage LTP, protein kinases activate transcription factors like cyclic adenosine 

monophosphate (cAMP) response element binding protein (CREB) to initiate gene transcription 

and expression to boost protein synthesis and eventual synaptogenesis and structural 

modifications.
107

    

 

When a lack of associated activity exists between the pre and postsynaptic neuron, LTD ensues. 

Similar to LTP, induction of LTD involves both calcium and NMDA activation.
108

 Small amounts 

of calcium activate protein phosphatases that, in contrast to kinases, dephosphorylate proteins and 

weaken synapses. Internalization of AMPA receptors mediated by phosphatases lowers the 

postsynaptic response thereby decreasing the probability of postsynaptic firing following 

presynaptic release of glutamate.
106

 Collectively, the shaping and refinement of neural networks 

depend on a coordinated balance of LTP and LTD.  The cellular and molecular mechanisms that 

propel LTP and LTD are important in the formation and storage of memories and learning or, in 

the case of rehabilitation, relearning.
109,110
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2.4.2 Use-Dependent Plasticity 

The healthy adult brain enacts similar mechanisms of LTP and LTD during learning.
111,112

  

Neuroplasticity poses major implications in rehabilitation, as the brain is not a rigid, hard-wired 

organ. During disease and injury, even the adult brain retains the ability to rewire and reorganize 

itself.
113

 Use-dependent plasticity involves neural network change driven by behavior. “Use it or 

lose it” succinctly describes the functional consequences of use-dependent plasticity and how this 

form of plasticity reinforces behaviors of compensation and restitution of function. 

 

A classic experiment of use-dependent plasticity conducted by Wiesel and Hubel (1963), 

demonstrated how temporary deprivation of visual stimulation to one eye led to a reduction in 

visual cortex excitability representing the sutured eye.
114

 Suturing the eyelid perpetuated an 

environment of non-use that generated physiological decrements in a system that previously 

functioned without issue. In a series of experiments involving ischemic stroke in the sensorimotor 

cortex in rats, investigators found increased synaptogenesis and dendritic arborization in the 

contralesional sensorimotor cortex related to improved motor skill in the less affected forelimb.
20

  

Relatedly, training of the less affected forelimb for 10 consecutive days following sensorimotor 

cortex stroke interfered with future training of the affected forelimb.
115

 Combined, these 

studies
20,115

 show that post-stroke synaptic change in the contralesional hemisphere, in 

combination with early motor training of the less affected forelimb (i.e. a compensation strategy), 

hinders affected forelimb recovery.  

 

Additionally, Nudo and Millikan (1996) observed a reduction in distil forelimb map 

representation in M1 following focal ischemic stroke in adult squirrel monkeys that corresponded 

with reduced use of the affected limb.
27

 Recently, Milliken et al. (2013) found a shift in distal 

forelimb representation in healthy adult squirrel monkeys following prolonged casting of their 

preferred forelimb.
116

 Restriction of the forelimb did not change the overall forelimb motor map 

area size in M1 nor movement threshold but prompted a redistribution of digit, wrist, and forearm 

representation that later reversed upon cast removal. Thus, limb disuse following stroke and limb 

restriction via forced nonuse result in plastic reorganization. 

 

Constraint-induced movement therapy (CIMT) entails simultaneous forced nonuse of the less 

affected hand and forced use of the affected hand. Applied in a stroke rehabilitation setting, 

patients completing an intensive course of CIMT have shown improved functional affected 
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extremity use along with ipsilesional cortical motor map area expansion,
117,118

 and BOLD signal 

laterality shifts in activation
119

 similar to what Carey et al. (2002) observed following intense 

affected finger tracking training.
30

 Taken together, animal
20,115,116

 and human
30,117-119

 research 

exhibit neuroplastic reorganization post stroke. Current and future investigation of CIMT and 

other physical training protocols in stroke must examine how factors of intensity, dose, and stroke 

characteristics influence neuroplasticity.
120-122

 For instance, Juenger et al. (2013) observed 

differences in sensorimotor reorganization and cortical excitability as measured by fMRI and 

TMS respectively following a 12-day course of CIMT in children with congenital hemiparesis 

based on preserved contralateral CST projections.
121

   

 

As an aside, however, it is important to acknowledge that resumption of activity in the 

ipsilesional hemisphere is not always possible depending upon the degree of motor impairment 

and stroke involvement. In these cases, the individual may greatly depend the contralesional 

hemisphere to assist with voluntary activation of the affected extremity and/or the less affected 

extremity. Consideration of the stroke characteristics and functional behaviors at an individual 

level is key. 

 

2.5 Homeostatic Plasticity  

A neural network that is stable yet flexible enables the brain to retain salient information during 

modification. Such a feat requires a balance between positive and negative feedback loops. 

Hebbian plasticity functions as a positive feedback loop whereby synaptic strengthening and 

weakening potentiate future synaptic strengthening and weakening, respectively. However, the 

consequences of unconstrained plasticity, including diminished competition amongst synapses 

and diminishing synaptic specificity, is maladaptive (reviewed by Turrigiano, 2008).
33

  

Homeostatic synaptic plasticity functions as a negative feedback loop to regulate certain 

properties of neurons to maintain stable neuronal firing rates. Currently, it is uncertain as to 

whether or not the stroke brain demonstrates homeostatic mechanisms of plasticity. This 

particular form of plasticity, along with metaplasticity discussed below, are important in stroke 

rehabilitation as they emphasize the importance treatment intensity, duration, and even time 

allotted between treatment sessions. Again, acquiring a solid foundation on the proposed 

mechanisms underlying homeostatic plasticity will enhance one’s understanding and appreciation 

of the potential relationship between homeostatic plasticity and stroke rehabilitation. 
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2.5.1 Synaptic Scaling 

Synaptic scaling is a form of homeostatic plasticity that involves the regulation of neuronal firing 

by adjusting the strength of a neuron’s synaptic inputs.
33

 In cultured neocortical cells, 

pharmacological blockade of neuronal activity led to a global increase in synaptic input strength 

as measured by an increase in miniature excitatory postsynaptic currents (mEPSCs).
34

 Blocking 

GABA-mediated synaptic inhibition resulted in a scaling down of mEPSC amplitude in 

proportion to the baseline strength of each excitatory synapse.
34

 Subsequent in-vitro 

experimentation using cultured hippocampal
123

 and spinal cord
124

 neurons along with in-vivo 

work
125-128

 demonstrate synaptic scaling via AMPA modification and trafficking similar to LTP 

and LTD. Regulation of neuronal firing also occurs at the presynaptic neuron via alterations in 

neurotransmitter release properties. Both in-vitro
123

 and in-vivo
126

 preparations provide evidence 

of a developmental influence over homeostatic plasticity, including the location (i.e. pre vs. 

postsynaptic). Han and Stevens (2009) compared young and mature cultured rat hippocampal 

neurons following pharmacological-induced activity deprivation and found significantly elevated 

mEPSC amplitudes in younger cultures, indicative of postsynaptic homeostatic expression, and a 

significant elevation in mEPSC frequency in more mature cultures, consistent with presynaptic 

homeostatic change.
123

 BDNF release
129

 and intracellular calcium-triggered signaling pathways
130

  

also influence synaptic scaling. Based on the evidence, Turrigiano (2008) proposed that a series 

of calcium-dependent signaling mechanisms enable neurons to sense changes in their own firing 

properties and eventually enact homeostatic plasticity mechanisms.
33

  

2.5.2 Metaplasticity  

Metaplasticity is another form of homeostatic plasticity that safeguards against excessive LTP 

and LTD by changing the plasticity-inducing capabilities of synapses.
35

 In this regard, 

metaplasticity is often referred to as the “plasticity of synaptic plasticity.”
35

 The Bienenstock-

Cooper-Munro (BCM) theory of bidirectional synaptic plasticity outlines the fundamental 

framework of metaplasticity whereby a synapse’s recent history of activity (or inactivity) 

influences its current level of reactivity.
37

 Based on computational modeling of experience-

dependent synaptic plasticity in the mammalian visual cortex, the BCM theory introduced a 

dynamic sliding plasticity threshold.
37

 According to this sliding threshold model, recent 

postsynaptic firing activates cellular and molecular processes that elevate the threshold for future 

LTP induction while lowering the threshold for future LTD induction. Diminished postsynaptic 

firing stages the opposite response in sliding threshold direction. Through a series of stimulation 
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experiments in the rat hippocampus, Huang et al. (1992) confirmed that prior synaptic activity 

shapes future LTP induction.
38

 When Huang et al. applied a weak bout of repeated stimulation 

(30 Hz; 0.1-0.2 seconds, capable of inducing short-term LTP by itself) prior to a stronger bout of 

stimulation (100 Hz, 0.5 seconds, capable of inducing LTP by itself), LTP did not occur.
38

 The 

preceding session of weaker stimulation adjusted the after-effects of the stronger stimulation 

session. 

 

The aforementioned study by Huang et al. (1992) delineated an experimental protocol for 

metaplasticity study consisting of two successive events: a priming event followed by a 

conditioning event.
38

 Priming modifies various synaptic properties that persist long enough to 

alter the effects of the subsequent plasticity-inducing conditioning event.
36

 While Huang et al. 

(1992) used electrophysiological stimulation to prime and condition the neural environment,
38

  

priming and conditioning can take the form of behavioral, environmental, and/or pharmacological 

input.  The focus of this review is electrophysiological stimulation to prime and condition the 

human brain. 

2.5.2.1 Use of Non-Invasive Brain Stimulation to Examine Metaplasticity in Humans 

Several forms of non-invasive brain stimulation exist that enable researchers to examine 

mechanisms of homeostatic plasticity and metaplasticity in the human brain: repetitive 

transcranial magnetic stimulation (rTMS) and related theta-burst and quadripulse stimulation 

protocols, transcranial direct current stimulation, and paired-associative stimulation. The 

following discussion summarizes experimental demonstration of metaplasticity using these forms 

of non-invasive brain stimulation with the latter part of the discussion specifically focusing on 

TMS (Section 2.6) and rTMS (Section 2.7). Figure 3 (adapted from Cassidy et al., 2014)
91

 

illustrates metaplastic after-effects following various combinations electrophysiological priming 

and conditioning stimulation procedures, further differentiating metaplasticity from conventional 

synaptic plasticity. 
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Figure 3. Depiction of Synaptic Plasticity & Metaplasticity. Arrows represent conditioning. When 

two arrows are shown, the first is termed priming. Baseline excitability represented by amplitude of 

motor-evoked potential (MEP) to left of arrows. After-effects of conditioning represented by MEPs 

to right of arrows. Dotted lines reflect that after-effects are not immediate. A shows normal after-

effects of increased excitability, compared to baseline, following facilitatory (+) conditioning, 

amounting to synaptic plasticity.  B, however, shows after-effects of decreased excitability even 

though both priming and conditioning were facilitatory. This alteration from normal response 

represents metaplasticity. C shows normal after-effects of decreased excitability following depressive 

(−) conditioning.  In contrast, D shows opposite after-effects when depressive priming precedes 

depressive conditioning. E shows normal after-effects of decreased excitability following sham 

priming of depressive conditioning (identical to C). Importantly, F shows accentuation of after-

effects (i.e. greater depression and longer duration compared to E) following same depressive 

conditioning but preceded by opposite priming. Similarly, G shows accentuated excitability after-

effects (compared to A) following facilitatory conditioning but preceded by opposite priming. Figure 

and caption reprinted/adapted from Phys Ther. 2014; 94(1):139-150, with permission of the 

American Physical Therapy Association. Copyright © 2014 American Physical Therapy Association.  

 

Iyer et al. (2003) applied 10 minutes of active intermittent 6-Hz excitatory rTMS priming or sham 

6-Hz priming followed by ten minutes of continuous 1-Hz suppressive rTMS conditioning in 

healthy individuals.
41

 According to BCM theory, recent high-frequency activity lowers the 

threshold for future LTD-like mechanisms.
37

 Indeed, Iyer and colleagues found that active 6-Hz 

priming of low-frequency rTMS resulted in significantly greater increases in corticospinal 

depression, as measured by reduced motor-evoked potential amplitude from stimulated M1, with 

a longer duration of after-effects vs. sham 6-Hz priming of low-frequency rTMS.
41

 Therefore, in 
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healthy individuals, the priming stimulation enhanced the effects of the subsequent conditioning 

stimulation. 

 

Fricke et al. (2011) evaluated cortical excitability in M1 in healthy subjects following conductive 

stimulation over M1 using transcranial direct current stimulation (tDCS).
39

 Transcranial DCS 

operates via conduction (in contrast to rTMS that operates via induction) to deliver current to the 

brain through surface electrodes.
131

 Depending on the orientation of the electrodes over M1, 

anodal tDCS typically increases M1 excitability and cathodal tDCS suppresses M1 excitability.
131

  

Fricke et al. initially showed that a single 5-minute control session of anodal tDCS increased 

excitability and a 5-minute session of cathodal tDCS decreased excitability for about the same 

duration as the stimulation time.
39

 They then applied two 5-minute sessions of tDCS with breaks 

of either 0, 3, or 30 minutes separating the sessions using anodal priming followed by anodal 

conditioning or cathodal priming followed by cathodal conditioning. Fricke and colleagues found 

that two successive sessions with a 0-minute break (i.e. one continuous stimulation session) 

prolonged the after-effects. The effects of a 30- minute break between sessions were consistent 

with the effects following a single 5-minute session. Importantly, a 3-minute break between 

sessions resulted in after-effects that were in the opposite direction of their corresponding single-

session controls (i.e. anodal/anodal decreased excitability and cathodal/cathodal increased 

excitability.) The investigators deduced that a sufficient break must occur between priming and 

conditioning events for metaplasticity to occur. Moreover, the timeframe between priming and 

conditioning must capture the after-effects of the priming, as a 30-minute break separating the 

priming and conditioning events proved too long. Lang et al. (2004) also used tDCS to prime 5-

Hz excitatory rTMS to M1 in healthy humans and discovered that the direction of the after-effects 

induced by the conditioning rTMS depended on the tDCS polarity (anodal/cathodal).
40

 Excitatory 

anodal tDCS priming followed by excitatory rTMS significantly lowered corticospinal 

excitability as measured by MEP amplitude. Suppressive cathodal tDCS priming of excitatory 

rTMS significantly enhanced corticospinal excitability.  

 

Murakami et al. (2012) used different combinations of excitatory and inhibitory theta-burst 

stimulation to prime and condition M1 in healthy humans.
53

 Theta-burst stimulation is an rTMS-

patterned protocol consisting of three pulses of rTMS applied at 50-Hz repeated at 240-ms 

intervals.
53

 Akin to those types of neuromodulation previously discussed, theta-burst stimulation 

also takes on a facilitatory form (intermittent theta-burst stimulation, iTBS) and a suppressive 
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form (continuous theta-burst stimulation, cTBS). Similar to Lang et al.,
40

 Murakami and 

colleagues found homeostatic effects when opposing and identical types of TBS were applied in 

succession.
53

 When opposing types of TBS were used to prime and condition the brain (i.e. iTBS 

priming + cTBS conditioning and vise versa) a magnification of the conditioning after-effects 

relative to unprimed conditioning occurred, and when identical types of TBS were used to prime 

and condition the brain (i.e. iTBS priming + iTBS conditioning and vise-versa) a suppression in 

the conditioning after-effects relative to unprimed conditioning resulted.
53

 Quadripulse 

stimulation (QPS) is another emerging rTMS-patterned protocol consisting of four monophasic 

rTMS pulses per train with each train typically delivered at 0.2-Hz.
132

 Hamada et al. (2008) 

showed depressive after-effects following facilitatory QPS conditioning preceded by facilitatory 

QPS priming.
133

 Collectively, the above research substantiates the existence of homeostatic 

synaptic plasticity and rmetaplastic-like responses in the healthy human brain across different 

modes of neuromodulation: rTMS,
41

 tDCS,
39,40

 TBS,
53

 and QPS.
133

  

 

Compared to other areas of neuroscience and neuroplasticity study, metaplasticity remains in its 

infancy. Future research is paramount to further understand homeostatic synaptic plasticity and 

metaplasticity. While timing between priming and conditioning events proved important, how 

might additional stimulation parameters like duration, frequency, and intensity effect 

metaplasticity? Furthermore, how might certain modes of non-invasive brain stimulation affect 

the onset of metaplasticity? For instance, might discrepancies in the ability to trigger such 

metaplastic mechanisms exist between tDCS and rTMS that use conduction and induction 

respectively to stimulate the brain? Also, how might priming one location of the brain and 

conditioning another location of the brain impact metaplasticity? Several studies have shown 

neuroplastic change in M1 by priming areas functionally connected to M1: opposite M1,
54

 

somatosensory,
134

 supplementary,
135

 and premotor
136

 cortices along with the cerebellum.
137

  

Perhaps most relevant in stroke rehabilitation, though, are the implications of metaplasticity in 

relearning. 

 

Rehabilitation involves the relearning of physical function and tasks, and the concepts of 

metaplasticity introduced in the preceding paragraphs should influence how clinicians structure 

their treatment environment and interventions for patients in order to facilitate optimal relearning. 

Jung and Ziemann (2009) used paired-associated stimulation (PAS) to prime subsequent 

excitatory conditioning in the form of behavioral training consisting of rapid thumb movements 



 

 25 

in healthy individuals.
138

 PAS involved pairing electrical stimulation of the median nerve to 

evoke pulses of proprioceptive feedback and sensory afferent information to the brain with 

precisely timed TMS pulses in contralateral M1. Depending on the timing between the 

converging cortical inputs from TMS and median nerve stimulation, PAS elicits either a 

facilitatory (PAS-LTP) response or a depressive (PAS-LTD) response. Investigators considered 

increases in peak acceleration of the trained thumb movement indicative of motor learning. 

Investigators evaluated two delay periods of either 0 or 90 minutes between PAS priming and 

facilitatory behavioral training. With a 0-minute delay, PAS-LTD plus training strongly 

facilitated motor learning as did PAS-LTP plus training; although, the latter resulted in a brief, 

non-significant improvement in motor learning. Following a 90-minute delay between PAS-LTD 

and training, subjects demonstrated significantly greater improvements in motor learning relative 

to control priming plus training. However, when a 90-minute break separated PAS-LTP and 

training, depression of motor learning occurred, consistent with homeostatic plasticity.  

 

Paradoxically, Jung and Ziemann’s findings show a potentiation of motor learning when an 

excitability-decreasing event precedes excitability-inducing behavioral training.
138

 Thus, 

combining two opposing excitability influences in succession yields enhanced robustness in the 

after-effects of the latter influence and is consistent with principles of homeostatic plasticity and 

metaplasticity.
138

 Pairing of identical excitability influences (i.e. PAS-LTP + behavioral training) 

resulted in non-homeostatic and homeostatic responses with a 0-minute and 90-minute delay 

respectively.
138

 Indeed, these principles must be considered to optimize motor relearning in 

neurological disease and stroke (reviewed by Hulme et al., 2013; Cassidy et al., 2014; Müller-

Dahlhaus & Ziemann, 2014).
91,139,140

   

 

In studies examining priming and motor learning, the site of priming is primarily M1.
138,141,142

 

Yet, the processes involved in learning (i.e. acquisition, consolidation, and retrieval) are complex 

and involve areas beyond the immediate vicinity of M1,
143

 perhaps providing a partial 

explanation of why Jung and Ziemann (2009) observed homeostatic and non-homeostatic 

responses with PAS-LTP priming. The existence of metaplasticity and, furthermore, the 

interaction between metaplasticity and learning in the stroke brain is not well understood at this 

time.  Fusco et al. (2014) compared active excitatory anodal tDCS priming and sham tDCS 

priming to ipsilesional M1 in subjects with subacute stroke before rehabilitation training and did 

not find an enhancement of rehabilitative outcomes with the addition of priming.
141

 In contrast, 
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Di Lazzaro et al. (2013) observed enhanced performance in one of two upper extremity motor 

function tests in subjects with chronic stroke that received active suppressive cTBS priming to 

ipsilesional M1 prior to motor training.
142

 Rather than attempting to discern whether or not 

enhanced learning with priming translates to the stroke brain, initial investigation should first 

confirm the presence of homeostatic plasticity in the stroke brain using non-invasive brain 

stimulation to prime and condition the brain. 

2.5.2.2 Mechanisms Underlying Metaplasticity 

Pinpointing mechanisms and signaling pathways associated with metaplasticity poses a 

substantial challenge.  First, a lack of LTP induction following the primed conditioning event 

might actually result from LTP saturation rather than from metaplastic mechanisms prohibiting 

additional LTP. Technically, however, the priming event in a metaplasticity protocol alters a 

synapse’s capability to generate future plasticity without changing synaptic transmission.
38

 Frey 

et al. (1995) applied high-frequency stimulation to the rodent hippocampus and found that the 

capacity to elicit LTP was still possible following a 1-3 hour-long rest period after the LTP-

induced tetanus.
144

 The ability to generate additional LTP after a brief rest period supports a 

temporary metaplastic vs. saturation influence.
144

 Secondly, synaptic plasticity and metaplasticity 

likely occur in conjunction with one another, reflecting the dynamic and complex nature of the 

CNS. Therefore, molecular and cellular correlates of synaptic plasticity might also trigger and/or 

contribute to metaplasticity. Preliminary research identified NMDA,
38,145,146

 muscarinic 

glutamatergic,
147

 and AMPA receptor
148

 modification along with endocannabinoid
149

 and protein 

kinase
150,151

 involvement associated with metaplasticity. BDNF may also influence metaplasticity 

similar to its role in synaptic plasticity,
67

 but evidence in the literature is conflicting.
152

 Lastly, the 

effects of priming can exert their effects locally (i.e. homeosynaptic) AND globally (i.e. 

heterosynaptic) thereby increasing the diversity of potential metaplastic mechanisms (reviewed 

by Abraham et al., 2008 & Hulme et al., 2013).
36,139

  

 

2.6 Transcranial Magnetic Stimulation 

Transcranial magnetic stimulation operates through Faraday’s law of electromagnetic induction to 

provide a non-invasive approach to studying CST physiology and function and cortical 

reorganization.  The components of TMS include a capacitor, charged by a nearby power supply, 

and a switch, located on the handle of the TMS coil that quickly discharges the capacitor 

producing an electric current in the coil.
153

 The rapid flow of electric current in the coil generates 
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a transient magnetic field (1-3 Tesla) to the coil that traverses the skull and induces secondary 

electric currents in underlying conductive neural tissue when the coil is positioned over the intact 

scalp.
42

 The direction of this brief magnetic field is perpendicular to the long axis of the coil.
154

 

Since the introduction of TMS in the mid 1980’s,
155

 TMS coils evolved from the original circular-

shaped coil to a figure-eight shape that improved the focality of stimulation to a double-cone coil 

that increased depth of stimulation from the standard approximate depth of 1.5-2.0 centimeters.
154

 

Stereotactic neuronavigation co-registers the TMS coil with MRI in an attempt to enhance 

reliability and precision of TMS delivery. Preliminary research depicts better spatial precision 

with neuronavigation, but additional research is necessary to solidly confirm enhancement of 

TMS measure reliability with neuronavigation.
156-158

 Other important considerations in TMS 

delivery include coil diameter, size, and orientation along with stimulation parameters like the 

intensity
159

 and frequency.
44,51

   

 

When TMS stimulation is strategically targeted over M1 at a sufficient intensity, contralateral 

muscle activity frequently occurs. The corresponding waveform, observed through the use of 

electromyography (EMG), is a motor-evoked potential (MEP). The Oxford Handbook of 

Transcranial Magnetic Stimulation defines the MEP as, “the muscular response elicited by 

artificially stimulating motor cortex or motor pathway above the spinal motor neuron.”
154

 A 

compound muscle action potential (CMAP), in contrast to an MEP, results from direct electrical 

stimulation of the nerve supplying the target muscle of interest. Elicitation of an MEP depends 

upon the excitability and the integrity of both cortical and spinal synaptic pathways since hence, 

the MEP is a measure of corticospinal excitability.
160

 Research partially identified the interactions 

between TMS and underlying brain and spinal circuitry. Previous cellular recordings in animals
 

161,162
 and in humans

163,164
 using epidural electrodes placed over the spine, revealed descending 

waves of varying latencies following a TMS pulse. The earliest-occurring waveform, referred to 

as the direct wave or D-wave, results from the direct activation of CST neurons; whereas, the 

later-occurring I-wave reflects indirect activation of CST neurons. Based on previous D and I-

wave examination, Di Lazzaro and Ziemann (2013) postulated the involvement of microcircuitry 

encompassing pyramidal neurons in cortical layers II, III, and V, corticocortical inputs, and 

GABAergic interneurons.
165

 TMS stimulation results in the depolarization of pyramidal neurons 

in superficial cortical layers II and III that leads to the depolarization of pyramidal neurons in 

cortical layer V where they descend through the brainstem and spinal cord and synapse onto 

alpha motor neuron(s) directly or indirectly via spinal interneurons.
160

 MEP elicitation is 
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contingent on the production of an excitatory postsynaptic potential resulting from the descending 

corticospinal input onto the spinal motor neurons and whether or not the motor neurons are near 

threshold.  

2.6.1 Corticospinal Excitability Measurements & Stroke  

2.6.1.1 Motor-Evoked Potential (MEP) Threshold 

The MEP threshold is the lowest stimulation intensity required to elicit a MEP while the 

individual is either resting or performing a voluntary muscle contraction. The resting motor 

threshold (RMT) is the stimulus intensity required to produce an MEP of 50 V or greater in over 

50% of consecutive trials.
166

 The active motor threshold (AMT) is the stimulus intensity required 

to produce an MEP with amplitude of at least 100 V (often 200-300 V) in over 50% of 

consecutive trials during minimal background muscle contraction (i.e. 10-20% of maximal 

voluntary contraction).
166

 The motor “hotspot” refers to the area on the scalp that produces the 

greatest MEP response with the least amount of stimulation intensity applied. Measurements of 

RMT and AMT occur at the motor hotspot.  

 

Wasserman (2002) encountered large variability in motor thresholds amongst healthy 

individuals.
167

 Inter-individual differences in RMT/AMT may relate to brain anatomy and 

physiology (e.g. gyri morphology, skull thickness, hormonal fluctuations, etc.)
168

 Stokes et al. 

(2007) demonstrated a linear increase in motor threshold with increasing distance between coil 

and motor cortex.
168

 Mills et al. (1997) found motor thresholds among healthy individuals to be 

independent from hemisphere stimulated, sex, and age.
169

 However, healthy typically-developing 

children under the age of 10 years tend to display higher motor thresholds and longer MEP 

latencies (refer to Section 2.6.1.2) compared to adults and older adolescents.
170,171

 In fact, children 

under the age of 8 years may require an isometric muscle contraction to elicit an MEP response; 

whereas, children eight years and older usually exhibit an MEP response from a muscle at rest.
8
 

Thus, aspects of brain development involving neuronal maturation, motor neuron recruitment, 

and central and peripheral myelination likely influence the motor threshold. In both adults and 

children, AMT is lower than one’s corresponding RMT
172

 as voluntary muscle contraction 

enhances motor neuron recruitment and the likelihood of reaching and surpassing threshold.
173

  

 

Persons with stroke usually depict elevated motor thresholds from their ipsilesional hemisphere 

compared to their contralesional hemisphere during acute,
14,174

 subacute,
13,175

 and chronic
176

 post-
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stroke phases. Compared to healthy controls, individuals with stroke show elevated ipsilesional, 

not contralesional motor thresholds.
13,14,174,175

 Further, many individuals with stroke do not have 

an elicitable MEP from the ipsilesional hemisphere.
177-180

 Healthy individuals may also 

demonstrate higher motor threshold test-retest reliability than their counterparts with stroke.
169,181

 

For instance, Manganotti et al. (2002) observed a significant decrease in ipsilesional RMT during 

a recording timeframe spanning 5-7 days post-stroke to 30 days post-stroke in individuals that 

demonstrated good motor recovery, defined as a Barthel Index score exceeding 65.
174

 A decrease 

in the motor threshold over time is generally revered as a positive sign of stroke recovery. 

Interestingly, Manganotti and colleagues did not find any significant motor threshold differences 

between those subjects demonstrating “good” motor recovery vs. those exemplifying “poor” 

recovery at follow-up despite significant between-group differences in arm/hand functional rating 

scales.
174

 Additionally, Thickbroom et al. (2002) found significant negative correlations between 

motor threshold and grip strength, but not between motor threshold and functional dexterity.
176

  

Thus, motor threshold measurements may not clearly delineate recovery status or motor deficit 

amongst individuals with stroke.  

 

Researchers utilize motor threshold measurements not as a primary outcome measure of 

corticospinal excitability but as a means to normalize stimulus intensities used in other TMS 

excitability measures (e.g. unilateral and bilateral paired-pulse testing). Because MEPs reflect 

excitability at the cortical and spinal levels, one cannot assume that changes in MEP 

characteristics like threshold, latency, amplitude, for example, result from neuroplastic changes 

occurring solely above the spinal cord level. Hoffmann Reflex (H-reflex) and F-wave testing, 

involving direct stimulation to peripheral nerves, are necessary tactics to determine the source of 

neuroplastic change. For the investigator examining alterations in brain function and connectivity 

following stroke, paired-pulse TMS measures (see Section 2.6.1.7) are a more appealing option 

over motor threshold, because paired-pulse measures represent excitability exclusively at the 

cortical level.
182-184

  

2.6.1.2 MEP Latency & Central Motor Conduction Time 

MEP latency captures the time between TMS pulse delivery to MEP onset and is the sum of 

central and peripheral time components, consistent with brain and spinal cord involvement in 

MEP elicitation respectively. Central motor conduction time (CMCT) is the time difference 

between MEPs elicited via cortical stimulation and CMAPs produced by direct motor root 
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(cervical spine) stimulation or F-wave testing (i.e. CMCT = MEP latency - peripheral latency; 

reviewed by Kobayashi and Pascual-Leone, 1994).
185

 Briefly, the F-wave represents a latent 

muscle action potential resulting from suprathreshold stimulation of the peripheral nerve. The 

stimulus travels antidromically along the nerve to eventually depolarize anterior horn cells 

thereby triggering a CMAP.  

 

Following stroke, MEP latency
186

 and CMCT
 179,187,188

  increase relative to identical measures 

taken from the contralesional hemisphere and from healthy individuals.
 179

 A reduction of the 

MEP latency and/or CMCT is associated with functional recovery.
 179,187-189

 Heald et al. (1993) 

conducted a 12-month long longitudinal study to determine how well CMCT predicts functional 

outcome and mortality following stroke.
187

 Subjects with a normal response (i.e. presence of an 

MEP) demonstrated the greatest functional recovery (modified Rankin Scale) during the 12-

month period. Subjects with an absent response (i.e. no MEP) had the poorest recovery, longest 

hospital stay, and greatest mortality rate. Finally, subjects depicting delayed CMCT delay at the 

beginning of the study demonstrated functional recovery scores somewhere between those of the 

former groups. Similarly, Pennisi et al. (2002) found significant negative correlation between 

CMCT with affected hand strength.
179

  

2.6.1.3 MEP Amplitude & Area  

The size of an MEP depends upon a number of non-experimental factors: the number of spinal 

alpha-motor neurons recruited, the number of cortical motor neurons activated from the TMS 

stimulus, and the synchronous firing of multiple motor units.
154,166

 Quantification of the MEP 

involves measuring the peak-to-peak amplitude or the area under the curve (AUC). When 

comparing MEP amplitude or AUC across subjects, the relative MEP amplitude or area, 

expressed as a percentage of subjects’ CMAP amplitude, normalizes values to account for 

physiological discrepancies between subjects.
174,188

  

 

Following stroke, interhemispheric differences in MEP amplitude or area are common
28,175,188,189

 

in addition to differences observed between individuals with stroke and healthy controls.
175

 

Thickbroom et al. (2002) found a moderately strong positive correlation between grip strength in 

the affected hand and MEP amplitude in individuals with subcortical stroke
176

 that substantiated 

earlier work by Traversa et al. (2000) that found a significant positive correlation between 

ipsilesional MEP amplitude and the Canadian Neurological Scale score.
189

 When Traversa and 
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colleagues compared MEP amplitudes from several upper-extremity and hand muscles in the 

ipsilesional hemisphere at 120 days from baseline with MEP amplitude of identical muscles from 

the contralesional hemisphere at baseline, interhemispheric differences in MEP amplitude no 

longer existed indicating an increase in corticospinal excitability in the ipsilesional hemisphere 

with potential re-balancing of corticospinal excitability between hemispheres over time.
189

  

2.6.1.4 Input-output Curves  

The input-output (I/O) curve, often referred to as a stimulus-response curve, relates the size or 

area of an MEP response to the stimulus intensity.
190

 In healthy individuals, the I/O curve for 

intrinsic hand muscles is sigmoidal-shaped with the plateau of the curve representing maximal 

output despite increasing TMS intensity.
190

 The steepest portion of the sigmoidal curve may 

reflect greater recruitment of alpha motor neurons and/or a greater synchronization of motor unit 

discharging with increasing intensity of stimulation.
178

 The slope of the I/O curve is expressed 

either as an absolute value (e.g. stimulation intensity as a percent of total machine output and 

MEP response as a peak-to-peak amplitude or AUC measure) or as a relative value (e.g. 

stimulation intensity as a percentage of motor threshold and MEP response as a percentage of 

peripheral CMAP).
173

 The slope of the curve depends on synaptic excitability at the cortex and 

spinal cord.
173

 Steeper slopes reflect increased excitability distribution along synaptic relay 

systems in cortex and spine initiated with little stimulation intensity.
173

  

 

Paralleling MEP threshold, latency, amplitude, and area, interhemispheric differences I/O curve 

slopes occur post-stroke.
191,192

 Liepert et al. (2005) found reduced slopes in individuals with acute 

stroke involving the pons, internal capsule, and M1 at a stimulus intensity equal to 150% of 

RMT.
191

 Bütefisch and et al. (2003) did not find significant differences I/O curve slope between 

the contralesional hemisphere of “well-recovered” individuals with stroke and individuals with no 

history of stroke. However, stimulation intensity did not exceed 100% of subjects’ RMT.
193

  

2.6.1.5 Cortical Mapping 

Numerous TMS stimulation sites on the scalp perpetuate an MEP from a target muscle of interest. 

Cortical mapping with TMS provides gross somatotopy of motor representation.
194

 Three main 

measures deduced from TMS cortical maps include 1.) map hotspot (i.e. the site of maximal MEP 

response), 2.) map area (i.e. the total number of stimulation sites that produce an MEP), and the 

3.) map center of gravity based on a weighted MEP amplitude value.
96,173,194
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Compared to indwelling microelectrodes, TMS lacks qualities of specificity and precision. 

Therefore, the cortical map area constructed from single TMS pulses does not necessarily 

correspond to the exact area of the brain containing cortico-motor neuronal connections that 

activate the target muscle of interest.
173

 Yet, cortical mapping remains a valuable tool in the 

evaluation of neuroplastic reorganization following an intervention or intense motor training. 

Liepert et al. (2000) constructed cortical maps using TMS to study the extent of cortical 

reorganization of the affected hand motor region following a 12-day course of CIMT training in 

adults with chronic stroke.
96

 Following training, subjects demonstrated significantly larger motor 

maps in the ipsilesional hemisphere along with significantly higher scores on the Motor Activity 

Log, revealing improved functional performance of the affected extremity. Amazingly, a six-

month follow-up showed no significant difference in cortical map size between the ipsi and 

contralesional hemispheres, sharply contrasting motor map size at baseline as subjects exhibited 

significantly larger contralesional motor maps. Moreover, the work by Liepert et al
96

 

complements previous findings from Traversa and colleagues (1997) that observed increased 

motor map size in conjunction with increased affected hand function following a bout of 

neurorehabiliation in a small group of patients with subacute stroke.
186

  

2.6.1.6 Cortical Silent Period & Ipsilateral Silent Period 

The cortical silent period (CSP) is a measure of GABAB- mediated inhibition of corticospinal 

excitability.
195

 During CSP testing, an individual receives a suprathreshold TMS pulse while they 

perform an isometric muscle contraction at a specified intensity normalized to their maximal 

force output. The CSP represents a brief period of EMG activity suppression immediately 

following an MEP. Earlier work by Fuhr et al. (1991)
196

 and Inghilleri et al. (1993)
197

 proposed a 

physiological explanation for the CSP based on observed decreases in the H-reflex at the 

beginning of the CSP that recovered towards the end of the CSP duration
196

 and from comparison 

of CSPs following cortical, cervicomedullary, and peripheral nerve stimulation.
197

 Taken 

together, these investigations infer that spinal-related mechanisms like recurrent or Renshaw 

inhibition account for the earlier portion of the CSP and inhibitory mechanisms at the cortical 

level contributing to the latter portion.
196,197

 Inghilleri and colleagues also discovered that the CSP 

changes with increasing TMS intensity but not with varying amounts of background muscle 

contraction,
197

 an important finding when attempting to examine influence of GABAB in stroke.  
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Individuals with stroke often demonstrate a prolonged CSP in their ipsilesional hemisphere 

relative to their contralesional hemisphere as well as compared to healthy controls.
14,189

 Traversa 

et al. (2000) observed a decrease in CSP duration coupled with improvement in affected hand 

function with rehabilitation over a four-month period post-stroke.
189

 In a related study examining 

CSP duration in acute stroke, Liepert et al. (2000) measured significantly increased CSP 

durations in the ipsilesional hemisphere compared to the contralesional hemisphere and in 

subjects with stroke vs. healthy controls.
14

 However, Liepert and colleagues observed a decrease 

in another measure of corticospinal inhibition, short-interval intracortical inhibition.
14

 How could 

two measures of corticospinal inhibition demonstrate opposite changes in direction?  Liepert et 

al.’s
14

 findings suggest the possibility of two simultaneously operating inhibitory systems. In 

addition to GABAB-mediated inhibition underlying the CSP, there is also GABAA-mediated 

inhibition involved in short-interval intracortical inhibition measured by paired-pulse TMS 

testing. 

 

Additionally, there is an ipsilateral silent period (iSP) that denotes a period of EMG inactivity 

during voluntary muscle contraction following TMS pulse delivery to the ipsilateral M1.
6
 In 

patients with agenesis of the corpus collosum, there was a minimal or absent iSP response.
198

 

However, in patients with subcortical stroke resulting in CST destruction, there was a 

preservation of the iSP response.
199

 Together, these findings
198,199

 support the involvement of 

interhemispheric fiber connections contained within the corpus collosum rather than the 

involvement of ipsilateral CST projections. Takechi et al. (2014) found significantly prolonged 

iSPs in the contralesional hemisphere (i.e. enhanced contralesional to ipsilesional transcallosal 

inhibition) vs. ipsilesional hemisphere immediately following stroke that were associated with 

worse affected upper-extremity impairments at 1-year post-stroke.
200

  

2.6.1.7 Paired-Pulse TMS Protocols 

Paired-pulse TMS measures reflect excitability changes occurring exclusively at the cortical level 

based on studies demonstrating alterations in MEP amplitudes with no change in the H-reflex 

response
6,182

 and from direct recordings of descending volleys via cervical epidural 

electrodes.
183,184

 Paired-pulse TMS consists of a conditioning pulse followed by a test pulse. The 

amount of time between the conditioning and test pulses is the interstimulus interval (ISI). The 

ISI is an important experimental factor in the examination cortical facilitation and inhibition. The 
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delivery of paired-pulses can be done in unilateral or bilateral fashion. The delivery of the pulses 

can be either unilateral, involving one hemisphere, or bilateral. 

2.6.1.7.1 Unilateral Paired-Pulse TMS 

Kujirai et al. (1993) first demonstrated intracortical inhibition (ICI) and facilitation (ICF) in 

healthy subjects by applying a subthreshold conditioning pulse followed by a suprathreshold test 

pulse over the hand area of M1.
182

 Kujirai and colleagues observed suppression of the test pulse 

response with ISIs of 1-6 ms, referred to as short-interval intracortical inhibition (SICI), and 

facilitation of the test pulse response with ISIs of 10 and 15 ms.
182

 Valle-Sole et al. (1992) also 

witnessed suppression of the test pulse response when a suprathreshold conditioning pulse 

preceded the test pulse by 50 to 200 ms,
201

 a type of ICI called long-interval intracortical 

inhibition (LICI). While glutamate drives ICF,
182

 pharmacological manipulation using GABA 

agonists, benzodiazepine and lorazepam, led to an enhancement of ICI; thus, supporting the 

involvement of the GABAA receptor subtype.
202,203

  

2.6.1.7.2 Bilateral Paired-Pulse TMS 

During bilateral paired-pulse delivery, the conditioning and test pulses occur at homologous 

regions on opposite hemispheres with two smaller-sized TMS coils. Ferbert et al. (1992) provided 

initial demonstration of bilateral paired-pulse TMS by applying a suprathreshold conditioning 

pulse to the first dorsal interosseous muscle area of M1 in one hemisphere and a suprathreshold 

test pulse to the same region in the other hemisphere with ISIs ranging from 5-15ms.
6
 Whereas 

previous discussion of interhemispheric inhibition (IHI) centered on the suppression of one 

hemisphere by the other hemisphere and, as in the case with stroke, the inhibition of ipsilesional 

M1 by contralesional M1, IHI also refers to the suppression of the test pulse response in one 

hemisphere by the conditioning pulse in the other hemisphere. Similar to previous explanations of 

IHI, transcallosal projections likely serve as the major conduit.
6,199,204

 Depending on the ISI, IHI 

may either be long (LIHI) or short (SIHI).
6,205,206

 Varying physiological mechanisms may also 

distinguish SIHI from LIHI.
81,207

 Irlbacher and colleagues (2007) compared changes in SIHI and 

LIHI before and after administration of GABAA and GABAB receptor agonist medication in 

healthy individuals.
81

 Investigators found significant increases in LIHI following GABAB 

medication application and significant decreases in LIHI following GABAA medication 

delivery.
81

 Similar modulations in SIHI did not occur, prompting investigators to conclude that 

postsynaptic GABAB receptors likely mediate the longer phase of IHI.
81

 Additionally, when 

Daskalakis et al. (2002) increased test pulse intensity while measuring IHI, LICI, and SICI, 
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investigators found a decrease in LICI and IHI and an increase in SICI.
207

 Daskalakis and 

colleagues also discovered reduced amounts of SICI in the presence of IHI.
207

 Combined, 

Daskalakis et al.’s findings proposed two different simultaneously-operating inhibitory systems: a 

low-threshold neuronal system mediating IHI and LICI and a high-threshold system driving 

SICI.
207

 Using similar experimental methodology, Sanger et al. (2001) demonstrated interactions 

between inhibitory and facilitatory systems while measuring LICI, SICI, and ICF.
208

 Despite a 

growing understanding of these systems and their corresponding mechanisms of interaction 

(thoroughly reviewed by Chen et al., 2004),
209

 the effect of stroke on these variables and the 

influence of these variables on functional recovery and remains nebulous.  

2.6.1.7.3 Paired-Pulse TMS Measures Following Stroke 

Throughout the acute phase of stroke recovery, numerous studies showed reduced SICI in the 

ipsilesional hemisphere compared to the contralesional hemisphere and in comparison to healthy 

controls.
14,15,174

 Liepert et al. (2000) found a moderate association between disinhibition (i.e. 

reduced SICI) of the ipsilesional hemisphere with improved NIH Stroke Scale scores.
14

 During 

subsequent experimentation, Liepert et al. (2000) also discovered reduced SICI in the 

contralesional hemisphere in comparison to healthy controls.
15

 However, reductions of SICI in 

the contralesional hemisphere may not benefit nor enhance recovery of affected hand function 

and may actually enhance compensatory strategies similar to those findings presented in rodent 

stroke studies.
20,115

 In line with Liepert’s previous work,
14,15

 Mangonotti and colleagues (2002) 

initially observed reduced SICI in both ipsi and contralesional hemispheres relative to healthy 

controls.
174

 However, by 30 days post-stroke, individuals that made significant clinical recovery 

demonstrated persistent disinhibition only in the ipsilesional hemisphere.
174

 Individuals that made 

poor recovery gains showed disinhibition in both ipsi and contralesional hemispheres compared 

to controls at 30 days post-stroke. Bütefisch et al. (2003) concluded the exact opposite, as well-

recovered individuals with stroke also demonstrated reduced SICI in the contralesional 

hemisphere during paired-pulse testing at ISIs at 2 and 3ms, similar to paired-pulse testing in 

healthy controls at 10 and 15-ms ISIs.
193

 Collectively, these studies demonstrated modifications 

in contralesional hemisphere excitability that influenced subsequent functional recovery.
174,193

   

 

Consequently, none of the aforementioned studies
14,15,174

 found changes in ICF between 

hemispheres or between individuals with and without history of stroke, in line with what Cicinelli 

et al. (2003) concluded in individuals with sub-acute (1-2 months post) stroke.
13

 In cases of 
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chronic stroke, however, Edwards et al. (2013) found significant differences in the thresholds for 

SICI and ICF compared to age-matched healthy controls.
210

 Specifically, individuals with stroke 

exhibited diminished thresholds for ICF in their ipsilesional hemisphere and reduced thresholds 

for SICI in their contralesional hemisphere. According to these results, changes in intracortical 

excitability include alterations in ICF in addition to SICI.
210

 Additional research is necessary to 

examine the relationship between time since stroke and excitability threshold shifts of both ipsi 

and contralesional hemispheres. Moreover, the interaction between hemispheres regarding post-

stroke excitability threshold shifts deserves considerable research effort 

 

Typically, greater inhibition in the contra to ipsilesional direction emerges following 

stroke.
16,17,90,211

 Factors pertaining to the lesion load and extent may influence IHI in the ipsi to 

contralesional direction. Boroojerdi et al. (1996) studied ipsi to contralesional IHI in individuals 

with pure subcortical involvement (i.e. below the level of the centrum semiovale) vs. individuals 

with cortical/subcortical involvement.
199

 Compared to individuals with cortical/subcortical 

involvement, individuals with subcortical stroke depicted ipsi to contralesional IHI similar to IHI 

measures in healthy controls.
199

 Shimizu et al. (2002) also found preserved ipsi to contralesional 

IHI in individuals with subcortical lesions with minimal to absent IHI in the same direction in 

individuals with cortical involvement.
211

 Finally, Li et al. (2013) found reduced SIHI and LIHI in 

both ipsi to contralesional and contra to ipsilesional directions in individuals with callosal 

infarction compared to healthy controls,
204

 thus highlighting the probable role of the corpus 

callosum in mediating IHI.  

 

Incorporation of single and paired-pulse TMS measures in stroke research have led to an 

improved understanding of the underlying pathophysiology and concomitant impediments 

resulting from stroke. Importantly, dissemination of the preexisting TMS literature indicated 

changes in cortical excitability beyond the borders of the infarct and ipsilesional hemisphere. 

Therefore, it is misleading and grossly inaccurate to refer to the contralesional hemisphere as the 

“unaffected side.” Previous discussion showed changes in cortical excitability and function 

following intense rehabilitation programs and training.
28,30,118

 However, repetitive transcranial 

magnetic stimulation, consisting of several rapid TMS pulses delivered in succession, may serve 

as a potential adjunct to conventional stroke therapies when applied to one or more cortical 

targets of interest (e.g. ipsilesional and/or contralesional M1 and motor-related regions).  
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2.7 Repetitive Transcranial Magnetic Stimulation 

2.7.1 Overview  

Laboratory application of repetitive transcranial magnetic stimulation (rTMS) in stroke is a fairly 

recent occurrence since its advent in 1985 by Anthony Barker.
155

 The non-invasive brain 

stimulation treatment involves delivery of a continuous train or multiple recurring trains of 

pulses. The after-effects of rTMS (e.g. modulation of cortical and corticospinal excitability) are 

described as neuroplastic-like as the effects persist even after the stimulation has ceased. Similar 

to mechanisms of LTP, high-frequency (≥ 1Hz) rTMS transiently raises excitability
43

 while low-

frequency rTMS (≤1 Hz) transiently suppresses excitability,
44

 similar to mechanisms of LTD.  In 

addition to frequency of stimulation, the after-effects of rTMS depend on stimulation 

duration
51,212

 and intensity.
213

 The fundamental mechanisms of rTMS and the interactions 

between rTMS and the central nervous system are not fully understood at this time. Current 

evidence proposes cellular, molecular, and genetic modifications following rTMS (reviewed by 

Medina & Túnez, 2013)
214

 with many of the plausible cellular/molecular pathways and “players” 

coinciding with those involved in synaptic neuroplasticity.  

 

Several studies reported increased BDNF levels in both rats
215-219

 and humans
216

 following bouts 

of rTMS. As previously defined, BDNF is a key neurotrophin involved in neuronal survival and 

plasticity.
67

 Wang et al. (2011) found increased BDNF and tyrosine kinase-B (TrkB) receptor 

signaling in the prefrontal cortex after 5-Hz rTMS delivery over a 5-day period in rats and also 

decreased RMT in healthy humans that correlated with increased BDNF and TrkB signaling in 

lymphocytes following 5-Hz rTMS to M1.
216

 Increased BDNF signaling within healthy human 

lymphocytes might relate to previous research concluding a neuroprotective effect of rTMS 

against oxidative stress.
220

 Similar findings were observed in rats treated with 20-Hz rTMS over 

an 11-week period with investigators measuring increased levels of BDNF expression in the 

hippocampus, dentate gyrus, and parietal and piriform cortices.
218

 Lastly, in a rat stroke model, 

Zhang and colleagues (2007) measured greater amounts of BDNF and transcription factor c-fos in 

rats treated with active 0.5-Hz low-frequency rTMS compared to sham-treated controls that lasted 

up to 28 days post-stroke.
219

  

 

Repetitive TMS also influences the release and regulation of neurotransmitters.
217,221

 and gene 

expression
222,223

 Ben-Shachar and collegues (1997) discovered changes in monoamine levels, 
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specifically serotonin and dopamine, following just one episode of high-frequency rTMS in 

rats.
217

 In a related study, Ben-Shachar et al. (1999) observed modulations in norepinephrine and 

serotonin receptor regulation following a 10-day rTMS treatment course.
221

 Complementing the 

aforementioned animal work are human studies depicting glutamateric,
224

 dopaminergic,
225

 and 

gabaergic
226

 involvement through pharmacological manipulation prior to rTMS delivery.   

Hellman and colleagues (2012) discovered increased intracellular levels of cAMP and 

phosphorylated CREB in a human-derived neuronal cultures following rTMS.
222

 As an aside, the 

cAMP/CREB signaling pathway is involved in the transcription of many genes involved in 

cellular function and plasticity (reviewed by Benito and Barco, 2010).
227

 The study of genetic 

polymorphisms involving BDNF and apolipoprotein E (ApoE) in humans uncovered additional 

information regarding the interface between rTMS and neuroplasticity.
67,228

 Cheeran et al. (2008) 

compared changes in cortical excitability following excitatory and inhibitory forms TBS over M1 

in individuals with a BDNF Val66Met polymorphism and those without the polymorphism 

(Val66Val).
67

 Compared to Val66Val individuals, those with the Val66Met polymorphism 

demonstrated no cortical excitability change after treatments. The results from Cheeran and 

colleagues not only demonstrated the influence of BDNF on rTMS efficacy but also revealed a 

potential source of inter-individual variability in response to TMS. More recent work by 

Mastroeni et al. (2013),
152

 however, refuted the results of Cheeran et al.,
67

 as they observed 

similar corticospinal excitability responses to TBS between Val66Val and Val66Met groups. 

Regardless of the current debate, genetic testing for polymorphisms may become standard 

practice in research to homogenize experimental groups, predict rTMS responders from non-

responders, and guide treatment assignment.  Importantly, researchers and clinicians alike must 

address the ethical implications arising of genetic testing and its capacity in neuromodulation 

research.  

2.7.2 Safety  

The United States Food and Drug Administration (FDA) classifies rTMS as a class II medical 

device posing greater risk than class I devices (i.e. dental floss and elastic bandages) but less risk 

than class III devices (i.e. heart valve replacement and pacemakers) (www.fda.gov). The FDA 

accepts rTMS for clinical-use for major depressive disorder (www.fda.gov). Other applications of 

rTMS, for instance in stroke, epilepsy, dystonia, etc., are deemed experimental and permitted 

only in laboratory settings. Over the last 15 to 20 years, investigators developed a thorough set of 

rTMS guidelines intended to establish consistent nomenclature amongst researchers, identify 

http://www.fda.gov/
http://www.fda.gov/
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potential risks and contraindications, and to review the safety of various stimulation parameters 

(i.e. intensity, frequency, train duration, and inter-train interval) along with recommendations for 

subject monitoring before, during, and after rTMS delivery (reviewed extensively by Wasserman, 

1998 & Rossi et al., 2009).
229,230

 Adverse effects of rTMS include syncope, local pain and 

headache, changes in cognition and/or mood, transient fluctuations in auditory threshold, 

hormones and/or lymphocytes, and scalp burns induced from Eddy currents from EEG electrodes 

in close proximity to the coil.
229

 The most serious adverse effect is seizure; however, the risk of 

seizure is low when considering the incidence relative to the number of subjects participating in 

rTMS over the last several years.
229 

Absolute contraindications to rTMS include metallic 

hardware in the head, intracardiac lines, and increased intracranial pressure. Relative 

contraindications include pregnancy, heart disease, cardiac pacemaker, medication pump, family 

history of epilepsy, and neuroleptics and tricyclic anti-depressant agents that lower the seizure 

threshold.
229 

On behalf of the International Federation of Clinical Neurophysiology, Rossi et al. 

(2011) published a standardized 13-item rTMS questionnaire to assist clinicians and researchers 

in the determination of individual risk and benefit.
231 

Items on the questionnaire relate to the 

above-discussed adverse effects and contraindications. 

 

Repetitive TMS use in children has grown considerably, and though reports of adverse events in 

the literature are minimal, acknowledgement of developmentally- related discrepancies in CNS 

structure and function between children and adults is important especially when establishing 

rTMS parameters and dosage.
153,230

 For instance, investigators should be aware that children tend 

to display elevated motor thresholds that decrease during development reaching adult levels by 

early adolescence when determining rTMS intensity.
153

   

 

Judicious examination of rTMS safety and the establishment of rTMS guidelines eventually led 

researchers to shift their efforts towards confirming the safety, feasibility, and potential efficacy 

of rTMS-use in adult
46,48,55,60,232

 and pediatric
59,233

 stroke. 

2.7.3 A Tool To Drive Neuroplasticity? 

The objective of rTMS application in stroke is to upregulate the excitability of surviving neurons 

in the ipsilesional hemisphere to enhance their recruitability during voluntary movement of the 

affected extremity.  Previous TMS research in stroke demonstrated changes in cortical 

excitability in both ipsi and contralesional hemispheres,
14-16,174

 thus introducing two potential 
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therapeutic targets for rTMS application. To achieve an upregulation of excitability in ipsilesional 

M1, rTMS application is twofold: 1.) excitatory, high-frequency rTMS over ipsilesional M1 or 2.) 

inhibitory, low-frequency rTMS over contralesional M1.  The latter approach involves 

disinhibition of ipsilesional M1 by suppressing exaggerated IHI arising from contralesional 

M1.
45-48

 Both high and low-frequency rTMS approaches have been explored in stroke 

rehabilitation. Despite a few studies
234-237

 asserting no treatment effect with rTMS, a meta-

analysis of rTMS in stroke by Hsu et al. (2012) concluded that rTMS has a positive influence on 

motor recovery in stroke, and that low-frequency rTMS to contralesional M1 proved more 

effective than high-frequency rTMS to ipsilesional M1.
52

 As a potential neuromodulatory 

instrument in stroke rehabilitation, rTMS shows considerable promise. 

2.7.3.1 High-Frequency rTMS to Contralesional M1 

Khedr et al. (2009) compared five treatment sessions of low and high-frequency rTMS with sham 

rTMS and to each other in individuals with stroke.
18

 One group received 1-Hz rTMS to 

contralesional M1, another group received 3-Hz rTMS to ipsilesional M1, and a third group 

received sham rTMS. Khedr and colleagues found that both contralesional 1-Hz rTMS and 

ipsilesional 3-Hz rTMS were significantly more effective than sham rTMS in improving 

pegboard and keyboard tapping tasks.
18

 Furthermore, 1-Hz rTMS was significantly more effective 

than 3-Hz rTMS.  When combined with occupational therapy over a 10-day period in individuals 

with acute ischemic stroke, Khedr et al. (2005) observed significantly greater improvement in the 

Scandinavian Stroke Scale, Barthel Index, and NIH Stroke Scale in patients receiving active 3-Hz 

rTMS vs. sham.
238

 Kakuda and colleagues (2013) also combined rTMS with movement 

training.
239

 Subjects received 20 sessions of 10-Hz rTMS to bilateral leg motor areas in M1 along 

with treadmill training. At the end of the study, subjects demonstrated improvements in walking 

velocity and Timed Up and Go performance.
239

  

 

Combining rTMS with fMRI technology elucidates the connection between cortical excitability 

and neural activation changes. For instance, studies by Chang et al. (2012)
240

 and Ameli et al. 

(2009)
241

 combined 10-Hz active rTMS with finger motor training in individuals with stroke. In 

addition to measuring behavioral changes following treatment, researchers investigated changes 

in brain activation via BOLD-signal analysis. Chang and colleagues (2012) found significantly 

greater motor performance improvement accompanied by ipsilesional activation in individuals 

that received active vs. sham rTMS.
240

 Ameli et al. (2009) compared individuals with cortical vs. 
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subcortical stroke and found significantly greater motor performance improvement and 

significantly reduced contralesional activation in individuals with subcortical stroke,
241

 revealing 

a possible cortical/subcortical infarct influence in rTMS response.    

2.7.3.2 Low-Frequency rTMS to Contralesional M1 

A major risk of rTMS is seizure.
229

 To reduce the risk of seizure, investigators often opt to 

disinhibit ipsilesional M1 by treating contralesional M1 with low-frequency rTMS. Application 

of suppressive rTMS to contralesional M1 resulted in a variety of behavioral transformations 

including improved in reaction time,
48,232

 pinch acceleration and force,
46,47

 grip force,
233

 finger 

tracking accuracy and extension force,
56

 pegboard task performance,
48,232,242

 Upper
57,243,244

 and 

Lower
245

 Extremity Fugl-Meyer, Wolf  Motor Function Test,
57,243,244

 Assisting Hand 

Assessment,
59

 Box and Block test,
242

 Melbourne Assessment of Upper Extremity Function,
233

  

and spasticity.
243

 When combined with fMRI, application of low-frequency rTMS along with 

related studies by Nowak et al. (2008)
246

 and Carey et al. (2010)
56

 showed accompanying 

modulation in neural activity with cortical excitability and behavioral changes following rTMS. 

 

Conforto et al. (2012) applied either active or sham 1-Hz rTMS to contralesional M1 over 10 

sessions in addition conventional therapy and found significant improvement in Jebsen Taylor 

Hand Function Test (JTT) and pinch force performances from baseline in subjects receiving 

active rTMS that persisted at the one-month follow-up.
247

 Takeuchi et al. (2008) delivered one 

session of active or sham 1-Hz rTMS to contralesional M1 (continuous, 90% RMT) followed by a 

15-minute motor training task of repetitive pinching.
47

 Subjects receiving active rTMS 

demonstrated significant improvements in pinch acceleration and force from baseline following 

the combined rTMS/motor training intervention that lasted for 7 days following treatment. 

Individuals assigned to sham rTMS/motor training did not exhibit similar improvements. Paired-

pulse TMS testing of ICI immediately after the intervention revealed significant decreases in 

contralesional excitability and significant increases in ipsilesional excitability in subjects 

receiving active rTMS. Though these cortical excitability changes were temporary, perhaps, they 

persisted just long enough to impact subsequent behavioral training.
47

 Avenanti and colleagues 

(2012) explored the potential effect of treatment order by applying 10 sessions of active/sham 1-

Hz rTMS (continuous, 90% RMT) before 45 minutes of physical therapy OR 10 sessions of either 

active/sham 1-Hz rTMS after 45 minutes of physical therapy.
242

 All subjects receiving active 1-

Hz rTMS, despite the order of treatments, showed increased excitability in ipsilesional M1 as 
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measured by reduced M1 RMT compared to subjects receiving sham rTMS. Investigators also 

found significantly greater improvements on the Box and Block, JTT, 9-Hold Pegboard, and key 

grip force task that persisted up to 3 months post treatment in subjects that received active rTMS 

before physical therapy than in subjects that received active rTMS after physical therapy, 

suggesting a synergistic effect between rTMS and motor training dependent upon the order of 

inventions. Could mechanisms consistent with homeostatic synaptic plasticity and metaplasticity 

underlie the treatment order effect? In other words, could rTMS prime behavioral conditioning 

events? Future research should attempt to pinpoint the neurological correlates to address why the 

order of rTMS and motor training delivery matters. 

2.7.3.3 Bihemispheric rTMS Delivery 

Mixing bouts of low and high-frequency rTMS to contralesional and ipsilesional M1 respectively 

is another delivery option. Takeuchi et al (2009) delivered 20 sessions of either 1-Hz rTMS to the 

contralesional hemisphere, 10-Hz rTMS to the ipsilesional hemisphere, or bilateral rTMS 

consisting of alternating 1-Hz and 10-Hz rTMS with each stimulation intervention followed by a 

15-minute block of motor training.
248

 Subjects receiving bilateral or 1-Hz rTMS only 

demonstrated improved pinch acceleration and pinch force of the affected hand that lasted one 

week. Compared to 1-Hz rTMS only, subjects receiving bilateral stimulation showed significantly 

greater gains in pinch force immediately after rTMS/motor training and at one week post. No 

improvements in motor performance were observed in subjects receiving 10-Hz rTMS only. 

Lastly, bilateral rTMS resulted in decreased ipsilesional ICI for several minutes thereafter.
248

  

Sung and colleagues (2013) conducted a similar comparison of bilateral vs. unilateral stimulation 

using active/sham1-Hz rTMS and active/sham intermittent (excitatory) TBS across four treatment 

groups.
249

 Subjects receiving active 1-Hz rTMS + active excitatory TBS demonstrated 

significantly greater improvements in affected upper extremity muscle strength, Fugl-Meyer, 

Wolf Motor Function, and reaction time tests compared to subjects receiving other rTMS/TBS 

treatment combinations. As preliminary evidence indicates,
248,249

 bihemispheric stimulation is 

another treatment approach in stroke to consider; however, additional research is necessary to 

determine who might respond optimally to unilateral vs. bilateral rTMS application.  

2.7.3.4 The Feasibility of High-Frequency Priming of Low-Frequency rTMS  

In the above studies by Takeuchi et al. (2009)
248

 and Sung et al. (2013),
249

 high and low-

frequency stimulation were applied to homologous areas of M1 on opposite hemispheres. 

However, delivery of excitatory high-frequency rTMS (i.e. priming) on contralesional M1 prior 
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to the delivery of suppressive low-frequency rTMS on contralesional M1 may enhance the after-

effects of the latter.
41

 While the strategy of high-frequency priming of low-frequency rTMS may 

initially sound paradoxical, principles of homeostatic plasticity, BCM Theory, and metaplasticity 

may prove otherwise. As previously discussed, Iyer et al. (2003) found significantly greater 

decreases in cortical excitability from 1-Hz low-frequency rTMS when preceded with active vs. 

sham 6-Hz priming in healthy individuals.
41

 Such heightened suppressive effects of low-

frequency rTMS with priming in healthy individuals may have important implications in stroke 

rehabilitation (reviewed by Cassidy et al., 2014).
91

 Primed low-frequency rTMS to contralesional 

M1 could result in greater suppression of excitability in contralesional M1 and, ultimately, 

diminished IHI in the contralesional to ipsilesional M1 direction. Carey et al. (2008, 2010) 

initially confirmed the safety of 6-Hz primed 1-Hz low-frequency rTMS in adults with chronic 

ischemic stroke showing no major adverse events or impairment of the less affected hand.
55,56

 

Kakuda et al. (2011) later confirmed the safety of multiple sessions of 6-Hz primed 1-Hz low-

frequency rTMS treatment with supplemental occupational therapy in adults with chronic 

stroke.
57

 Relatedly, Gillick et al. (2014) combined 6-Hz primed 1-Hz low-frequency rTMS with 

CIMT in children with hemiparesis resulting from stroke and also validated the safety of primed 

low-frequency rTMS.
59

 With the establishment of safety and feasibility of high-frequency primed 

low-frequency rTMS in stroke, the next logical question is to determine whether or not similar 

homeostatic plasticity mechanisms observed in healthy individuals
41

 translate to the stroke brain 

through direct comparison of primed vs. unprimed low-frequency rTMS to contralesional M1.  

 

2.8 Summary 

Stroke is a devastating disorder afflicting thousands of individuals each year. Hemiparesis is a 

common deficit resulting from stroke that compromises independence and quality of life. 

Fluctuations in neurotransmitters and alterations in brain excitability, frequently invoking 

diaschisis and an imbalance of interhemispheric inhibition, hinder the recovery of affected 

extremity through reinforcement of the less affected extremity use and through exploitation of 

compensatory strategies. Fortunately, the brain possesses neuroplastic capabilities that drive 

recovery, including restitution of affected hand function. Non-invasive brain stimulation, 

specifically rTMS, has shown promise in stroke rehabilitation, demonstrating after-effects 

consistent with LTP and LTD depending on the frequency of stimulation. Application of low-

frequency, suppressive rTMS to contralesional M1 and/or high-frequency, excitatory rTMS to 
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ipsilesional M1 led to modulations in cortical excitability and improvement in rehabilitative 

outcome measures in acute, sub-acute, and chronic post-stroke phases. When preceding low-

frequency rTMS, the addition of high-frequency priming may potentiate the after-effects of the 

former. In healthy individuals, the delivery of excitatory priming employed homeostatic plasticity 

mechanisms that resulted in an enhancement of cortical inhibition.
41

 In stroke, the potentiation of 

contralesional inhibition via homeostatic plasticity mechanisms poses important implications in 

rehabilitation. To determine if homeostatic mechanisms do, indeed, exist in the stroke brain, a 

direct comparison of primed vs. unprimed low-frequency rTMS is necessary. 
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3 Materials & Methodology 

3.1 Design & Power Analysis 

This study compared three types of rTMS treatment using a repeated-measures, single-blind 

crossover design featuring 11 adults with stroke. The crossover aspect of this study addressed the 

heterogeneity associated with response to rTMS and stroke (i.e. type, location, time since stroke, 

extent, etc.) as each subject served as his/her own control. Over a 5-week period, subjects 

received one session of each of the following treatments: A) active 6-Hz high-frequency priming 

+ active 1-Hz low-frequency rTMS, B) active 1-Hz low-frequency priming + active low-

frequency rTMS, and C) sham 6-Hz high-frequency priming + active low-frequency rTMS with 

each treatment week separated by a 1-week washout period (Figure 4). The Coordinating Center 

for Biometric Research at the University of Minnesota-Twin Cities administered treatment order 

allocation and randomization for each subject. In addition to the individual administering pretest 

and posttest measures (i.e. the tester), all subjects were blinded to the order of rTMS 

interventions. The individual delivering treatments (i.e. treater) was not blinded to the 

intervention order. 

 

 

Figure 4. Study Schedule 

 

The purposes of this pilot study were to estimate the variability of corticospinal excitability and 

affected hand function from baseline following one session of each type of rTMS treatment and 

to provide preliminary estimates of differences in corticospinal excitability and affected hand 

function differences from baseline between the rTMS interventions.  Due to the exploratory 

nature of this study, no formal power analysis was done. Based on previous stroke studies 

completed by our laboratory, we concluded that an N of 12 was feasible to attain over a two-year 

period. 
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3.2 Subjects 

3.2.1 Recruitment 

Subject recruitment occurred through multiple means including referrals from healthcare 

professions, newspaper/media outlets, study flyers distributed at hospitals and clinics, and 

through our stroke study database. We allowed subjects that previously completed in an rTMS 

study two or more years ago to return and participate in this study. Though returning subjects 

may not have been naïve to rTMS, we were confident that the inclusion of these subjects would 

not have jeopardized the validity of this experiment because 1.) subjects received all treatments 

and 2.) the sound and sensation emitted from the sham rTMS coil was found to be 

indistinguishable from the active rTMS coil. When experienced members from our Brain 

Plasticity Laboratory received active and sham rTMS in random order, 3 of the 5 members were 

not able to discern the active and sham coils. The two individuals that correctly identified the 

active and sham coils remarked that they experienced discrepancies in the tactile quality. When 

the investigator increased the sham coil intensity from 80 to 100 percent of maximal machine 

output, the individuals were no longer able to differentiate the coil type following a second trial.  

3.2.2 Inclusion Criteria 

Study eligibility was based on the following set of inclusionary criteria assessed during subject 

screening procedures: 

 stroke duration of at least six months 

 stroke location: either cortical or subcortical 

 stroke type: either hemorrhagic or ischemic 

 stroke hemisphere; either left or right, dominant or non-dominant 

 age:  ≥ 18 years 

 sex:  male or female 

 ability to follow 3-step directions 

 demonstration of 10 degrees of active extension at the metacarpophalangeal joint of the 

affected (paretic) index finger 

 demonstration of resting motor-evoked potential (MEP) from ipsilesional and 

contralesional hemispheres 

 Upper Extremity Fugl-Meyer score of ≥ 20 out of 66 
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 Beck Depression Inventory-II score ≤ 19 out of 63 

 Mini-mental State Examination Score ≥ 24 out of 30 

3.2.3 Exclusion Criteria 

Study eligibility was based on the following set of exclusionary criteria asked during subject 

screening procedures:  

 seizure within the past two years 

 family history of epilepsy 

 receiving tricyclic antidepressants or neuroleptics (which lower seizure threshold) 

 metal in the head (i.e. no cochlear implants, implanted brain stimulators, aneurysm clips, 

shrapnel, etc. Dental metal was allowable) 

 increased intracranial pressure 

 implanted medical devices such as cardiac pacemaker, medication pump, deep brain 

stimulator, vagus nerve stimulator, etc. 

 intracardiac lines 

 significant heart disease  

 bipolar disorder 

 medical depression 

 history of suicide attempt 

 pregnancy 

 predisposition to neurocardiogenic syncope 

3.2.4 Screening Process 

Subjects that expressed interest in study participation completed a phone screen (Appendix A) 

with the study investigator. The phone screen required potential subjects to answer questions 

regarding past medical and rehabilitation history along with current functional ability. If the 

potential subject met all of the phone screen criteria and did not indicate any of the exclusion 

criteria, the investigator mailed them the hospital-specific release of medical records form with a 

return, self-addressed envelope. Our study neurologist reviewed all medical records and pertinent 

imaging with the investigator to confirm subject compatibility with the study requirements. Upon 

successful phone screen completion and physician medical record review, subjects were invited 

to the University for an in-person screen. 
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The onsite screen occurred at the Clinical and Translational Science Institute (CTSI) in the 

Masonic Memorial Building at the University of Minnesota- Twin Cities. Prior to formal 

screening procedures, the investigator reviewed the study consent form (Appendix B) with 

potential subjects. Section 3.2.5 describes the consent procedures. The investigator also obtained 

subjects’ signatures on HIPAA (Appendix C) and Photograph/Video-Release forms (Appendix 

D).  

 

The tester administered an in-person screen (Appendix E) to verify inclusion/exclusionary 

criterion and current medication(s). Subjects also completed the Upper Extremity Fugl-Meyer
250

 

(Appendix F), Beck Depression Inventory-II
251

 (Appendix G), Mini-Mental State Examination
252

   

(Appendix H), and Edinburgh Handedness Inventory
253

 (Appendix I). All females of childbearing 

potential completed a pregnancy test. The onsite screen often coincided with the first day of study 

participation. On the first and last day of study participation, the study physician administered the 

NIH Stroke Scale
254

 (Appendix J) to assess physical and cognitive function. An outline of all 

screening, testing, and treatment procedures administered during the 5-week study is in Appendix 

K. 

3.2.5 Consent Process 

During the consent process, the investigator described the purpose and procedures of the study to 

assist potential subjects in making an informed decision regarding study participation. Both 

subject and investigator signed and dated the consent form. Enrolled subjects received a copy of 

the consent form for their records.  

 

3.3 Corticospinal Excitability Testing 

Our primary outcome measure was corticospinal excitability. We measured corticospinal 

excitability with three different TMS protocols. Bilateral paired-pulse TMS was used to measure 

IHI in the contralesional to ipsilesional and ipsilesional to contralesional directions, and unilateral 

paired-pulse TMS was employed to measure intracortical inhibition and facilitation in the 

ipsilesional hemisphere. Single-pulse TMS to the ipsilesional hemisphere was used to evaluate 

the cortical silent period (CSP). Table 1 provides a summary of each corticospinal excitability 

measure with corresponding parameters. 
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Table 1. Corticospinal Excitability Measures & Parameters 

 

Corticospinal Excitability 

TMS Measure 

 

Proposed 

Mechanism of 

Action 

TMS Parameters 

 

Bilateral Paired-Pulse TMS: 

 

Interhemispheric Inhibition 

 

Conditioning Pulse  Test Pulse 

 

Direction: 

Contralesional M1  Ipsilesional M1 

 

Ipsilesional M1 Contralesional M1 

 

 

 

 

 

GABA-mediated 

inhibition  

 

Contralesional & Ipsilesional 

Hemispheres 

 

ISI = 10 milliseconds 

 

 

Intensity:  

Conditioning Pulse = 0.5 mV 

Threshold or 120% RMT  

 

Test Pulse = 0.5 mV 

Threshold or 120% RMT 

 

 

Unilateral Paired-Pulse TMS: 

 

1. Intracortical Inhibition 

 

 

2. Intracortical Facilitation 

 

 

 

 

GABAA- mediated 

inhibition 

 

Glutamatergic- 

mediated facilitation 

 

Ipsilesional Hemisphere: 

 

ISI = 3 milliseconds 

 

 

ISI = 15 milliseconds 

 

Intensity: 

Conditioning Pulse = 80% 

RMT 

 

Test Pulse = 0.5 mV 

Threshold or 120% RMT 

 

 

Unilateral Single-Pulse TMS: 

 

1. Cortical Silent Period 

 

 

 

GABAB- mediated 

inhibition 

 

Ipsilesional Hemisphere 

 

Intensity: 

 

150% RMT 

 

30% Max Isometric 

Contraction of FDI 

 

 

FDI first dorsal interosseous, GABAA  gamma-Aminobutyric acid receptor A subtype, GABAB gamma-

Aminobutyric acid receptor B subtype, ISI interstimulus interval, M1 primary motor cortex, RMT  

resting motor threshold 
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3.3.1 Equipment 

We used two Magstim 200
2 
stimulators with a Bistim connecting module, a Bistim Trigger Box, 

and two 50 mm figure-eight coils (Magstim Company Limited, Dyfed, UK). For unilateral 

paired-pulse and single-pulse CSP testing, we also utilized two Magstim 200
2 
stimulators with a 

Bistim connecting module and one 70 mm figure-eight coil (Magstim Company Limited, Dyfed, 

UK). Additionally, CSP testing included an S-Beam load cell (Interface Inc., Scottsdale, Arizona) 

attached to a finger ring and a laptop computer (Dell Latitude D600) to view and record FDI 

force output.  

3.3.2 Electromyography Procedures 

The tester applied surface electrodes to the first dorsal interosseous (FDI) muscle of both affected 

and less affected hands of subjects using a muscle belly-tendon montage arrangement (Figure 5). 

The FDI muscle primarily abducts the index finger at the metacarpophalangeal (MCP) joint and 

assists in MCP flexion, interphalangeal extension, and thumb adduction. Previous research 

indicated altered electromyography (EMG)-force couplings during FDI isometric contraction 

following stroke.
255

 All TMS testing procedures involved EMG recordings from the affected FDI. 

Additionally, bilateral paired-pulse testing included EMG recordings from the less affected FDI. 

EMG signals were amplified and recorded with a Cadwell Sierra Wave EMG device (Cadwell 

Laboratories, Kennewick, Washington) equipped with a 20 to 2000-Hertz (Hz) bandpass filter 

and a 60-Hz notch filter. The EMG sampling rate was 6400-Hz (i.e. 640 data points per 100 

milliseconds (ms)). EMG recordings were monitored throughout testing and stored on a laptop 

computer for offline analysis.  

 

  

Figure 5. Electrode Configuration for Interhemispheric Inhibition Testing. Electrodes positioned on 

affected (subject’s right) and less affected (subject’s left) first dorsal interossei muscles.  
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3.3.3 Threshold Determination 

The tester made small marks on subjects’ scalps with a marker to denote their motor “hotspot” 

region, defined as the optimal location on the scalp that elicited an MEP from the target muscle 

(i.e. FDI) with the least amount of stimulation intensity. With subjects resting comfortably in a 

reclining chair donning earplugs, the tester positioned the TMS coil 45 degrees posterolaterally to 

the mid-sagittal line of the cranium on the motor hotspot region and applied single TMS pulses to 

determine their resting motor threshold (RMT) and 0.5 millivolt (mV) threshold. The RMT was 

the lowest stimulus intensity that produced an MEP with a peak-to-peak amplitude of 50 

microvolts (V) in at least 3 of 5 trials.
166

 The maximum stimulation intensity was 100% of 

machine output. The 0.5 mV threshold was the lowest stimulus intensity that produced an MEP 

with a peak-to-peak amplitude of 0.5 mV in 3 of 5 trials. For bilateral paired-pulse testing, the 

tester used two 50 mm coils to determine the RMT and 0.5 mV threshold for both hemispheres. 

For unilateral paired-pulse testing and CSP testing to the ipsilesional hemisphere, the tester 

determined the RMT and 0.5 mV threshold using the 70 mm coil. The TMS testing and threshold 

testing form is in Appendix L. 

3.3.4 MEP Analyses 

As previously mentioned, EMG data were collected during each session and stored on a laptop 

computer for offline analysis. MEP traces were analyzed using Microsoft Excel and Matlab to 

calculate peak-to-peak amplitude and area under the curve (AUC), respectively. With the 

exception of CSPs, corticospinal excitability measures were assessed using both MEP amplitude 

and MEP AUC (Figure 6). We determined MEP AUC using custom Matlab script (Appendix M) 

based on the following equation:  𝐴 =
1

𝑓𝑠
∫ |𝑋(𝑡)|

𝑡2

𝑡1
𝑑𝑡. The variable A represents the area under 

the MEP curve; fs is the sampling frequency; t1 is the MEP onset point; t2 is the MEP offset point; 

X(t) is the EMG signal at timepoint t.  
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Figure 6. Motor-evoked Potential Analysis. Motor-evoked potentials (MEPs) were analyzed by 

measuring the peak-to-peak amplitude (arrow, A) and by computing the area under the curve (AUC) 

(shading, B) 

 

3.3.5 Bilateral Paired-Pulse Testing 

Bilateral paired-pulse TMS testing was used to measure the amount of IHI imparted from the M1 

of one hemisphere to the homologous M1 region on the opposite hemisphere.
6
 Similar to the 

protocol described by Kirton et al. (2010), the tester delivered a suprathreshold (0.5 mV 

threshold) conditioning pulse to one hemisphere followed 10 ms later by a suprathreshold test 

pulse to the opposite hemisphere.
80

 If the tester could not obtain a subject’s 0.5 mV threshold, the 

conditioning and test pulses were 120% of the subject’s RMT. In a randomized order, the tester 

delivered 10 trials of each of the following test blocks: 1.) single test pulse to contralesional M1, 

2.) single test pulse to ipsilesional M1, 3.) conditioning pulse to contralesional M1 followed by a 

test pulse to ipsilesional M1, and 4.) conditioning pulse to ipsilesional M1 followed by a test 

pulse to contralesional M1. Each of the 40 trials was separated by approximately 6 seconds. We 

calculated the ratio of mean amplitude of paired-pulse MEPs to mean amplitude of single test 

pulse MEPs for both hemispheres. We performed the same IHI calculation using MEP AUC data. 

Figure 7 shows subject positioning and IHI testing equipment. For electromyography MEP 

responses during interhemispheric inhibition testing, please refer to Figure 1Figure 2. 
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Figure 7. Interhemispheric Inhibition Testing. Subject undergoing bilateral paired-pulse TMS 

testing with tester using two 50 mm TMS coils positioned on the subject’s contralesional and 

ipsilesional M1 areas (A). The tester controlled the time interval between conditioning and test pulses 

at the trigger box (B). The toggle switch (C) allowed the tester to control the direction (i.e. 

contralesional to ipsilesional or ipsilesional to contralesional) of conditioning/test pulse delivery. 

 

3.3.6 Unilateral Paired-Pulse Testing 

During unilateral paired-pulse TMS testing, the tester applied a subthreshold (80% of RMT) 

conditioning pulse and a suprathreshold (0.50 mV threshold or 120% of RMT) test pulse to 

ipsilesional M1. The pulses were separated by an interstimulus interval (ISI) of either 3 ms to 

measure GABAA-mediated short interval intracortical inhibition (SICI) or 15 ms to measure 

glutamateric-driven intracortical facilitation (ICF).
182

 Figure 8 depicts typical MEP responses 

following single- and paired-pulse TMS delivery. 
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Figure 8. Electromyography Responses During Unilateral Paired-Pulse Testing. Following the 

delivery of a single TMS pulse, there is a stimulus artifact (arrow, A) and a motor-evoked potential 

(MEP). After the delivery of two TMS pulses separated by 3 ms (B), the ensuing MEP is smaller in 

amplitude and area relative to the MEP generated after a single TMS pulse (A). Following the 

delivery of two TMS pulses separated by 15 ms (C), the subsequent MEP is larger in amplitude and 

area relative to the MEP generated after a single TMS pulse.  

 

The tester randomly delivered 10 single suprathreshold test pulses, 10 paired-pulses with a 3 ms 

ISI, and 10 paired-pulses with a 15 ms ISI. The ratio of averaged paired-pulse to averaged single-

pulse MEPs for both amplitude and AUC was calculated for each ISI. Figure 9 illustrates the 

unilateral paired-pulse testing procedure and set-up. 
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Figure 9. Unilateral Single- & Paired-Pulse Testing. The tester used a 70 mm figure-of-eight 

transcranial magnetic stimulation coil to deliver single and paired TMS pulses to the subject’s 

ipsilesional hemisphere.  

 

3.3.7 Cortical Silent Period Testing 

GABAB-mediated intracortical inhibition from ipsilesional M1 was assessed with unilateral single 

TMS pulses as a part of CSP testing.
226

 Subjects sat upright with their affected index finger 

positioned in a ring attached to a load cell (Interface Inc., Scottsdale, AZ, Figure 10), and 

completed three trials of maximal isometric abduction of their affected FDI muscle. The highest 

force output generated during the three trials was determined. The voltage signal from the load 

cell was measured using WinDaq computer software (WinDaq, Akron, OH), and the program 

provided subjects with real-time visual feedback of their force production. During CSP testing, 

subjects isometrically contracted their affected FDI muscle to 30% of their maximal force output 

while the tester delivered a suprathreshold (150% RMT) TMS pulse.  
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Figure 10. Cortical Silent Period Testing. A. The subject sat upright with affected index finger 

positioned in a ring attached to a load cell (B). The subject isometrically contracted his affected first 

dorsal interosseous muscle to 30% of his maximum voluntary contraction previously measured. A 

laptop computer provided visual feedback of force generation.  

 

A total of 10 CSP trials were done with each trial separated by approximately 20 seconds. The 

CSP duration was calculated offline and defined as the time of stimulus artifact onset to the 

resurgence of EMG activity that equaled at least 50% of the average prestimulus EMG activity
15

 

(Figure 11). 

 



 

 57 

 

Figure 11. Cortical Silent Period Offline Analysis Example. Cortical silent period trace showing the 

onset (stimulus artifact) and offset, defined as the average EMG trace (labeled line) when it 

surpassed 50% of prestimulus activity (denoted by horizontal line).  

 

3.4 Behavioral Testing 

3.4.1 Box and Block Test 

Though subjects received just one treatment session of each rTMS intervention in our study, other 

investigators found behavioral changes following a single rTMS treatment session that did not 

include any prior behavioral training.
46,47,60,61,232,246,256

 Our secondary outcome measure to assess 

potential behavioral change in the affected hand was the Box and Block test. Subjects retrieved 

2.5 cm
3 
blocks one at a time from one compartment and transferred each block to a second 

compartment (Figure 12). Subjects completed three 60-second trials. The tester counted the 

number of blocks transported during each trial and calculated the average number of blocks 

transferred. The Box and Block test has established norms and reliability in healthy adults
257

 in 

addition to high test-retest reliability (intraclass correlation coefficient (ICC) = 0.96 to 0.98) in 

individuals with stroke.
258,259

 The minimal detectable change on the Box and Block for the 
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affected and less affected hands are 5.5 and 7.8 blocks per minute, respectively.
259

 There is no 

established minimal clinically important difference for the Box and Block test.  

 

 

Figure 12. Box and Block Test. The subject transferred one block at a time to the second 

compartment (subject’s left) using his affected hand. The average number of blocks transferred by 

the subject following three 60-second trials was computed. The subject also performed the Box and 

Block test using his less affected hand as a safety measure. 

 

3.5 Safety Testing 

3.5.1 Vital Signs 

At the beginning of each visit, the investigator collected blood pressure and pulse readings 

(Appendix N) from subjects. On the first day of weeks 1, 3, and 5, the investigator also collected 

a weight measurement from subjects.  

3.5.2 Digit Span 

The Digit Span test is one of several subtests included in the Wechsler Adult Intelligence Scale. 

Subjects completed the Digit Span (Appendix O), a test of short-term memory, at the beginning 

of each visit and immediately after the treatment. The investigator recited a list of numbers 

varying in length from 2 to 10 digits. Subjects repeated the numerical sequences until they 

incorrectly recited two consecutive digit lists of the same length.  

3.5.3 Box and Block Test with Less Affected Hand 

To verify that no decrements in less affected hand function arose following treatment, subjects 

performed the Box and Block test with their less affected hand. Testing procedures were identical 

to those previously described for the affected hand (Appendix P). 
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3.5.4 Patient Report of Symptoms 

The investigator conducted an interview (Appendix Q) with subjects at the conclusion of each 

visit to probe for any adverse reactions (seizure, headache, neck pain, dental pain, tinnitus, 

nausea, abnormal muscle contractions, dizziness, fatigue, and changes in sleep, mood, anxiety, 

concentration, memory, and balance). The study physician also completed a brief clinical exam 

on the first and last day of study participation.  

 

3.6 Treatment 

Prior to each intervention, the treater determined subjects’ contralesional FDI motor hotspot and 

RMT using a Magstim 70 mm air film coil and Rapid
2
 stimulator (Magstim Company Limited, 

Dyfed, UK). Subjects donned earplugs and surface electrodes on their less affected FDI, biceps 

brachii, extensor digitorum, and gastrocnemius muscles to monitor for abnormal muscle activity 

indicative of seizure onset (Figure 13). Following each intervention the treater asked subjects 

what type of priming they thought they received (Appendix R). Following the threshold 

determination with the active rTMS air film coil, investigators either replaced the active coil with 

the sham coil in preparation for sham 6-Hz priming or simulated changing coils in preparation for 

active 6-Hz or 1-Hz priming outside of subjects’ vision to maintain subject blinding to treatment 

order. 

 

 

Figure 13. Repetitive Transcranial Magnetic Stimulation Application. Subject received repetitive 

transcranial magnetic stimulation to the contralesional hemisphere. The treater used a 70 mm 

Magstim air film coil to determine the subject’s resting motor threshold and to deliver treatment. 

The subject wore surface electrodes on her less affected bicep, extensor digitorum, first dorsal 

interosseus, and gastrocnemius (not pictured) to monitor for abnormal muscle activity associated 

with imminent seizure onset during treatment. 
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3.6.1 Active 6-Hz Primed Active 1-Hz rTMS 

Investigators applied intermittent 6-Hz high-frequency priming rTMS (5-second train, 2 

trains/minute, 25-second intertrain interval; 600 total pulses, intensity = 90% RMT) to subjects’ 

contralesional M1 hotspot using the Magstim Rapid
2
 stimulator and 70 mm air film coil 

previously used in RMT determination. After another 60-second break to simulate switching of 

coils, subjects received 10 minutes of continuous 1-Hz low-frequency rTMS (total pulses = 600, 

intensity = 90% RMT) to the same M1 hotspot location.  

3.6.2 Active 1-Hz Primed Active 1-Hz rTMS 

Subjects received 10 minutes of continuous active 1-Hz low-frequency priming rTMS (total 

pulses= 600, intensity = 90% RMT) to their contralesional M1 hotspot. After a 60-second break 

to simulate the possibility of switching coils from sham to active, subjects received an additional 

10 minutes of continuous active 1-Hz low-frequency rTMS (total pulses = 600, intensity = 90% 

RMT) to the same M1 hotspot.  

3.6.3 Sham 6-Hz Primed Active 1-Hz rTMS 

Investigators applied sham 6-Hz high-frequency priming rTMS to subjects’ contralesional M1 

hotspot for 10 minutes using a Magstim Rapid
2
 stimulator and a 70 mm sham coil that produced 

similar noise and tactile sensation to the active coil but without generating a magnetic field. 

Following sham priming, the treater switched coils to apply continuous active 1-Hz rTMS (total 

pulses = 600, intensity = 90% RMT) to the same M1 hotspot location.
41,44

   

 

3.7 Statistical Analysis 

All statistical procedures were done with SAS
®
 9.3 (SAS Institute Inc., Cary, NC). Due to the 

small sample size and unbalanced distribution of treatment sequences amongst subjects, we did 

not examine potential demographic differences between treatment sequence groups (i.e. ABC, 

CAB, BAC, etc.)  

 

Our study utilized a three-period (week 1, 3, and 5), three-treatment (treatment A, B, and C) 

repeated-measures crossover design. Subjects were randomized to 1 of 6 treatment sequences: 

ABC, CAB, BAC, CBA, ACB, or BCA. To examine MEP amplitude and AUC differences from 

baseline (i.e. average of pretests 1 and 2) for all cortical excitability, behavioral, and safety 

measures, we used a mixed-effects linear model in SAS PROC MIXED.  The fixed effects in the 
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model were treatment, period, and sequence. Each subject represented a random intercept to 

model within-subject correlation. We used the same model to compare differences in MEP 

amplitude and AUC from baseline between treatments for all cortical excitability, behavioral, and 

safety measures.  The following equation defines the mixed linear model with fixed and random 

effects incorporated into the model:
260

   

𝑦𝑖𝑗𝑘 = (𝛽0 + 𝑏𝑘) + 𝑡𝑗 + 𝑝𝑖 + 𝑐𝑖′ + 𝜀𝑖𝑗𝑘 ,    

where the response from subject k receiving sequence i at period j was denoted by 𝑦𝑖𝑗𝑘, 𝛽0 was 

the overall mean intercept, 𝑏𝑘 was the random intercept for subject k with normal (0, 𝜎𝑏
2) 

distribution, 𝑡𝑗 was the treatment effect at period j, 𝑝𝑖 was the period effect of sequence i, 𝑐𝑖′  was 

the carryover effect from the previous period, and 𝜀𝑖𝑗𝑘 was the error term that was independent 

from the random effect (𝑏𝑘) and normally (0, 𝜎𝑒
2) distributed.

260
  

 

SAS PROC Mixed assumes Gaussian (normal) data distribution and compound symmetry for 

each subject’s covariance matrix. We utilized the EMPIRICAL option in SAS to ultimately yield 

more consistent and more robust estimates of the covariance matrix in the presence of potential 

heteroscedasticity.
261,262

   

 

Prior to examining the treatment effects, we checked if the outcome and safety measures in 

pretests 1 and 2 were a function of treatment carryover and period using the PROC MIXED 

procedure with period and treatment as fixed-effects and subject as the random effect. Ideally, 

pretest measures should not show significant treatment carryover and period effects. Carryover 

occurs when the treatment effect from a previous period persists into a subsequent period of 

treatment delivery thereby confounding the treatment effects. A training effect is also considered 

as carryover.
263

 We also screened for unequal treatment carryover and treatment-by-period 

interactions using SAS PROC MIXED with treatment, period, and treatment sequence as fixed-

effects. The F-test for treatment sequence tested for both carryover and treatment-by-period 

interaction. A treatment-by-period interaction may arise when the differences between treatments 

measured at one period are not present when measured at a different period or when the treatment 

effects of one treatment are significant at a specific period.
260

   

 

Each linear model was fit to the data using the method of restricted maximum likelihood 

(REML). Appendix S shows the SAS code for the above statistical procedures. We addressed 

multiple comparisons using the false discovery rate (FDR) that controls the proportion of false 
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positive tests amongst those rejected.
264

 However, due to the pilot-nature of this study, we 

presented unadjusted p-values with  = 0.05 in the Results section. FDR-adjusted p-values are 

provided in Appendix T. 

 

As part of a sub-analysis, we examined test-retest reliability of corticospinal excitability measures 

and RMT for pretests 1 and 2 during the first period (week 1) using SPSS Version 20.0 (IBM 

Corp., Armonk, NY) to calculate two-way, fixed ICCs (ICC(3,k)).
265

 We used the SAS PROC 

UNIVARIATE procedure to assess normality for baseline RMT, corticospinal excitability, and 

affected hand Box and Block measures. If a violation of normality occurred, a log transformation 

of the variable was attempted and normality was reassessed. If the transformation did not achieve 

normality, an ICC was computed for the non-transformed variable. ICC values equal to or greater 

than 0.75 were classified as showing good reliability and those below 0.75 were classified as 

showing moderate to poor reliability.
266
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4 Results 

4.1 Subjects 

4.1.1 Recruitment & Demographics 

Figure 14 summarizes all recruitment sources and the percentage of subjects generated from each 

source. The majority of recruitment occurred from our laboratory’s stroke study database 

followed by therapist/nurse/physician referral from Twin Cities-area hospitals and clinics. 

 

 

 

Figure 14. Recruitment Sources 

 

Over the course of two years, 17 subjects enrolled in the study with 11 subjects (3 females, mean 

age ± standard deviation (SD) = 66 ± 9.4 years, range: 48-84 years, mean time since stroke = 57.4 

± 52.0 months, range: 12-159 months) participating in the study. Of these 11 subjects, 10 subjects 

completed the study and 1 subject dropped out secondary to medical issues (described in further 

detail below) Figure 15 depicts the study recruitment process. Table 2 and Table 3 display subject 

demographics and screening results respectively. None of the subjects were unblinded to their 

treatment order during participation. 

 

  

Other: 
referral 

from 
friend, 
media 

outlets, 
18% 

Study 
Flyer, 

9% 

Physical 
Therapist 
Referral, 

27% 

Stroke 
Database, 

46% 
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Figure 15. Consolidated Standards of Reporting Trials (CONSORT) Diagram 

 
Potential Subjects 

Contacted  

(n=68) 

Pursued Medical 

Records (n=19) 

Total Invited for Onsite Screen 

(n=17) 

No response/Lack of Interest (n=22) 
Time Commitment issue (n= 4) 
Interested, no follow-up after 3 attempts 

(n=2) 
Distance (n=3) 
Excluded by phone screen alone (n=17) 
 Incompatible Diagnosis (n=4) 
 Not compatible with MRI/TMS (n=7) 
 Language and Cognition (n=1) 
 No paretic hand movement (n=5) 
  

Rejected (n=2)  
 Past Seizure History/Risk (n=1) 
 Multiple Infarcts (n=1) 
  

Rejected After Enrollment (n=6) 
 No Ipsilesional Motor Evoked  
 Potential (MEP) (n=6) 
  

Total Screened Onsite (n=17) 

Rejected Prior to Enrollment (n=0) 

  

Enrolled (n=17) 

Order of Treatments 

Randomized (n=11) 

Unreturned 

Hospital Release 

Form (n=1) 
  

Treatment Order: 

M01: BCA 

M02: CAB 

M03: ABC 

M04: BAC 

M08: BAC 

M10: CBA 

M11: ACB 

M13: ACB 

M14: CBA 

M15: CAB 

M17: ABC 

  

Completed 

(n=10) 

A: active 6-Hz priming + 

active 1-Hz rTMS 
  
B: active 1-Hz priming + 

active 1-Hz rTMS 
  
C: sham 6-Hz priming + 

active 1-Hz rTMS 

Dropped Out 
(n=1) 

Brain tumors identified. 

Subject had history of stage 4 

melanoma cancer prior to 

study enrollment and 

participation. 
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Table 2. Subject Demographics 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CA caudate, CR corona radiata, C/S cortical/subcortical, DWM diffuse white matter, F female, H hemorrhagic, I ischemic, L left, M male, m 

months, MCA middle cerebral artery distribution, PFL posterior frontal lobe, PL parietal lobe, PLEC posterior limb of external capsule, R 

right, S subcortical, T thalamus, VM ventral medulla, y years 

 

 

 

 

 

 

 

 

 

Subject Sex 
Age 

(y) 

Time 

Since 

Stroke 

(m) 

Stroke 

Hemisphere 
Involvement Type Location 

Affected 

Side 

Prior 

Handedness 

M01 M 64 118 L C/S I MCA R R 

M02 M 84 106 L C/S I MCA R R 

M03 F 71 29 L S I PFL DWM R R 

M04 M 72 20 L C/S I CR, PL R R 

M08 M 48 16 L S H T R R 

M10 F 60 13 L S I VM R R 

M11 F 59 95 R C I FL L R 

M13 M 63 12 R S H T L R 

M14 M 67 34 L C/S I CA, FL, PL, T R R 

M15 M 74 29 R C/S I PFL, PLEC L R 

M17 M 64 159 L S I Pons R R 
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Table 3. Subject Screening Results 

Subject 
Treatment 

Sequence 
MMSE 

NIHSS 

 Pre 

NIHSS 

Post 
BDI-II UEFM EHI (%) 

M01 BCA 24 4 3 3 52 88.9 

M02 CAB 25 5 7 10 32 -29.4 

M03 ABC 28 3 3 14 46 -63.6 

M04 BAC 30 1 NA 3 64 100.0 

M08 BAC 30 3 3 1 58 -33.3 

M10 CBA 30 3 2 6 30 -66.7 

M11 ACB 28 3 3 32 64 66.7 

M13 ACB 29 10 7 24 12 100.0 

M14 CBA 18 3 3 6 44 -40.0 

M15 CAB 30 2 2 3 54 66.7 

M17 ABC 29 3 NA 11 51 -82.0 

 

BDI-II Beck Depression Inventory Second Edition,
251 

EHI Edinburgh Handedness Inventory,
253 

MMSE Mini-Mental State Examination,
252

  

NA not available, NIHSS National Institutes of Health Stroke Scale,
254

 Pre pretest, Post posttest, UEFM Upper Extremity Fugl-Meyer;
250

  

Negative EHI values indicate left upper- extremity preference 
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4.2 Primary Outcome Measures 

Please note, treatment A refers to active 6-Hz primed low-frequency rTMS, treatment B refers to 

active 1-Hz primed low-frequency rTMS, and treatment C refers to sham 6-Hz primed low-

frequency rTMS. 

4.2.1 Contralesional to Ipsilesional Interhemispheric Inhibition 

4.2.1.1 IHI: MEP Amplitude (IHIAMP) 

A significant within-treatment difference from baseline indicating a decrease in contralesional to 

ipsilesional IHIAMP occurred at posttest 1 for treatment C (Least Squares Mean (LSM) ± Standard 

Error (SE) = 0.290 ± 0.123, t= 2.35, p= 0.032, Figure 16). Analysis of treatment effects revealed a 

significant carryover effect at posttest 1 (F(2,14)= 18.57, p= 0.0001). As previously discussed, 

significant carryover effect indicated that the treatment effects from one treatment period 

persisted beyond the 1-week washout period and into the ensuing treatment period.   

4.2.1.2 IHI: MEP AUC (IHIAUC) 

Treatment C produced a significant within-treatment decrease in contralesional to ipsilesional 

IHIAUC at posttest 1 (0.334 ± 0.097, t= 3.45, p= 0.003, Figure 17). The following between-

treatment differences were also found: Treatment C decreased contralesional to ipsilesional 

IHIAUC to a greater degree than treatment B at posttest 1 (B – C = -0.343 ± 0.113, t= -3.030, p= 

0.008) and Treatment A decreased contralesional to ipsilesional IHIAUC to a greater degree than 

treatment B at posttest 2 (A – B = 0.092 ± 0.037, t= 2.51, p= 0.024). Analysis of treatment effects 

showed a significant carryover effect at posttest 1 (F(2,14)= 18.57, p= 0.017). 
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Figure 16. Contra-to-Ipsilesional Interhemispheric Inhibition: MEP Amplitude. Contralesional to 

Ipsilesional Interhemispheric Inhibition (red arrow): tested with conditioning pulse to contralesional 

M1 followed 10 ms later by test pulse to ipsilesional M1. Values are least squares means ± standard 

errors. Positive values indicate reduced contralesional to ipsilesional IHI from baseline. Open shapes 

represent significant within-treatment differences from baseline (p < 0.05). AMP= amplitude, Ipsi= 

ipsilesional, M1= primary motor cortex, MEP= motor-evoked potential, PP= paired-pulse, SP= 

single-pulse 

 

 

Figure 17. Contra-to-Ipsilesional Interhemispheric Inhibition: MEP AUC. Contralesional to 

Ipsilesional Interhemispheric Inhibition (red arrow): tested with conditioning pulse to contralesional 

M1 followed 10 ms later by test pulse to ipsilesional M1. Values are least squares means ± standard 

errors. Positive values indicate reduced contralesional to ipsilesional IHI from baseline. Open shapes 

represent significant within-treatment difference from baseline (p < 0.05). * denotes a significant 

between-treatment difference for A vs. B (p < 0.05). ‡ represents a significant between-treatment 

difference for B vs. C (p < 0.01). AUC= area under the curve, Ipsi= ipsilesional, M1= primary motor 

cortex, MEP= motor-evoked potential, PP= paired-pulse, SP= single-pulse 
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4.2.2 Ipsilesional to Contralesional Interhemispheric Inhibition 

4.2.2.1 IHI: MEP Amplitude (IHIAMP) 

No significant within-treatment differences from baseline occurred following administration of 

treatments A, B, and C (Figure 18). There was a trend of a greater increase in ipsilesional to 

contralesional IHIAMP from baseline from treatment A compared to C on posttest 2 (A – C =          

-0.154 ± 0.075, t= -2.05, p= 0.058). Compared to treatment C on posttest 3, treatment A 

increased ipsilesional to contralesional IHIAMP to a significantly lesser degree (A – C = 0.208 ± 

0.090, t= 2.32, p= 0.035, Figure 18). 

4.2.2.2 IHI: MEP AUC (IHIAUC) 

No significant within-treatment differences from baseline occurred after administration of 

treatments A, B, and C (Figure 19). Treatment A produced a significantly greater increase in 

ipsilesional to contralesional IHIAUC compared to treatment C at posttest 2 (A – C = -0.144 ± 

0.142, t= -2.180, p= 0.045, Figure 19). Treatment C yielded a significantly greater increase in 

ipsilesional to contralesional IHIAUC compared to treatment A at posttest 3 (A – C = 0.263 ± 

0.101, t= 2.59, p= 0.021, Figure 19). Analysis of treatment effects revealed significant treatment 

by period interactions at posttest 2 (F(4,12)= 9.80, p= 0.001) and posttest 3 (F(4,12)= 4.34, p= 0.021). 

 

 

Figure 18. Ipsi-to-Contralesional Interhemispheric Inhibition: MEP Amplitude. Ipsilesional to 

Contralesional Interhemispheric Inhibition (red arrow): tested with conditioning pulse to ipsilesional 

M1 followed 10 ms later by test pulse to contralesional M1. Values are least squares means ± 

standard errors. Negative values indicate increased ipsilesional to contralesional IHI from baseline. † 

denotes a significant between-treatment difference for A vs. C (p < 0.05). AMP= amplitude, Contra= 
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contralesional, M1= primary motor cortex, MEP= motor-evoked potential, PP= paired-pulse, SP= 

single-pulse 

 

 

Figure 19. Ipsi-to-Contralesional Interhemispheric Inhibition: MEP AUC. Ipsilesional to 

Contralesional Interhemispheric Inhibition (red arrow): tested with conditioning pulse to ipsilesional 

M1 followed 10 ms later by test pulse to contralesional M1. Values are least squares means ± 

standard errors. Negative values indicate increased ipsilesional to contralesional IHI from baseline. 

Values are least squares means ± standard errors. † denotes significant between-treatment 

differences for A vs. C (p < 0.05). AUC= area under the curve, Contra= contralesional, M1= primary 

motor cortex, MEP= motor-evoked potential, PP= paired- pulse, SP= single-pulse 

 

4.2.3 Short-Interval Intracortical Inhibition (SICI) 

4.2.3.1 SICI: MEP Amplitude (SICIAMP) 

Treatment A produced a significant decrease in SICIAMP relative to baseline at posttest 1 (0.151 ± 

0.062, t= 2.45, p= 0.027, Figure 20). There was a trend towards treatment A yielding greater 

decreases in SICIAMP  compared to treatments B (A – B = 0.209 ± 0.099, t= 2.10, p= 0.053) and C 

(A – C = 0.144 ± 0.073, t= 1.97, p= 0.068) on posttest 1. 

4.2.3.2 SICI: MEP Amplitude (SICIAUC) 

Treatment A produced a significant decrease in SICI at posttest 1 (0.156 ± 0.062, t= 2.51, p= 

0.024, Figure 21). Compared to treatment C, treatment A produced a significantly greater 

decrease in SICIAUC from baseline on posttest 1 (A – C = 0.175 ± 0.057, t= 3.06, p= 0.008, Figure 

21). There was a trend towards treatment A producing greater increases in SICIAUC  from baseline 
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compared to treatment B (A – B = 0.193 ± 0.100, t= 1.93, p= 0.073).  Analysis of treatment 

effects showed a significant treatment by period interaction on posttest 1 (F(4,12)= 4.11,  p= 0.025). 

 

 

Figure 20. Short-Interval Intracortical Inhibition: MEP Amplitude. Short-Interval Intracortical 

Inhibition (SICI) tested with conditioning pulse to ipsilesional M1 followed 3 ms later by test pulse 

ipsilesional M1. Values are least squares means ± standard errors. Positive values indicate reduced 

SICI from baseline. Open shapes represent significant within-treatment differences from baseline (p 

< 0.05). AMP= amplitude, Ipsi= ipsilesional, M1= primary motor cortex, MEP= motor-evoked 

potential, PP= paired-pulse, SP= single-pulse 

 

 

 

Figure 21. Short-Interval Intracortical Inhibition: MEP AUC. Short-Interval Intracortical Inhibition 

(SICI) tested with conditioning pulse to ipsilesional M1 followed 3 ms later by test pulse ipsilesional 

M1. Values are least squares means ± standard errors. Positive values indicate reduced SICI from 

baseline. Open shapes represent significant within-treatment differences from baseline (p < 0.05). † 
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represents a significant between-treatment difference for A vs. C (p < 0.01). AUC= area under the 

curve, Ipsi= ipsilesional, M1= primary motor cortex, MEP= motor-evoked potential, PP= paired-

pulse, SP= single-pulse  

 

4.2.4 Intracortical Facilitation (ICF) 

4.2.4.1 ICF: MEP Amplitude (ICFAMP) 

There were no significant within- and between-treatment effects observed for ICFAMP (Figure 22). 

A significant period effect for baselines (F(2,48)= 5.61, p= 0.006) occurred at week 5 (0.476 ± 

0.222, t= 2.15, p= 0.037). 

4.2.4.2 ICF: MEP Amplitude (ICFAUC) 

There were no significant within- and between-treatment effects observed for ICFAUC (Figure 23). 

A significant period effect for baselines F(2,48)= 4.19, p= 0.021) occurred at week 5 (0.551 ± 

0.278, t= 1.98, p= 0.05). 

 

 

Figure 22. Intracortical Facilitation: MEP Amplitude. Intracortical Facilitation (ICF) tested with 

conditioning pulse to ipsilesional M1 followed 15 ms later by test pulse ipsilesional M1. Values are 

least squares means ± standard errors. Positive values indicate increased ICF from baseline. AMP= 

amplitude, Ipsi= ipsilesional, M1= primary motor cortex, MEP= motor-evoked potential, PP= 

paired-pulse, SP= single-pulse 
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Figure 23. Intracortical Facilitation: MEP AUC. Intracortical Facilitation (ICF) tested with 

conditioning pulse to ipsilesional M1 followed 15 ms later by test pulse ipsilesional M1. Values are 

least squares means ± standard errors. Positive values indicate increased ICF from baseline. AUC= 

area under the curve, Ipsi= ipsilesional, M1= primary motor cortex, MEP= motor-evoked potential, 

PP= paired-pulse, SP= single-pulse 

 

4.2.5 Cortical Silent Period (CSP) 

Treatment A demonstrated a significant within-treatment difference from baseline on posttest 3 

(-32.809 ± 13.569 ms, t= -2.42, p= 0.030, Figure 24). Treatment A also produced significantly 

greater decreases in CSP duration from baseline in comparison to treatment B on posttest 2 (A – 

B = -31.590 ± 13.565 ms, t= -2.330, p= 0.035) and on posttest 3 (A – B = -46.181 ± 17.516 ms, 

t= -2.64, p= 0.020). Significant between-treatment differences were also found between treatment 

A and C on posttest 3 (A – C = -35.967 ± 12.492 ms, t= -2.88, p= 0.012). 
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Figure 24. Cortical Silent Period. Cortical Silent Period (CSP) tested with suprathreshold test pulse 

to ipsilesional primary motor cortex during first dorsal interosseous muscle contraction from the 

affected hand. Values are least squares means ± standard errors. Negative values indicate decreased 

CSP duration from baseline. Open shapes denote significant within-treatment differences from 

baseline (p < 0.05). * represents significant between-treatment differences for A vs. B (p < 0.05). † 

denotes a significant between-treatment difference for A vs. C (p < 0.05). 

 

4.3 Secondary Outcome Measure 

4.3.1  Box and Block: Affected Hand 

Subjects demonstrated a significant increase in Box and Block performance from baseline 

following treatment A at posttests 2 (1.83 ± 0.849 blocks, t= 2.15, p= 0.047, Figure 25) and 3 

(2.47 ± 0.908 blocks, t= 2.73, p= 0.015) and following treatment B at posttest 3 (3.16 ± 1.10 

blocks, t= 2.86, p= 0.011, Figure 25). Assessment of baselines revealed significant treatment 

carryover (F(3,46)= 3.27, p= 0.029) following treatment A (5.52 ± 2.19, t= 2.52, p= 0.015) and a 

significant period main effect (F(2,48)= 9.76, p= 0.003) at week 3. Analysis of treatment effects 

found a significant carryover effect for posttest 1 (F(2,14)= 8.53, p= 0.004) and a significant 

treatment by period interaction for posttest 3 (F(4, 12)= 4.45, p= 0.020). 
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Figure 25. Box and Block: Affected Hand. Values are least squares means ± standard errors plotted 

for differences from baseline in the number of blocks transferred by subjects using their affected 

hand. Open shapes represent significant within-treatment differences from baseline (p < 0.05). 

 

4.4 Safety 

4.4.1 Subject Reports & Adverse Events 

All subjects tolerated the interventions. With the exception of one subject, subjects’ reports of 

adverse events were classified as Grade 1 (mild) and Grade 2 (moderate) using the Common 

Terminology Criteria for Adverse Events (CTCAE). Adverse events included the following: 

fatigue, muscle stiffness and soreness, headache, neck pain, difficulty concentrating, temporary 

numbness/tingling in the upper extremity during TMS testing relieved with additional elbow 

padding provided by the tester, itchiness, transient dizziness, acid taste in mouth, and tooth pain 

that resulted in a tooth removal that the subject reported as “ongoing” prior to study enrollment. 

Subject M17 dropped out of the study secondary to the presence of brain tumors identified by his 

oncologist that required immediate hospitalization and surgery (Grade 4 adverse event rating 

encompassing life-threatening consequences and/or urgent intervention indicated). M17 received 

one of the three rTMS treatments prior to dropping out of the study. The oncologist reported that 

the tumors were probably unrelated to the brain stimulation and the occurrence was consistent 

with the subject’s past medical history of stage 4 melanoma cancer. Of the 30 adverse events 

reported, 12 occurred during the week of treatment A (active 6-Hz priming + active 1-Hz low-

frequency rTMS) administration or during the subsequent washout week, 9 adverse events 
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occurred during the week of treatment B (active 1-Hz priming + active 1-Hz low-frequency 

rTMS) administration or during the subsequent washout, and 9 adverse events occurred during 

the week of treatment C (sham 6-Hz priming + active 1-Hz low-frequency rTMS) administration 

or during the subsequent washout week. 

4.4.2 Box and Block: Less Affected Hand  

Appendix U contains a complete listing of all statistical results for safety and primary and 

secondary outcome measures. Subjects did not demonstrate a decrement in Box and Block 

performance with their less affected hand ( 

Figure 26). Significant within-treatment differences from baseline for treatment A occurred on 

posttest 1 (3.584 ± 0.579, t= 6.190, p< 0.0001), posttest 2 (3.759 ± 0.584, t= 6.44, p< 0.0001), 

and posttest 3 (4.261 ± 0.669, t= 6.37, p< 0.0001). Significant within-treatment effects for 

treatment B were occurred on posttest 1 (2.099 ± 0.499, t= 4.20, p= 0.001) and posttest 3 (4.413 

± 0.819, t= 5.39, p< 0.0001). Significant within-treatment effects for treatment C occurred on 

posttest 1 (2.453 ± 0.846, t= 2.90, p= 0.011), posttest 2 (2.827 ± 1.196, t= 2.36, p= 0.031), and 

posttest 3 (3.401 ± 1.292, t= 2.63, p= 0.018). Analysis of baselines revealed significant treatment 

carryover (F(3,46)= 4.75, p= 0.006) following treatment A (7.33 ± 2.17, t= 3.38, p= 0.001), 

treatment B (5.07 ± 1.67, t= 3.04, p= 0.004), and treatment C (4.10 ± 1.61, t= 2.55, p= 0.014). 

There was also a significant period main effect for baselines (F(2,48)= 15.89, p< 0.0001) at week 3 

(5.75 ± 1.06, t= 5.43, p< 0.0001) and week 5 (6.47 ± 1.43, t= 4.51, p< 0.0001). Analysis of 

treatment effects depicted a significant treatment by period interaction at posttest 3 (F(4,12)= 4.75, 

p= 0.016). 
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Figure 26. Box and Block: Less Affected Hand. Values listed are least squares means ± standard 

errors plotted for Box and Block score difference from baseline. Open shapes represent significant 

within-treatment difference from baseline (p < 0.05). 

 

4.4.3 Digit Span Test 

Subjects did not demonstrate significant Digit Span performance differences from baseline 

(Figure 27). When comparing differences between treatments, there was a significant difference 

between treatments B and C (B – C = -1.084 ± 0.484, t= -2.24, p= 0.041) on posttest 2, indicating 

that treatment C produced a greater difference (in the direction of improvement) from baseline 

than treatment B.  
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Figure 27. Digit Span Test. Values listed are least squares means ± standard errors plotted for Digit 

Span score difference from baseline. Positive values represent improved performance from baseline. 

‡ denotes significant between-treatment difference for B vs. C (p < 0.05). 

 

4.5 Correcting for Multiple Comparisons 

We addressed multiple comparisons by implementing the false discovery rate (FDR) procedure. 

Adjusted p-values are presented in Appendix S. Previously significant treatment effects, with the 

exception of Box and Block findings, did not retain significance. 

 

4.6 Reliability of Outcome Measures  

All outcome measures, except for ICFAMP, ICFAUC, and RMT, demonstrated normal distribution at 

pretests 1 and 2. Following log transformations, ICFAMP and RMT showed normal distribution 

(Appendix V). Violation of normality persisted following a log transformation of ICFAUC. Box 

and Block, log transformed RMT, CSP, and log transformed ICFAMP, and ICFAUC showed good 

test-retest reliability (ICC ≥ 0.75).  Contralesional to ipsilesional IHIAMP and IHIAUC and SICIAMP 

and SICIAUC demonstrated moderate to poor test-retest reliability (ICC < 0.75). Table 4 

summarizes the reliability results for all outcome measures and RMT. SPSS output is listed in 

Appendix W. 
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Table 4. Corticospinal Excitability Measurement Reliability 

Measure ICC 95% CI F Test, p-value SEM 

Contralesional to Ipsilesional IHIAMP -0.024* -2.807, 0.724 F(10,10)= 0.976, p= 0.515 0.318 

Contralesional to Ipsilesional IHIAUC 0.458 -1.016, 0.854 F(10,10)= 1.844, p= 0.174 0.277 

Ipsilesional to Contralesional IHIAMP 0.014 -2.667, 0.735 F(10,10)= 1.014, p= 0.492 0.290 

Ipsilesional to Contralesional IHIAUC 0.136 -2.210, 0.768 F(10,10)= 1.158, p= 0.411 0.300 

log(ICFAMP) 0.743 0.044, 0.931 F(10,10)= 3.887, p= 0.022 0.417 

ICFAUC 0.884 0.570, 0.969 F(10,10)=  8.650, p= 0.001 0.523 

SICIAMP -0.187* -3.413, 0.681 F(10,10)= 0.842, p= 0.604 0.247 

SICIAUC 0.173 -2.074, 0.777 F(10,10)= 1.209, p= 0.385 0.249 

CSP 0.927 0.677, 0.984 F(8,8)= 13.735, p= 0.001 27.14 ms 

log(RMT) 0.994 0.979, 0.998 F(10,10)= 179.209, p< 0.001 < 0.0001 

Box and Block: Affected Hand 0.990 0.964, 0.997 F(10,10)= 102.639, p< 0.001 2.88 blocks 

 

AMP amplitude, AUC area under the curve, CI confidence interval, CSP cortical silent period, ICC intraclass correlation coefficient, ICF intracortical 

facilitation, IHI interhemispheric inhibition, ms milliseconds, RMT resting motor threshold, SEM standard error of measurement, SICI short-interval 

intracortical inhibition *Negative ICCs are theoretically not possible and likely reflect a lack of between-subject variability
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4.7 Descriptive Analysis 

4.7.1 IHIAMP Imbalance & Improvement With Priming 

Five of the 11 enrolled subjects (M01, M03, M04, M13, and M15) that participated in the study 

showed an IHIAMP imbalance depicting greater inhibition in the contralesional to ipsilesional M1 

direction than the reverse direction at week 1(Figure 28). Figure 29 shows individual and group 

IHIAMP. Additional individual and group averages for week 1 baseline SICIAMP, ICFAMP, and CSP 

measures are included in Appendix X.  

 

 

Figure 28. Baseline Interhemispheric Inhibition At Week 1: MEP Amplitude. Panel A shows 

individual interhemispheric inhibition (IHI) measurements. Panel B displays group IHI averages 

with standard error bars. Values greater than 1 are indicative of cortical facilitation. Values < 1 are 

indicative of cortical inhibition. AMP= amplitude, MEP= motor-evoked potential PP= paired-pulse, 

SP= single-pulse 

 

 

Figure 29. Baseline Interhemispheric Inhibition At Week 1: MEP AUC. Panel A shows individual 

interhemispheric inhibition (IHI) measurements. Panel B shows group IHI averages with standard 

error bars. Values greater than 1 are indicative of cortical facilitation; whereas, values < 1 are 

indicative of cortical inhibition. AUC= area under the curve, MEP= motor-evoked potential PP= 

paired-pulse, SP= single-pulse 
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Amongst these five subjects showing IHIAMP imbalances, Fugl-Meyer scores ranged from 12 to 

64 out of a possible 66 points (Table 3). Two subjects (M03, M13) had purely subcortical stroke 

involvement and the remaining subjects (M01, M04, M15) had cortical/subcortical stroke 

involvement. One subject (M13) had hemorrhagic stroke. Following the administration of active 

6-Hz primed low-frequency rTMS, 3 of these 5 subjects (M03, M04, M13) exhibited 

improvement in IHIAMP balance with a decrease in contralesional to ipsilesional IHIAMP and/or an 

increase in ipsilesional to contralesional IHIAMP at posttests 1, 2, and 3. Subject M15 did not 

display any improvement in contralesional to ipsilesional IHI following active 6-Hz primed low-

frequency rTMS, but did show an improvement in ipsilesional to contralesional IHIAMP at posttest 

2. Subject M01 did not demonstrate any improvement in IHIAMP in either direction following 

active 6-Hz priming. 

 

Similar examination of IHIAUC revealed imbalances subjects M01, M13, and M15. Consequently, 

all three subjects demonstrated modifications in IHIAUC following active 6-Hz priming. Subject 

M01 showed a decrease in contralesional to ipsilesional IHIAUC and an increase in ipsilesional to 

contralesional IHIAUC on posttests 1, 2, and 3. Subject M13 demonstrated a decrease in 

contralesional to ipsilesional IHIAUC on posttest 2 and an increase in ipsilesional to contralesional 

IHIAUC on posttests 2 and 3. Subject M15 showed a decrease in contralesional to ipsilesional 

IHIAUC on posttests 2 and 3. 

4.7.2 Overall Priming Responders 

In line with our hypotheses, we expected to observe changes in corticospinal excitability 

following all three types of primed rTMS since all of the rTMS interventions consisted of active 

1-Hz conditioning. However, we hypothesized that treatment A (active 6-Hz priming + active 1-

Hz low-frequency rTMS) would generate more potent changes in corticospinal excitability in 

comparison to treatment B (active 1-Hz priming + active 1-Hz low-frequency rTMS) and 

treatment C (sham 6-Hz priming + active 1-Hz low-frequency rTMS).  In an effort to 

descriptively categorize active 6-Hz priming responders from non-responders, we examined each 

subject’s corticospinal excitability responses following treatments A, B and C. We defined 

priming responders as those subjects showing hypothesized change in at least 3 of the 5 

corticospinal excitability measures. Based on the above-described examination procedure, we 

classified subjects M08, M10, M13, M15, and M17 as priming responders. This subset of 

participants was fairly heterogeneous with respect to age, stroke type, time since stroke, stroke 
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hemisphere, and affected hand function (Table 2 and Table 3). All subjects had subcortical stroke 

involvement. Appendix Y contains spaghetti plots of individual day-to-day primary and 

secondary outcome measures and safety measures. 
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5 Discussion  

This study examined three types of primed low-frequency rTMS in adults with chronic stroke: 

active 6-Hz primed active 1-Hz rTMS, active 1-Hz primed active 1-Hz rTMS, and sham 6-Hz 

primed active 1-Hz rTMS delivered to contralesional M1. The theorized benefit of priming is 

based on the BCM theory that proposed a sliding threshold model of LTP and LTD induction to 

ensure stability of synaptic plasticity in the system. Indeed, subsequent work in animals and 

healthy adults demonstrated that prior activity (i.e. priming) influenced subsequent 

plasticity.
35,38,39,41,54,138,267

 Enhancing the potency of suppressive low-frequency and facilitatory 

high-frequency rTMS with priming may have important implications in stroke rehabilitation since 

unprimed applications of low and high-frequency rTMS produced significant changes in cortical 

excitability and motor function.
18,47,60,238,246

 Two studies have examined the use of priming 

stimulation in stroke and found significant changes in contralesional motor map area and motor 

function following multiple sessions of 1-Hz rTMS priming to contralesional M1 followed by 

intermittent (facilitatory) theta-burst stimulation to ipsilesional M1.
249,268

 To date, our study was 

the first to examine the role of active high- and low-frequency primed low-frequency rTMS 

exclusively in contralesional M1 utilizing a repeated measures crossover design in adults with 

chronic stroke. A discussion of major findings with respect to our study aims, past and current 

literature, and study limitations follow.    

 

5.1 Summary of major findings 

 

Specific Aim #1: Compare the effects of active 6-Hz primed vs. active 1-Hz primed and sham 6-

Hz primed active 1-Hz rTMS on corticospinal excitability change in chronic stroke 

 

H1. Active 6-Hz primed 1-Hz rTMS will yield significantly greater reductions in 

interhemispheric inhibition in the contralesional to ipsilesional direction from baseline 

than active 1-Hz primed and sham 6-Hz primed 1-Hz rTMS.  

 

Our results did not show a significant within-treatment difference in contralesional to ipsilesional 

IHIAMP from baseline with the exception of treatment C at posttest 1. However, there was a 

significant carryover effect at posttest 1 that negated this treatment effect at posttest 1.  Restated, 

the significant treatment effect may not be a true significant effect based on the concurrent 
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significant carryover effect. Between-treatment comparisons for differences in contralesional to 

ipsilesional IHIAMP were not significant. 

 

For contralesional to ipsilesional IHIAUC, we observed a significant carryover effect at posttest 1 

that, again, took precedence over the within-treatment effect for treatment C at posttest 1. 

Between-treatment comparisons showed significantly greater decreases in contralesional to 

ipsilesional IHIAUC from treatment C compared to treatment B at posttest 1 and in treatment A 

compared to treatment B at posttest 2. We recommend caution when interpreting the significant 

between-treatment comparison at posttest 1 because of the significant carryover effect discussed 

above. Therefore, we conclude that treatment A produced a significantly greater difference in 

contralesional to ipsilesional IHIAUC, consistent with a decrease in contralesional to ipsilesional 

inhibition, from baseline compared to B at posttest 2. 

 

H2. Active 6-Hz primed 1-Hz rTMS will yield significantly greater increases in 

interhemispheric inhibition in the ipsilesional to contralesional direction from baseline 

than active 1-Hz primed and sham 6-Hz primed 1-Hz rTMS.  

 

For ipsilesional to contralesional IHIAMP, none of the treatments produced significant within-

treatment differences in IHI from baseline. We observed a trend towards a greater increase in  

ipsilesional to contralesional IHIAMP  following treatment A compared to C at posttest 2. We 

found a significant between-treatment difference on posttest 3 for treatments A and C with 

treatment A producing a greater difference in ipsilesional to contralesional IHI from baseline 

compared to treatment C. Contrary to what we hypothesized, the direction of this difference was 

consistent with a decrease in ipsilesional to contralesional IHIAMP. 

 

We found a similar between-treatment difference for treatment A and C on posttest 3 when 

examining ipsilesional to contralesional IHIAUC. In addition, there was a significant between-

treatment difference at posttest 2 for treatments A and C that indicated a significantly greater 

increase in ipsilesional to contralesional IHIAUC from baseline for treatment A compared to 

treatment C. Interestingly, this significant between-treatment difference contrasted the significant 

between-treatment difference for treatments A and C at posttest 3. The significant treatment by 

period interactions at posttests 2 and 3 likely accounted for the opposing between-treatment 
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findings occurring at posttest 2 and 3. Therefore, we cannot conclude true between-treatment 

effects occurring at posttests 2 and 3 between treatments A and C. 

 

Conclusive Statement For Hypotheses 1 & 2: Active 6-Hz primed active 1-Hz rTMS resulted 

in a greater decrease in contralesional to ipsilesional IHIAUC at posttest 2 compared to active 1-Hz 

primed but not sham 6-Hz primed active 1-Hz rTMS. Active 6-Hz primed active 1-Hz rTMS did 

not produce in a greater increase in ipsilesional to contralesional IHIAMP and IHIAUC difference 

from baseline compared to active 1-Hz primed and sham 6-Hz primed active 1-Hz rTMS. 

 

H3.  Active 6-Hz primed 1-Hz rTMS will yield significantly greater decreases in ipsilesional 

short-interval intracortical inhibition (SICI) from baseline than active 1-Hz primed and 

sham 6-Hz primed 1-Hz rTMS. 

 

We observed significant within-treatment differences from baseline for treatment A at posttest 1 

indicating decreases in SICIAMP and SICIAUC. A significant between-treatment difference occurred 

at posttest 1 for treatments A and C with treatment A producing a greater decrease in SICIAUC 

compared to treatment C. We also observed trends of greater decreases in SICIAMP following 

treatment A relative to treatments B and C on posttest 1. Because of the significant treatment by 

period interaction at posttest 1, however, we dismissed the within- and between-treatment effects 

for SICIAUC. 

 

H4. Active 6-Hz primed 1-Hz rTMS will yield significantly greater increases in ipsilesional 

intracortical facilitation (ICF) from baseline than active 1-Hz primed and sham 6-Hz 

primed 1-Hz rTMS.  

 

We did not observe any significant within- and between-treatment effects for differences in 

ICFAMP and ICFAUC following treatments A, B, and C. 

 

Conclusive Statement For Hypotheses 3 & 4: Active 6-Hz primed active 1-Hz rTMS did not 

result in a greater decrease in SICIAMP and SICIAUC than active 1-Hz primed and sham 6-Hz 

primed active 1-Hz rTMS. Active 6-Hz primed active 1-Hz rTMS did not result in a greater 

increase in ICFAMP and ICFAUC compared to active 1-Hz primed and sham 6-Hz primed active 1-

Hz rTMS. 
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H5. Active 6-Hz primed 1-Hz rTMS will yield significantly greater reductions in the cortical 

silent period (CSP) duration from baseline than active 1-Hz primed and sham 6-Hz 

primed 1-Hz rTMS.  

 

At posttest 3, treatment A produced a significant treatment difference from baseline in the 

direction of a decrease in CSP duration. Treatment A also showed greater decreases in CSP from 

baseline at posttest 2 compared to treatment B and at posttest 3 compared to treatments B and C. 

 

Conclusive Statement For Hypothesis 5: Active 6-Hz primed active 1-Hz rTMS resulted in a 

greater decrease in CSP duration from baseline than active 1-Hz primed and sham 6-Hz primed 

active 1-Hz rTMS. 

5.1.1 Considerations For Aim #1 

In contrast to Iyer et al.’s comparison of active vs. sham 6-Hz primed low-frequency rTMS in 

healthy adults that demonstrated a clear potentiation of cortical suppression with active 6-Hz 

priming,
41

 the utility of priming in stroke is not nearly as straightforward. Based on our findings, 

the efficacy of priming is dependent on the measure of corticospinal excitability in addition to 

several other influential factors addressed below. 

5.1.1.1 Inter-Individual Variability To Non-Invasive Brain Stimulation 

Inter-individual variability in responsiveness to non-invasive brain stimulation exists in both 

healthy individuals
269-272

 and in those with stroke.
25,237,273

 Factors such as age,
140

 genetics,
67

 and 

anatomy
274

 likely contribute to this variability. Stroke-related sources of variability in individual 

response to non-invasive brain stimulation include stroke type and cortical/subcortical 

involvement (reviewed by Hsu et al., 2012),
52

 preservation of neural substrate,
273

 and functional 

impairment.
25

  

 

In a crossover study involving healthy individuals receiving facilitatory iTBS, anodal tDCS, and 

PAS, investigators found that less than half of the total sample (n= 56) responded as expected to 

each protocol; whereas, only 12.5% of subjects responded as expected to all three stimulation 

protocols.
270

 Similarly, in a sample of 52 healthy individuals receiving inhibitory and facilitatory 

forms of TBS, 25% of individuals demonstrated the expected response while just less than 50% 

responded as expected to at least one of the stimulation protocols.
272

 Such variability poses 
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considerable difficulty when attempting to formulate stimulation protocols and/or ascertain the 

efficacy of brain stimulation interventions. Related to our study, the possibility exists that not all 

subjects responded as predicted to either the priming stimulation and/or the low-frequency 

stimulation components of our treatments. Therefore, active 6-Hz excitatory priming may not 

have been efficacious in potentiating subsequent low-frequency rTMS. Likewise, with the 

intention of suppressing the contralesional hemisphere, it is likely that the application of low-

frequency rTMS may not have elicited this intended response in all subjects. Yet, it is important 

to note that 9 of our 11 subjects, regardless of stroke type, cortical/subcortical involvement, 

functional status, and time since stroke, responded favorably to active 6-Hz primed active 1-Hz 

rTMS based on individual observations of IHI, SICI, ICF, and CSP differences from baseline. 

5.1.1.2 Potential Inter-Individual Variability In Homeostatic Responses to Priming 

Stimulation 

Certain individuals may not demonstrate homeostatic responses following priming and 

conditioning stimulation protocols. Previous research has shown diminished experience-

dependent plasticity
275

 and response to TBS and PAS
67

 from individuals having the BDNF 

Val66Met polymorphism. This same single nucleotide polymorphism may also influence 

homeostatic plasticity. Following a stimulation protocol consisting of 10 minutes of priming with 

suppressive cathodal tDCS and then 15 minutes of 1-Hz rTMS to M1 of the dominant 

hemisphere, Cheeran et al. (2008) found that subjects without the polymorphism demonstrated an 

increase in MEP amplitude consistent with facilitation (i.e. a homeostatic reversal of after-

effects).
67

 Subjects with the polymorphism, instead, showed continued suppression of MEP 

amplitudes (i.e. a non-homeostatic response). Yet, later research has not found a similar influence 

of the BDNF polymorphism on homeostatic responses to noninvasive brain stimulation;
152

 thus, 

prompting further investigation. 

5.1.1.3 IHI Imbalance Is Not A Generalized Phenomenon In Chronic Stroke 

Collectively, subjects did not demonstrate an imbalance in IHI at the time of study enrollment 

(Figure 28 and Figure 29). As our finding suggests, IHI imbalance is not a generalized pattern 

of neural reorganization in chronic stroke. In fact, Di Pino et al. (2014) deduced that the 

interhemispheric competition model is overly simplified and does not pertain to all survivors of 

stroke.
276

 Furthermore, Di Pino et al. proposed that the over-reliance of this model by 

investigators has been detrimental in many studies examining the efficacy of brain stimulation in 

stroke. Yet, while the IHI model may not fully address the complexities of brain reorganization 
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post stroke, there are several important protocol-related factors that may account for the lack of 

IHI imbalance observed amongst our study sample. 

 

First, our study examined short-interval IHI (SIHI) by separating the conditioning and test pulses 

by 10 ms, a frequently used mode of IHI and interstimulus interval (ISI) in the 

literature.
6,16,80,83,90,184,206,277

 Long-interval IHI (LIHI) also exists with increasing 

ISIs.
6,80,184,199,206,277

 Kirton et al. (2010) examined both SIHI and LIHI in ten children with 

congenital hemiparesis and found significant imbalances in LIHI and not SIHI.
80

 Thus, asserting 

that an imbalance of IHI does not exist in our subjects based only on SIHI findings may be an 

inaccurate conclusion. 

 

Second, the degree of IHI may differ between resting and active conditions. We tested IHI with 

subjects at rest; yet, IHI measurements taken at rest may not fully convey competitive inhibition 

occurring between the contralesional and ipsilesional hemispheres. In healthy individuals, IHI 

targeting the hemisphere controlling hand movement decreased to become facilitatory at 

movement onset.
16

 In subjects with stroke, a similar decrease in contralesional to ipsilesional IHI 

occurred just prior to affected hand movement, but the decrease in IHI did not become facilitatory 

at the onset of movement.
16,83

 IHI discrepancies between hemispheres may therefore be most 

abundant in active, task-related conditions and may explain the lack of IHI imbalance amongst 

our subjects. 

 

A lack of IHI imbalance amongst our subjects along with the likelihood of individual differences 

in responsiveness to rTMS poses important implications in the incorporation of non-invasive 

brain stimulation into the clinic. Clinicians must customize rTMS treatments to the individual as 

they do with medication prescription and surgical procedures. Stinear et al. (2012) constructed an 

upper-limb recovery algorithm that featured neurological imaging, functional testing, and TMS 

measures to assist in determining patient prognosis.
278

 Compilations of similar clinical measures 

with the addition of genetic screening for BDNF polymorphisms, for example, will guide the 

clinical decision-making process for not only identifying rTMS candidates or positive responders 

but also tailoring stimulation protocols to maximize efficacy for the individual. 
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5.1.1.4 Different Neurotransmitter Systems Underlie Different Corticospinal Excitability 

Measures 

We chose our primary outcome measures based on the assertion that these measures reflect 

varying cellular-molecular systems underlying corticospinal excitability.
182,195,202,203

 Though it is 

beyond the scope of this research study to postulate specific cellular-molecular contributions or 

pathways associated with priming and related homeostatic plasticity and metaplasticity, we can 

surmise that priming likely has a differential influence across glutamateric and gabaergic systems 

since we did not observe universal improvements across our corticospinal excitability measures 

following priming. For instance, we found both within and between-treatment effects for 6-Hz 

priming in the GABAB-mediated CSP measure compared to no treatment effects whatsoever for 

the glutamatergic-mediated ICF measure. Importantly, we found CSP and ICF to be reliable 

measures of cortical excitability (Table 4) that further support our above-described notion. Thus, 

in addition to different cellular-molecular systems potentially hindering a collective priming 

response across our measures, a lack of reliability in several of our outcome measures may have 

also been a factor of nonsignificant treatment effects. 

5.1.1.5 Reliability of Corticospinal Excitability Measures 

Considering the high variability found in TMS measures across healthy individuals,
167,199,269,279

 

examination of test-retest reliability of these measures including bilateral and unilateral paired-

pulse measurements is crucial. However, the literature investigating TMS measurement reliability 

in healthy populations is sparse
181,280-282

 and even moreso in stroke.  Previous investigations of 

TMS measure reliability in chronic stroke have shown high reliability in RMT and CSP 

measures,
283,284

 consistent with our findings of good reliability in CSP and log-transformed RMT. 

MEP amplitude measured from the ipsilesional hemisphere, however, demonstrated poor 

reliability
284

 and high between-trial variability
285

 and may explain why our SICI and IHI outcome 

measures were not reliable. In fact, our ICC values for contralesional to ipsilesional IHIAMP and 

SICIAMP deviated from the theoretical ICC limits of 0 to 1.00 and were therefore invalid.
286

 

Negative ICC values may represent a lack of between-subject variability, a necessary component 

of reliability testing (Table 4). It is important to note, however, that these poor reliability findings 

do not affect the validity of our significant treatment-effect results. Moreover, our findings are 

consistent with a previous study by De Gennaro et al. (2003) that found low test-retest 

correlations of IHI in healthy individuals.
287
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Experimental error during IHI testing likely contributed to the high within-subject variability and, 

consequently, poor test-retest reliability. As previously discussed in the Methods section, IHI 

testing involved two 50 mm figure-of-eight coils. The motor hotspots and subsequent motor 

thresholds were found using one coil at a time with the coil positioned at a 45-degree 

posterolateral position to the mid-sagittal line. Despite the smaller coil size designed specifically 

for bilateral paired-pulse use, the coils overlapped on several occasions when they were 

positioned over their respective motor hotspots. The overlap resulted a deviation in coil 

orientation from the mid-sagittal line and likely affected the depth and strength of the electric 

field induced,
288

 the current direction,
289

 and ultimately, the motor thresholds and resultant MEPs.  

 

Neuronavigated TMS systems may alleviate some of the variability in MEP amplitude and motor 

hotspot location associated with inconsistent coil orientation and tilt
158,280,290

 that could translate 

to more robust electrophysiological and behavioral outcome measures.
156

 Though, others have 

found no improvement in MEP variability and/or differences in motor thresholds between 

neuronavigated and conventional TMS.
158,291

 Incorporating neuronavigation in our experimental 

protocol might improve the overall reliability of our cortical excitability measures, but it does not 

address the issue of coil overlap nor the innate and dynamic physiological factors that contribute 

to within-subject variability. 

 

Specific Aim #2: Compare the effects of active 6-Hz primed vs. active 1-Hz primed and sham 6-

Hz primed active 1-Hz rTMS on behavioral change in chronic stroke 

 

H6. Active 6-Hz primed 1-Hz rTMS will yield significantly greater improvements on the Box 

and Block test from baseline than active 1-Hz primed and sham 6-Hz primed 1-Hz rTMS. 

 

We observed significant differences in Box and Block performance from baseline at posttest 2 for 

treatment A and at posttest 3 for treatments A and B. However, significant baseline carryover 

following treatment A and period main effects along with significant treatment carryover at 

posttest 1 and treatment by period interaction at posttest 3 negate these treatment effects. There 

were no significant between-treatment differences in Box and Block performance. 
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Conclusive Statement For Hypothesis 6: Active 6-Hz primed active 1-Hz rTMS did not result 

in significantly greater improvements on the Box and Block test than active 1-Hz primed and 

sham 6-Hz primed active 1-Hz rTMS. 

5.1.2 Considerations For Aim #2 

5.1.2.1 A Training Effect 

Since subjects completed the Box and Block test at every visit, great difficulty emerged in 

discerning whether or not the improvements were true treatment effects or from training. Based 

on the significant carryover and period main effects and treatment by period interaction, the gains 

in Box and Block performance were likely a training effect. The significant baseline carryover for 

treatment A, specifically, might reflect an imbalance in treatment sequences order as treatment A 

was applied as either the first or second treatment in the sequence moreso than treatments B and 

C. Furthermore, the significant treatment by period interaction might reflect an imbalance in the 

amount of carryover between treatments. It is important to note that the improvements observed 

following treatments A and B did not surpass the minimal detectable difference value of 5.5 

blocks and the standard error of measurement previously published (3.77 blocks).
259

 Therefore, 

even if there were no significant carryover and period main effects and treatment by period 

interaction, the treatment effects would not be considered a true improvement from baseline. 

 

5.2 Null Hypotheses Decisions 

 

H1o. Active 6-Hz primed 1-Hz rTMS will not yield significantly greater reductions in       

interhemispheric inhibition (IHI) in the contralesional to ipsilesional direction from 

baseline than active 1-Hz primed and sham 6-Hz primed 1-Hz rTMS. ‘Partially’ Fail to 

reject, Active 6-Hz priming produced significantly greater decreases in contralesional 

to ipsilesional IHIAUC  compared to active 1-Hz priming at posttest 2. 

 

H2o. Active 6-Hz primed 1-Hz rTMS will not yield significantly greater increases in 

interhemispheric inhibition in the ipsilesional to contralesional direction from baseline   

than active 1-Hz primed and sham 6-Hz primed 1-Hz rTMS. Fail to reject 
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H3o. Active 6-Hz primed 1-Hz rTMS will not yield significantly greater decreases in    

       ipsilesional short-interval intracortical inhibition (SICI) from baseline than active 1-Hz 

primed and sham 6-Hz primed 1-Hz rTMS. Fail to reject 

 

H4o. Active 6-Hz primed 1-Hz rTMS will not yield significantly greater increases in 

ipsilesional intracortical facilitation (ICF) from baseline than active 1-Hz primed and 

sham 6-Hz primed 1-Hz rTMS. Fail to reject 

 

H5o. Active 6-Hz primed 1-Hz rTMS will not yield significantly greater reductions in the 

cortical silent period (CSP) duration from baseline than active 1-Hz primed and sham 6-

Hz primed 1-Hz rTMS. Reject 

 

H6o. Active 6-Hz primed 1-Hz rTMS will not result in greater improvements on the Box and 

Block test from baseline than active 1-Hz primed and sham 6-Hz primed 1-Hz rTMS. 

Fail to reject 

 

5.3 Additional Study Considerations & Limitations  

5.3.1 Safety 

Lastly, based on subject self-reports, Box and Block performance from the less affected hand 

(Figure 26) Digit Span performance (Figure 27), and physician NIHSS screen (Table 3) we 

conclude that treatments A, B, and C were safe and tolerable. 

5.3.2 Sample Size & Variability 

Because this was the first study to directly compare active 6-Hz vs. active 1-Hz vs. sham 6-Hz 

primed active 1-Hz rTMS to the contralesional hemisphere in persons with stroke, unknown 

effect sizes for our cortical excitability measures hindered a formal power analysis to determine 

an adequate sample size. We chose an N of 12 based on several factors: the pilot-nature of our 

study, feasibility within a 2-year timeframe, and the number of possible treatment sequences (i.e. 

ABC, CAB, BCA, etc.). In a crossover study, there should be an equal number of subjects 

assigned to each treatment sequence. Previous crossover studies comparing active and sham 

rTMS
61,232

 or examining combinations of interventions consisting of active and sham rTMS and 
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motor training
292

 also had an N that was a multiple of the total number of treatment sequences. 

With three priming treatments equating to six potential treatment sequences, we concluded that 

two subjects randomized to each treatment sequence would be realistic to obtain in two years. 

Unfortunately, because we did not acquire our intended N, there was an imbalance of treatment 

sequences. 

 

An advantage of a crossover study design is that each subject serves as his/her own control 

thereby minimizing the error variance. However, our mixed-effects linear model did not 

completely negate the effects of variability from our heterogeneous sample. The model initially 

calculated individual differences from baseline for each posttest before determining the group 

average of baseline differences for each posttest. As discussed above, inter-individual variability 

in rTMS responses exists in the literature and, in our case, likely affected the overall group 

difference from baseline as individual baseline differences vary. A single-subject design may 

remedy this issue, but the computations involved in a single-subject design do not sufficiently 

address carryover or treatment by period interactions that confound treatment effects.  

 

A limitation of our study was a lack of power. Conservative procedures that control the family-

wise error rate (i.e. Bonferroni correction) would have further reduced power in exchange for 

protection against Type 1 error. Instead, we addressed multiple comparisons using the false 

discovery rate (FDR), a less stringent procedure.
264

 Appendix T lists the FDR-adjusted p-values. 

We chose to report the raw p-values in our Results section based on reasoning by Pocock
293

 who 

speculated that correction of multiple comparisons in an exploratory study might suppress 

significant findings and moreover halt additional larger-scale follow-up studies and advancements 

in the field. Based on our results, for future studies utilizing a similar crossover design examining 

within-treatment effects with power= 80% and α = 0.05, the following sample sizes are required 

depending upon the corticospinal excitability measure: contralesional to ipsilesional IHIAMP  (N= 

52), ipsilesional to contralesional IHIAMP and SICIAMP (N= 144), and ICFAMP (N= 81).  

5.3.3 Treatment Parameters 

Previous research has shown behavioral and/or corticospinal excitability modulation following a 

single session of low-frequency rTMS to contralesional M1.
46,60,61,246

 Subjects in our study 

received one treatment session per week over the 5-week course. All three treatments included 

active 1-Hz rTMS conditioning with varying priming stimulation approaches. Thus, it is possible 
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that one treatment of each type of primed low-frequency rTMS was inadequate with regards to 

not only eliciting significant differences from baseline but also for the eliciting effects at a 

sufficient magnitude for between-treatment comparisons.  If one treatment session was, indeed, 

adequate enough for modulating corticospinal excitability, the duration of these after-effects was 

unknown. Hence, another factor to consider are the timing of posttests.  In our study, posttests 

occurred immediately after the treatment and then approximately 24 and 48 hours post treatment. 

Perhaps these after-effects peaked a few hours (> 24 hours) following treatment, and the spacing 

of our posttests may have failed to capture the full extent of corticospinal excitability modulation.  

 

A multitude of stimulation parameters encompassing stimulation frequency, intensity, and 

duration in addition to the pattern and number of pulses per stimulation train may influence the 

initiation and/or extent of individual homeostatic plasticity responses. Our stimulation parameters 

were probably not optimum for all of our subjects. Still, higher stimulation intensities and longer 

stimulation durations, do not equate to greater differences in corticospinal modulation. Gamboa et 

al. (2010) observed a reversal in the direction excitability when they doubled the stimulation 

duration in healthy individuals from three minutes to six minutes.
212

    

 

Finally, our treatment target, contralesional M1, may not have been the optimal treatment target 

for all subjects in our study. The functional connections between M1 and other sensorimotor-

related regions provide a broad spectrum of potential targets for priming and/or conditioning 

stimulation. Indeed, several studies have demonstrated neuroplastic change in M1 following prior 

priming stimulation delivered to somatosensory,
134

 supplementary,
135

 and premotor
136

 cortices 

along with the cerebellum.
137

 Combining rTMS with electroencephalography (EEG) may also 

heighten the efficacy of priming/conditioning stimulation protocols by shifting the emphasis from 

patches of cortex to specific neural circuits. For instance, Wu et al. (2014) were able to predict 

motor skill acquisition in healthy individuals from resting state cortical connectivity using 

EEG.
294

 Investigators found that greater motor skill acquisition correlated with higher coherence 

(i.e. connectivity) between M1 and parietal cortices and lower coherence of M1 and premotor 

cortices.
294

 Based on these findings, using rTMS to prime and condition motor circuits (e.g. M1 

and parietal, M1 and premotor) to either enhance or disrupt cortical circuit connectivity may 

potentiate motor learning outcomes. 
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5.3.4 Identifying Priming Responders 

A strength and limitation of our study was treatment order randomization. In terms of our 

crossover study design, the randomization of treatment administration (e.g. BAC, CAB, ABC, 

etc.) was a necessary component to ensure that significant treatment effects were not due simply 

to treatment order. Yet, the randomization of treatment order posed difficulty with regards to 

identifying active 6-Hz priming responders from non-responders. For instance, subject M01 

demonstrated an imbalance in IHIAMP favoring greater contralesional to ipsilesional IHIAMP at 

week 1 (contralesional to ipsilesional IHI PP/SP MEPAMP ratio, ipsilesional to contralesional IHI 

PP/SP MEPAMP ratio= 0.58, 1.04) and week 3 (0.59, 0.68), but displayed more balanced IHIAMP at 

week 5 (0.78, 0.74). Consequently, subject M01’s treatment order was BCA, and the subject 

showed changes in IHIAMP in both directions as hypothesized during weeks 1 and 3 but no change 

in IHIAMP as hypothesized during week 5 during treatment A administration. Initially, one may 

conclude that subject M01 did not respond to active 6-Hz priming; however, this deduction may 

not be entirely accurate given the different amounts of IHIAMP displayed at baseline during weeks 

1, 3, and 5. For M01 at week 5, the presence of a ceiling-like effect may have influenced the 

amount of potential change for contralesional to ipsilesional IHIAMP. Hence, individual priming 

responder status was difficult to ascertain secondary to treatment order randomization. 

 

5.4 Future Research 

5.4.1 Alternative modes of priming  

In a metaplasticity protocol, the priming event does not directly alter synaptic transmission. 

Rather, the priming modifies the capability of synapses to enact future mechanisms of plasticity 

during a subsequent conditioning protocol.
36

 This study utilized non-invasive brain stimulation to 

prime the brain for an ensuing bout of conditioning rTMS; however, alternative modes of priming 

exist encompassing pharmacology and physical and cognitive training.
295-297

 For instance, Stinear 

et al. (2008) designed an active-passive bilateral therapy device that enables coinciding passive 

wrist flexion and extension movement during active wrist movements on the opposite side.
295

 

Stinear and colleagues observed significant increases in ipsilesional M1 excitability, ipsilesional 

to contralesional IHI, and contralesional M1 SICI in subjects with chronic stroke that completed a 

10-15 minute bout of active-passive bilateral therapy prior to an upper extremity motor training 

task compared to control subjects that only completed a motor training task.
295

 Active-passive 
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bilateral therapy, a movement-based priming approach, could be readily incorporated in a 

rehabilitation regimen. 

5.4.2 Efficacy of priming in the developing brain 

Previous studies examining rTMS-use in pediatric stroke confirmed the safety and efficacy of 

rTMS-use in children with congenital hemiparesis from stroke.
59,80,233

 Importantly, Kirton et al. 

(2010) found elevated contralesional to ipsilesional LIHI in children with congenital stroke and 

later observed increased ipsilesional to contralesional LIHI following the application of 

suppressive rTMS to contralesional M1.
80

 Additionally, Gillick et al. (2014) verified the safety of 

serial treatments of active 6-Hz primed active 1-Hz rTMS to contralesional M1 in children with 

stroke.
59

 Based on these findings, a plausible next step would entail a similar comparison of 

primed low-frequency rTMS treatments to contralesional M1. 

 

5.5 Conclusion 

The objective of this study was to compare changes in brain excitability and affected hand 

function following three different rTMS treatments (active 6-Hz primed active 1-Hz rTMS, active 

1-Hz primed active 1-Hz rTMS, and sham 6-Hz primed active 1-Hz rTMS) to ascertain whether 

potential gains from priming stimulation translate to the stroke brain. We hypothesized that active 

6-Hz priming would produce greater differences in corticospinal excitability (i.e. decreased 

contralesional M1 excitability and increased ipsilesional M1 excitability) and greater 

improvements in Box and Block performance from baseline than active 1-Hz and sham 6-Hz 

priming. Indeed, active 6-Hz priming produced greater differences in CSP duration from baseline 

than active 1-Hz and sham 6-Hz priming. Several factors strengthen the validity of these 

significant between-treatment findings including a lack of baseline and treatment carryover and 

no treatment by period effects at posttests 1, 2, and 3. Moreover, we found the CSP measure to be 

highly reliable (ICC3,k= 0.927). Active 6-Hz priming did not produce significantly greater 

differences in IHI, SICI, and ICF from baseline compared to active 1-Hz and sham 6-Hz priming 

with the exception of contralesional to ipsilesional IHIAUC compared to active 1-Hz at posttest 2. 

Similarly, active 6-Hz priming did not result in significantly greater differences in Box and Block 

scores from baseline compared to active 1-Hz and sham 6-Hz priming.  
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We proposed several potential factors beyond the limitations of our study design and small 

sample size: inter-individual variability in homeostatic responses to priming and/or rTMS, 

different cellular-molecular systems underlying each corticospinal excitability measure that 

priming may differentially affect, poor test-retest reliability of IHI and SICI, heterogeneity in 

stroke presentation amongst subjects, training effects (Box and Block test), and a lack of IHI 

imbalance observed amongst our subjects at baseline week 1. From our descriptive analysis, we 

found no apparent trends amongst subjects that responded to active 6-Hz priming as active 6-Hz 

priming responders included individuals with varying stroke types and involvement. 

Differentiation of priming responders from nonresponders will require several additional 

measures: fMRI to assess laterality, diffusion tensor imaging to quantify corticospinal tract 

preservation, and EEG to evaluate neural connectivity, etc.  

 

Importantly, our study also showed within-treatment differences from baseline in corticospinal 

excitability and affected hand motor performance in subjects with a post-stroke duration ranging 

from 1-13 years; thus, providing evidence that individuals with chronic stroke maintain some 

degree of neuroplastic capability.  

 

We conclude that the utility of priming in stroke is not as straightforward as it appears in healthy 

individuals
41

 as it is likely dependent on the measure of corticospinal excitability. However, our 

significant findings support the notion of ‘synaptic wisdom’ in the stroke brain that involves the 

deployment of certain homeostatic and/or metaplastic processes that ensure the preservation of 

synaptic function amidst excessive LTP and LTD. Our findings should not deter but rather 

prompt additional investigation in order to enhance existing and future rTMS protocols and to 

ultimately solidify the use of rTMS in the rehabilitation clinic.  
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7 Appendices 

Appendix A. Phone Screen 

Initial Phone Screen 

 
Subject Name: __________________  Initials: _____ID#: ____ Investigator: ______ 

Phone screen Date: __________  Referral Source: __________________________    

Time Commitment: _______ 

 

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 
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o Yes o No  Insulin or infusion pump 

o Yes o No   Implanted drug infusion device 

o Yes o No   Bone growth/fusion stimulator 

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  Does the subject wear a brace? 

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. 
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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. Study Consent Form 

 

Consent to Participate in a Research Study 

Adult Hemiparetic Subjects 
 

6-Hz Primed vs. Unprimed Low-Frequency rTMS in Chronic Stroke 

 

 

 Principal Investigator:  Dr. James Carey, PhD, PT 

              University of Minnesota 

              Phone: 612-626-2746 

 

We are seeking your consent to participate in a research study. We are asking adults (≥ 

18 years of age) to take part in our study if they have weakness on one side of the body 

resulting from a stroke. Research participation is voluntary. We recommend that you take 

your time when making the decision and discuss the matter with family and friends. 

 

This form provides a summary of the information that researchers will review with you. 

We will provide you a copy of this form if you participate in this research study. Please 

ask questions while reading this form. It is important that you understand the study and 

your role in the study before agreeing to take part in the study. 

 

Introduction 

This study is being conducted by James Carey, PhD, PT, in the Program in Physical 

Therapy at the University of Minnesota, Dr. Linda E. Krach, MD, in the Department of 

Physical Medicine and Rehabilitation, Dr. David Anderson, MD, in the Department of 

Neurology, and PhD student, Jessica Cassidy, DPT. A total of twelve subjects will be 

enrolled into this study.  

 

Purpose 

When a certain area of the brain is injured, like in stroke, several events occur. One side 

of the body may be weak. This weakness is called hemiparesis, and it may create 

difficulty in performing tasks like writing, eating, and walking. The two sides of your 

brain communicate back and forth with one another. After the injury, the injured side of 

the brain becomes less active and the non-injured side of the brain becomes much more 

active. In fact, the non-injured side of the brain often overpowers the injured side from 

working normally. We will use transcranial magnetic stimulation (TMS) to study the 

level of activity in the injured and non-injured sides of your brain. TMS is a way to 

stimulate the brain without surgery. We will use a special magnetic wand that we will 

place on your head in a specific spot. Repetitive transcranial magnetic stimulation 

(rTMS) is a type of TMS. It is often used as treatment tool because of its longer-lasting 

effects than TMS. For simplicity, we will just use the term TMS.  TMS is an 

experimental procedure.  The basic way how it works is that the machine creates a 
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magnetic effect, which goes through bone and creates an electrical current inside the 

head.  This current may change brain activity that could improve hand function but we 

are not sure yet and that is why we are doing the study.  We will use TMS to decrease the 

activity in the non-injured side of the brain in order to help the injured side of the brain 

become more active. In this research study, we will apply TMS to your non-injured side 

and measure the amount of activity in your injured and non-injured sides before and after 

the TMS treatment. There are three different types of TMS treatment. You will receive all 

three types of TMS treatment. Treatments will be separated by a one-week break. The 

purpose of this study is to find out if one treatment works best at quieting the non-injured 

side of the brain to allow the injured side to work better. We also want to examine 

whether or not performance of your weak hand improves following these treatments.  

  

Study Duration 

You will be enrolled in this study for five weeks. Visits will take place Monday through 

Friday (15 visits total) for approximately two to three hours per visit (total of 30-40 

hours). Each week consists of two pretest sessions, one treatment session, and three 

posttest sessions. After each week of visits, you will take a one-week break before 

returning to the University of Minnesota to complete another week of five visits. In total, 

you will complete 15 visits with a one-week break separating visits #5 and #6 and 

separating visits #10 and #11. Total study participation timeframe is five weeks.  

 

The study doctor may decide to take you off this study. If so, the reasons would be 

explained to you. For example, the study doctors may decide that it would be in your best 

interest to discontinue study participation. Another reason may be that you are not able to 

make all of the study visits.  

 

You can decide to stop taking part in this study at any time.  

 

Procedures 

We are not allowed to enroll pregnant or females currently breast-feeding in this study, so 

we need to give a pregnancy test for those of childbearing potential participating in the 

study. We need to do this because pregnant females and unborn children need extra 

protection for their safety. 

 

In addition to the above conditions, there may be other reasons that prevent you from 

participating in this study. We hope you understand that we are looking for persons with 

specific problems that are not taking certain types of medicine. For this reason, there will 

be many interested individuals that will not be able to take part in the study. The 

investigator will complete a ten-minute phone screen with you. The screen can quickly 

help us determine if you have any of the above conditions that would make you ineligible 

to participate. You may also ask questions to the investigator at this time.  

 

If you are eligible to participate and would like to participate, you will come to a research 

clinic at the University of Minnesota for all visits. Before you travel to the University of 

Minnesota, the investigators and study doctor will first review your medical record (with 
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your permission and signature on some additional permission forms) to make sure that 

you have had a brain injury consistent with stroke. If your medical records do not provide 

enough description about your brain injury, we would then ask you to come to the 

University for an MRI so that we can collect pictures of your brain to see and confirm the 

injury.  

 

The following is a description of each of the visits starting from Monday to Friday. Each 

visit will last approximately two to three hours. On Wednesday, you will also receive a 

TMS treatment in addition to TMS testing, and these visits will last closer to three hours. 

 

Monday: Pretest Day #1 

 The investigators will measure your blood pressure, weight, and heart rate. 

 You will complete some tests that measure your mood and mental function. 

 The doctor will examine you. They will look at your muscle strength, range of 

motion, balance, dexterity, and walking ability. 

 You will undergo transcranial magnetic stimulation (TMS) testing to measure 

how well your brain sends signals to your muscles. The TMS machine consists of 

a stimulation wand that the investigator will position on your head. The TMS 

machine will deliver a painless pulse that makes a clicking noise. The pulse feels 

like a tap on the head. 

o You will sit in a reclining chair. Investigators will attach stickers, known 

as electrodes, to your hand and arm to measure your muscle movement 

during rest. 

o Investigators will measure and mark particular areas on your scalp with a 

marker. 

o If the texture or length of your hair makes it difficult for investigators to 

make small markings on your scalp, you will wear a Lycra swim cap. 

Investigators will measure and mark particular areas on the swim cap 

using a marker. 

o You will wear earplugs throughout testing to lessen the noise made by the 

TMS machine. 

o The investigator will hold the wand at different places on your head. The 

wand will give one pulse every ten seconds. Investigators will try to find 

the area of the brain on the injured side that makes your fingers in your 

weak hand move. Investigators will also determine the lowest level of 

stimulation from the TMS machine that will activate this part of your 

brain. 

o Investigators will repeat these steps to find the area and stimulation level 

on your non-injured brain side that activates movement in the finger 

muscles on the strong hand side. 

 Investigators will use the spot on your brain that they determined from the above 

steps to perform three different TMS tests to measure activity in your injured and 

non-injured brain sides. 
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 You will complete the Box and Block test. During this test, you will use your 

weak hand to pick up blocks and move them from one compartment to another. 

You will perform the same test using your strong hand. 

 When every test is complete, you are free to go. 

 

 

Tuesday: Pretest Day #2 

You will complete the same activities as in pretest day #1. However, there will be no 

physician examination. At the end of this day, we will ask you some questions about how 

you felt after the previous testing day. After the interview, you are free to leave. 

 

 

Wednesday: Treatment & Posttest #1 

Wednesdays are the longest days of the study because you will receive a TMS treatment 

and complete the posttest all in one visit.  TMS posttest procedures are the same as 

described above. 

You will receive all three types of TMS treatment. You, the study doctor, and the 

investigator performing the TMS testing will not know the ORDER of TMS treatments 

that you receive. We will tell you what order of treatments you received at the end of the 

study. Each subject will receive a total of three TMS treatments. The three types of TMS 

treatment are described below. 

 

1) Real High-Frequency Priming +  Low-Frequency TMS 

This type of TMS treatment begins with a ten minutes of fast stimulation pulses 

followed by ten minutes of slow stimulation pulses. 

 

2) Sham (Fake) Priming + Low-Frequency TMS 
This type of TMS treatment begins with ten minutes of sham or “fake” fast 

stimulation pulses followed by ten minutes of slow stimulation pulses. We will 

use a special machine to deliver the sham stimulation pulses. This machine looks, 

sounds and produces identical sensations that the “real” machine makes; however, 

this machine does not give a magnetic stimulation pulse. We use the special 

machine to prevent you from finding out what type of TMS treatment you are 

receiving.  

 

3) Real Low-Frequency Priming + Low-Frequency TMS 

This type of TMS treatment consists of ten minutes of slow stimulation pulses 

followed by an additional ten minutes of slow stimulation pulses. 

 

TMS Treatment Visit 

Treatments will occur on the 3
rd

 day (Wednesday) of the 1
st
, 2

nd
, and 3

rd
 study weeks.  

 Investigators will measure your blood pressure, weight, and heart rate. 

 Investigators will again make small marks on your scalp using a marker. If 

necessary, you will wear a swim cap for markings. 
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 You will wear earplugs and EMG electrodes attached to your arms and 

legs to monitor muscle activity during rest. The EMG electrodes are for 

monitoring hand and arm muscle activity on the side of the body opposite 

to the side of the brain being stimulated. If abnormal activity is recognized 

on the EMG screen and you cannot stop that activity when we ask, we will 

stop the treatment because it may indicate that a seizure might occur. We 

will also visually observe other muscles for twitching and your overall 

alertness for early signs of a possible seizure. 

 You will sit in a reclined chair while the investigators determine the area 

on your non-injured brain side that controls movement in your finger 

muscles in your strong hand. Investigators will use the TMS wand and 

deliver one pulse every ten seconds to find this spot along with the lowest 

stimulation level that activates this area on your brain. 

 The researcher will apply either real or fake fast stimulation pulses or real 

slow stimulation pulses to the spot for ten minutes. Investigators will then 

apply slow stimulation pulses to the spot for ten minutes. All treatments 

last 20 minutes.   

 After treatment, the investigator will ask you which type of treatment you 

think you received (i.e. real vs. fake priming) 

 Following TMS treatment, you will complete TMS posttest #1. 

 

 

Thursday: Posttest Day #2  

You will complete similar items as described under pretest Day #2. 

 

Friday: Posttest Day #3 

You will complete similar items as described under pretest Day #2. 

 

Two 1-week breaks separate the first and second set of five visits and the second and 

third set of five visits. We believe that a one-week period in between visit sets is 

necessary in order for the brain to return to its level of activity that it demonstrated before 

the first TMS treatment. The second and third sets of five visits include all activities 

mentioned in the above descriptions of the first visit set. However, there is one change. 

Physician testing will reoccur on the very last visit of study participation (Friday). A 

physician visit will not occur during the second week of visits. 

 

Please see Figure 1. below for an illustration of the study schedule described above. 
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Follow-up Phone Call 

We will contact you to ask you how you are doing. We may also ask you some additional 

questions. If you would like to know the order of TMS treatments that you received, we 

can tell at this time. 

 

Risks of Study Participation 

 

Likely Risks for TMS testing and TMS Treatment  (30-40%) 

 

 Headache 

The TMS testing, TMS treatment, and/or the swim cap that you wear 

during the visits may cause a mild headache. If this happens, please inform 

the study investigators and/or doctors. We will offer acetaminophen for 

treatment of this pain if it occurs. 

 

 

Unlikely Risks for TMS testing and TMS Treatment (< 5%) 

  

Seizure 

 People with brain injury may have a higher risk of seizure from TMS 

testing and TMS treatment. TMS testing will occur on both sides of the 

brain, including the injured side, which increases the risk for seizure. If 

seizure does occur, study doctors and nurses trained in seizure 

management will be available to treat you immediately. All the testing and 

treatment will occur in the Clinical Translational Science Institute, where 

there is ready access to life-support equipment including oxygen, suction, 

blood pressure monitoring, CPR equipment, and antiepileptic drugs.   

  

 Fainting 

 The TMS testing or TMS treatment may cause fainting possibly associated 

with jerking movements of the limbs (i.e. convulsive syncope).  We will 

measure your blood pressure at the start of each visit. To avoid fainting, 

we will encourage to eat a full meal and drink extra decaffeinated fluids 

before study visits. You will also sit in a reclining chair. If you feel faint 
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or lightheaded, we will stop the testing/treatment and lay you on a flat, 

comfortable surface. Once you feel better, you may return home.  

 

 Hearing Impairment 

 The TMS testing and TMS treatments make a clicking sound, which could 

cause permanent hearing loss without protective measures. To prevent 

this, you will wear earplugs during TMS testing and TMS treatments. 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 report or if an 

investigator observes that an earplug has loosened or has fallen out and we 

will resume TMS once the earplug has been re-secured. 

 

Temporary numbness or twitching of the face 

 The TMS may cause temporary numbness or twitching of the face for up 

to one hour.  The investigators will watch your face closely for any signs 

of twitching.  We will ask you to let us know right away if you have any 

changes in your face, like sensation, during the stimulation.  If this occurs, 

we will stop the stimulation immediately. 

 

Temporary mania or intense mood 

 Past studies reported mood swings in patients being treated with TMS for 

bipolar disorder, post-traumatic stress disorder, and depression. Symptoms 

varied across patients and included feelings of joy, sensitivity to criticism, 

anger, restlessness, elevated confidence, high-flying ideas, and reduced 

sleeping. The duration of these symptoms lasted for hours up to five days. 

 

Temporary thinking problems 

 Past studies reported difficulty in concentrating in patients receiving TMS 

for bipolar disorder, post-traumatic stress disorder, and depression. 

Symptoms lasted for hours up to five days. 

 

Temporary difficulty with movement or motor control impairment 

 Possible movement problems include a tingly feeling, stiffness, or 

twitching of muscles in the arm that may last minutes to hours. 

 

Temporary neck pain 

 Stiffness or a dull ache in the neck may last for minutes to hours. 

 

Temporary visual changes 

 One study reported on two cases of people who had impaired vision before 

beginning TMS to the left dorsolateral prefrontal cortex (DLPFC) for 

major depression. One case involved a temporary worsening of her near 

and distance vision after TMS, whereas the other case involved a 

temporary improvement in her visual field.  We will minimize the risk of 
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any visual changes in our study by applying TMS to a different region of 

the brain that is not directly connected to the visual system like the 

DLPFC is. 

  

Rare Risks for TMS (< 1%) 

  

Dental pain 

One person receiving TMS treatment for depression experienced pain in 

the teeth of the left upper jaw. The pain stopped after the treatment. 

 

 

Risks with MRI 

 

There are several risks of having an MRI test. These risks are listed below, and they are 

considered unlikely. 

 Mild nausea 

 Dizziness 

 Headaches 

 Metallic taste 

 Claustrophobia (feeling afraid or anxious of being in a small space) 

 Hearing disturbance 

 

Most people feel better without treatment once they leave the MRI machine. You will be 

able to communicate with the study team by headphones and a speaker system during the 

test. If you feel afraid or uncomfortable, you can squeeze a safety ball to let us know to 

stop the test and take you out of the machine right away.  The long-term effects of MRI 

are not known. If we find any information that may be medically important to you, we 

will tell you. 

 

Risks with Pregnancy 

The effect of TMS on the unborn fetus is not known and participating females should not 

be pregnant. Women of child-bearing potential will have pregnancy tests at the start of 

each visit.  If you become pregnant, you may no longer participate in this study.  

 

Other risks 

The effects of TMS on thinking, memory, and mood in subjects with stroke are not 

known. The effects of TMS on hormones are also unknown.  The long-term effects of 

TMS are unknown. As with any treatment, there may be unanticipated side effects. It is 

important to talk to the research doctor if you wish to stop participating in the study so 

that you may stop the study safely.  Answering some of the interview questions might 

make you feel uncomfortable. If there are any questions that you do not want to answer, 

let us know and we can skip them. Feel free to ask the study team any questions that you 

have about the possible side effects and risks involved in your participation in this study. 

 

Social implications of seizure and convulsive syncope 
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Because of the loss of consciousness and associated convulsions (jerking movements) 

that occur with a seizure or convulsive syncope, the possibility exists that others may 

erroneously interpret such features as epilepsy.  This could lead to risk of loss or denial of 

employability, motor vehicle licensure and insurability.  To minimize this risk, if a 

seizure or convulsive syncope does occur, we will provide you with a letter stating that 

the event was experimentally produced. 

 

Discontinuation without Subject Consent 

The possibility exists that under certain conditions, we will discontinue your participation 

in the study without consent.  These conditions would be for your safety.  One condition 

would be if your behavior/mood becomes abnormal during TMS (confused, 

nonresponsive, fainting, etc).  Another condition would be if you show abnormal muscle 

activity on the EMG screen during the TMS treatment.  Normally, the EMG screen will 

show no activity or some sporadic activity.  But bursting activity or continuous activity 

that cannot be stopped when we request so, may signal that a seizure could soon occur; 

thus, we would need to stop the study immediately and discontinue future participation. 

 

Benefits of Study Participation 

If you agree to take part in this study, there may or may not be direct medical benefit to 

you. It is possible, but not certain, that the TMS could help your weaker arm/hand work 

better.  

 

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 not receive payment for participating in this study. Parking will be free. If hired 

transportation (taxi, etc.) is necessary, we will arrange 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. A medical record 

pertaining will be created at the University of Minnesota Medical Center-Fairview. In 

any publications or presentations, we will not include any information that will make it 

possible to identify you as a subject. Your record for the study may, however, be 

reviewed by departments at the medical center 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) 



 

 

 142 

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. 

 

Notification of Significant New Findings about the Effects of MRI on Human Health 

Personnel in the Center for Magnetic Resonance Research (CMRR), the site where you 

are participating in MRI research, maintain a list of the names and contact information of 

all participants included in research at this facility.  This information is required and will 

be used by CMRR to notify participants of significant new information about the effects 

of MR on human health that develop over the course of MRI research.  Participant’s 

identifying information is stored securely and it is maintained in a confidential manner by 

persons with oversight of research conducted at the CMRR. 

 

 

Voluntary Nature of the Study 

Participation in this study is voluntary. Your decision whether or not to participate in this 

study will not affect 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 function, you can get this treatment 

outside of this study and you should contact your personal physician. 

  

 

Contact People 

You may ask questions now. If you have questions later, you are encouraged to contact 

Dr. 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 Fairview 

Research Administration, 2433 Energy Park Drive, St. Paul, MN, 55108. 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. 

 

A description of this clinical trial will be available on http://www.ClinicalTrials.gov, as 

required by U.S. Law.  This website will not include information that can identify you.  

At most, the website will include a summary of the results.  You can search this website 

at anytime. 

 

 

Subject signature: ________________________________ Date: ______ 

 

http://www.clinicaltrials.gov/
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Time of Day: ________ 

 

Subject printed name: _____________________________________________________ 

 

 

Signature of Person Obtaining Consent: ______________________________ Date: ____ 

 

Time of Day: ________ 
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Appendix C. Health Insurance Portability and Accountability Act  

HIPAA AUTHORIZATION TO USE AND DISCLOSE 

INDIVIDUAL HEALTH INFORMATION FOR RESEARCH PURPOSES 
 

1.  Purpose.  As a research participant, I authorize James Carey, PhD and the 

researcher’s staff to use and disclose my individual health information for the purpose of 

conducting the research project entitled 6-Hz Primed vs. Unprimed Low-Frequency 

rTMS in Chronic Stroke, [IRB# 1206M16186]. 

 

2.  Individual Health Information to be Used or Disclosed.  My individual health 

information that may be used or disclosed to conduct this research includes: medical 

history, medical records, results of physical exams, imaging (CT, MRI) results. 

 

3.  Parties Who May Disclose My Individual Health Information.   

The researcher and the researcher’s staff may obtain my individual health information 

from other healthcare providers, such as laboratories, which are a part of this research, as 

well as healthcare providers that are not part of this research (other doctors, hospitals 

and/or clinics) for the purposes of carrying out this research study.  I authorize these 

parties to disclose my individual health information to the researcher and the researcher’s 

staff for the purposes of carrying out this research study.  

 

4.  Parties Who May Receive or Use My Individual Health Information.  The 

individual health information disclosed by parties in item 3 and information disclosed by 

me during the course of the research may be received and used by James Carey and the 

researcher’s staff and Jessica Cassidy, Dr. Linda Krach, MD, Dr. David Anderson, MD.  

 

5.  Right to Refuse to Sign this Authorization.  I do not have to sign this Authorization.  

If I decide not to sign the Authorization, I may not be allowed to participate in this study 

or receive any research related treatment that is provided through the study.  However, 

my decision not to sign this authorization will not affect any other treatment, payment, or 

enrollment in health plans or eligibility for benefits.  

 

6.  Right to Revoke.  I can change my mind and withdraw this authorization at any time 

by sending a written notice to James Carey, 388 MMC, Minneapolis, MN 55455 to 

inform the researcher of my decision.  If I withdraw this authorization, the researcher 

may only use and disclose the protected health information already collected for this 

research study.  No further health information about me will be collected by or disclosed 

to the researcher for this study. 

 

7.  Potential for Re-disclosure.  Once my health information is disclosed under this 

authorization, there is a potential that it will be re-disclosed outside this study and no 

longer covered by this authorization. However, the research team and the University’s 

Institutional Review Board (the committee that reviews studies to be sure that the rights 

and safety of study participants are protected) are very careful to protect your privacy and 
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limit the disclosure of identifying information about you. 

 

7A. Also, there are other laws that may require my individual health information to be 

disclosed for public purposes.  Examples include potential disclosures if required for 

mandated reporting of abuse or neglect, judicial proceedings, health oversight 

activities and public health measures. 

 

 

8. Suspension of Access.  I may not be allowed to review the information collected for 

this study, including information recorded in my medical record, until after the study is 

completed.  When the study is over, I will have the right to access the information again. 

 

This authorization does not have an expiration date. 

 

I am the research participant or personal representative authorized to act on behalf of the 

participant. 

 

I have read this information, and I will receive a copy of this authorization form after it is 

signed. 

 

 

_______________________________ ___________________________________ 
signature of research participant or research participant’s                 date 

personal representative 
 

_______________________________ ___________________________________ 
printed name of research participant or research participant’s  description of personal representative’s authority to act on behalf 

personal representative              of the research participant 
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Appendix D. Photograph and Video Release  

 

Photograph and Video Release Statement 
 

I,   _______(Name)________, hereby give James Carey, PhD, PT; Linda Krach, MD; and 

David Anderson, MD permission to use photographs or a video of me performing tests or 

receiving treatment related to my participation in the study, “6-Hz Primed vs. Unprimed 

Low Frequency rTMS in Chronic Stroke.” This information will be posted on websites at 

the University of Minnesota to assist in recruiting subjects for this study.  Also, a 

photograph or video of me may be shown at a scientific meeting for the purpose of 

explaining the study to clinicians and scientists. 

 

 

 

 

__________________________        __________________________      ___________ 

(Printed Name)              (Signature)                               (Date) 

 

 

 

__________________________        __________________________      ___________ 

(Printed Name Investigator)  (Signature Investigator)            (Date) 
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Appendix E. In-Person Screen Form 

 

On-site Screen 
 

 

Subject Initials:  _______  Subject ID#:  _________      

 

On-site screen date: __________     Investigator:____________________________ 

 

Double check initial phone screen information for:  

Seizures (yes/no):  ________ 

Implanted medical devices (yes/no): ________ 

Indwelling metal (yes/no): ________ 

Pregnancy test (if appropriate) √: ________ 

 

List medications and dosages: 

  

  

  

  

  

 

Screen visual fields √:______   

 

Extinction (yes/no):_________ 

 

Modified Ashworth at paretic fingers:  Stroke _________ Non-Stroke_________ 

 

0. No increase in tone 

 

1. Slight increase in muscle tone, manifested by a catch or minimal resistance at end 

ROM 

 

1+  Slight increase in muscle tone, manifested by a catch, followed by minimal 

resistance throughout the remainder (less than half) of the ROM 

 

2. More marked increase throughout most of the ROM, but affect parts easily moved 

 

3. Considerable increase in tone, passive movement difficult 

 

4. Affected part rigid in flexion or extension 

 

 

Ambulatory 100 feet (yes/no) √:  ______ 
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Appendix F. Upper Extremity Fugl-Meyer 

 

UPPER EXTREMITY FUGL-MEYER (UEFM) 

 

Participant ID/Initials:  ________/________      Date:  ________        

Paretic Side:  ________     Handedness:  _________ 

Examiner:  ______________________   
 

TEST ITEM SCORE SCORING CRITERIA 

I. Reflexes 
Biceps  0 = no reflex activity elicited 

2 = reflex activity elicited Triceps  

II. Flexor 

Synergy 

Elevation  0 = none 

1 = partial but less than unaffected side 

2 = equal to or greater than unaffected 

side 

 

**abduction: 

1 = partial, but less than 90 degree 

2 = equal to or greater than 90 degrees 

Retraction  

Abduction  

External Rotation  

Elbow Flexion  

Supination  

III. Extensor 

Synergy 

Adduction/Internal 

Rotation 
 

0 = none 

1 = partial but less than unaffected side 

2 = equal to or greater than unaffected 

side 

Elbow Extension  

Forearm Pronation  

IV. 

Movement 

Combining 

Synergies 

Hand to Lumbar Spine  

0 = hand doesn’t move posterior to 

frontal plane (ASIS) 

1 = hand moves posterior to plane 

2 = hand placed on small of back; 

equivalent to unaffected  

 
Shoulder Flexion to 

90° with Elbow at 0° 
 

0 = can’t achieve test position or arm is 

immediately abducted or elbow flexes at 

start of motion 

1 = abduction or elbow flexion occur in 

later part of motion or shoulder flexion 

doesn’t reach 90° 

2 = elbow remains extended and 

shoulder flexes to 90° equal to or 

greater than unaffected arm 

 

Pronation/Supination 

with Elbow at 90° & 

Shoulder at 0° 

 

0 = can’t achieve test position of 

shoulder/elbow (even with proximal 

elbow support) or EF/EE, shoulder 

ABD or IR/ER occur at onset 

1 = EF/EE, shoulder ABD or IR/ER 

occur following onset or 

pronation/supination is less than 

affected arm or requires proximal elbow 

support to complete  
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2 = able to maintain arm position and 

pronation/supination equal or greater 

than unaffected side 

V. 

Movement 

Out of 

Synergy 

Shoulder Abduction to 

90° Elbow at 0° & 

Neutral Forearm 

 

0 = can’t achieve test position or elbow 

flexion or supination occur at onset 

1 = elbow flexion/supination occur 

following onset or abduction less than 

90° 

2 = elbow remains fully extended and 

forearm pronated equal or greater than 

unaffected side and abduction to 90° 

 

Shoulder Flexion 90°-

180° with Elbow at 0° 

and Forearm in Neutral 

 

0 = can’t achieve test position or elbow 

flexion occurs at onset  

1 = elbow flexion occurs following 

onset or shoulder flexion doesn’t reach 

180° 

2 = elbow remains fully extended equal 

or greater than unaffected side and 

shoulder flexes to 180° 

 

Pronation/Supination 

with Elbow at 0° & 

Shoulder Between 30°-

90°Flexion 

 

0 = can’t achieve test position even with 

proximal elbow support or EF/EE, 

shoulder AB/AD or IR/ER occur at 

onset  

1 = EF/EE, shoulder AF/AD or IR/ER 

occur following onset or 

supination/pronation is less than 

affected side or with proximal support 

can carryout without EF 

2 = arm position doesn’t change and 

pronation/supination are equal to or 

greater than unaffected side 

VI. Normal 

Reflex 

Activity 

Biceps, Finger Flexors 

& Triceps 
 

0 = scored <6 on “Movements Out of 

Synergy” tasks or two of reflexes are 

markedly hyperactive 

1 = One reflex is hyperactive or two are 

lively 

2 = One reflex is lively and none are 

hyperactive 

VII. Wrist 

Wrist Stability 

(Extension to 15°) with 

Shoulder at 0° and 

Elbow at 90° 

 

0 = can’t achieve test position even with 

proximal elbow support 

1 = EF/EE, shoulder AB/AD or IR/ER 

occur with attempt to take resistance or 

can’t take resistance  

2 = arm maintained in correct position 

and can take slight resistance 

 

Wrist Mobility with 

Shoulder at 0° and 

Elbow at 90° 

 

0 = can’t achieve test position even with 

proximal elbow support 

1 = EF/EE, shoulder AB/AD or IR/ER 

occur following onset or wrist flexion 
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and  extension are less than affected 

side 

2 = able to maintain arm position and 

wrist flexion/extension equal to or 

greater than unaffected side 

 

Wrist Stability (15° 

Extension) with 

Shoulder Flexion 30°-

90° & Elbow at 0° 

 

0 = can’t achieve test position even with 

proximal elbow support 

1 = EF/EE, shoulder AB/AD or IR/ER 

occur with attempt to take resistance or 

resistance can’t be taken 

2 = able to maintain arm position and 

can take resistance 

 

Wrist Mobility with 

Shoulder Flexion 30°-

90° & Elbow at 0° 

 

0 = can’t achieve test position even with 

proximal elbow support 

1 = EF/EE, shoulder AB/AD or IR/ER 

occur following onset of wrist 

flexion/extension or wrist 

flexion/extension are less than 

unaffected side 

2 = able to maintain arm position, and 

wrist flexion/extension equal to or 

greater than unaffected side 

 
 Circumduction 

 
 

0 = unable to circumduct 

1 = partial circumduction possible 

2 = full circumduction possible, equal to 

unaffected side 

VIII. Hand Mass Flexion  

0 = no flexion 

1 = flexion but less than unaffected side 

2 = full flexion equal or greater than 

unaffected side 

 Mass Extension  

0 = no extension 

1 = extension but less than unaffected 

side 

2 = full extension equal or greater than 

unaffected side 

 Grasp A (hook)  

0 = can’t achieve test position 

1 = grasp is weak 

2 = grasp can take relatively great 

resistance 

 
Grasp B (thumb 

adduction) 
 

0 = can’t achieve test position 

1 = paper can be kept in place but not 

against resistance 

2 = paper is held well against a tug 

 

Grasp C (1
st
 and 2

nd
 

digit pulpa 

approximation) 

 

0 = can’t achieve test position 

1 = pencil can be kept in place but not 

against resistance 

2 = pencil is held well against a tug 

 
Grasp D (1

st
 and 2

nd
 

digit cylindrical) 
 

0 = can’t achieve test position 

1 = can is kept in place but not against 
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resistance 

2 = can is held well against tug 

 Grasp E (spherical)  

0 = can’t achieve test position 

1 = ball is kept in place but not against 

resistance 

2 = ball is held well against tug 

IX. 

Coordination 

& Speed 

Tremor  0 = marked   1 = slight   2= no tremor 

 Dysmetria  
0 = pronounced   1 = slight and 

systematic   2= none 

 Speed 

Left: 

   

Right: 

 

0 = more than 6 seconds slower than 

unaffected side 

1 = between 2-5.9 seconds slower than 

unaffected side 

2 = less than 2 seconds slower 

 

Comments:____________________________________________________________________

______________________________________________________________________________

______________________________________________________________________________

______________________________________________________________________________

____________________________________ 
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Appendix G. Beck Depression Inventory-II 
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Appendix H. Mini-Mental State Examination 

 

MINI-MENTAL STATE EXAMINATION (MMSE) 

Subject Initials: ________  Subject ID code: __________ 

Investigator: ___________________________ 

Date: ___________________________ 

 

Activity           Score             

 

ORIENTATION – one point for each answer 

Ask: “What is the: (year)(season)(date)(day)(month)?”               ____(5) 

Ask: “Where are we: (state)(county)(town)(campus)(floor)?”                                 ____(5) 

  

REGISTRATION – score 1,2,3 points according to how many are repeated 

Name three objects: Give the patient one second to say each.              

Ask the patient to: repeat all three after you have said them. 

Repeat them until the patient learns all three.                ____(3) 

 

ATTENTION AND CALCULATION – one point for each correct subtraction 

Ask the patient to: begin from 100 and count backwards by 7. 

Stop after 5 answers. (93, 86, 79, 72, 65)           

____(5) 

Or, as an alternative (but not both), ask patient to spell “WORLD” backwards 

 

RECALL – one point for each correct answer 

Ask the patient to: name the three objects from above.               ____(3) 

 

LANGUAGE 

Ask the patient to: identify and name a pencil and a watch. (2 points)            ____(2) 

 

Ask the patient to: repeat the phrase “No ifs, ands, or buts.” (1 point)             ____(1) 

 

Ask the patient to: “Take a paper in your right hand, fold it in half, 

and put it on the floor “ (1 point for each task completed properly)              ____(3) 

 

Ask the patient to: read and obey the following: “Close your eyes.” (1 point)      ____(1) 

 

Ask the patient to: write a sentence. (1 point)               ____ (1) 

   

Ask the patient to: copy a complex diagram of two interlocking pentagons.(1 pt)____(1) 
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TOTAL (0–30): ___ 

 Close your eyes. 
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Appendix I. Edinburgh Handedness Inventory 

 

Edinburgh Handedness Inventory 

 

Subject Initials: ____________________  ID#: ______ 

 

Date: ___________ 

 

 

Indicate your preference in the use of hands  

++ = The preference is so strong that you would never try to use the other hand unless 

absolutely forced. 

+ = Your preference in use of hand. 

If you are truly indifferent, put a + in both columns. 

Leave blank if you have no experience in that activity. 

 

  R L 

1 Writing   

2 Drawing   

3 Throwing   

4 Scissors   

5 Toothbrush   

6 Knife (without fork)   

7 Spoon   

8 Broom (upper hand)   

9 Striking Match (match)   

10 Opening box (lid)   

 

 

 

 

 

 

  

 

(R +’s minus L +’s)   

       (Total +’s) 

= Handedness Index   = 
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Appendix J. NIH Stroke Scale 

NIH Stroke Scale 
 

Subject initials: _______     Subject Identification code: ____                          

Person Administering Scale _____________________  

 

 
  Pretest 

Date: 

 

Posttest 
Date: 

Follow-up 
Date: 

Instructions  Scale Definition  Score  Score Score 

1a. Level of Consciousness: The investigator 

must choose a response if a full evaluation is 

prevented by such obstacles as an 
endotracheal tube, language barrier, 

orotracheal trauma/bandages. A 3 is scored 

only if the patient makes no movement (other 
than reflexive posturing) in response to 

noxious stimulation.  

0 = Alert; keenly responsive.  

1 = Not alert; but arousable 

by minor stimulation 
to obey, answer, or 

respond.  

2 = Not alert; requires 
repeated stimulation to 

attend, or is obtunded 

and requires strong or 
painful stimulation to 

make movements (not 

stereotyped).  
3 = Responds only with reflex 

motor or autonomic 

effects or totally 
unresponsive, flaccid, 

and areflexic.  

______    

1b. LOC Questions: The patient is asked the 

month and his/her age. The answer must be 
correct - there is no partial credit for being 

close. Aphasic and stuporous patients who do 
not comprehend the questions will score 2. 

Patients unable to speak because of 

endotracheal intubation, orotracheal trauma, 
severe dysarthria from any cause, language 

barrier, or any other problem not secondary to 

aphasia are given a 1. It is important that only 
the initial answer be graded and that the 

examiner not "help" the patient with verbal or 

non-verbal cues.  

0 = Answers both questions 

correctly.  
1 = Answers one question 

correctly.  
2 = Answers neither question 

correctly.  

______    

1c. LOC Commands: The patient is asked to 
open and close the eyes and then to grip and 

release the non-paretic hand. Substitute 

another one step command if the hands cannot 
be used. Credit is given if an unequivocal 

attempt is made but not completed due to 

weakness. If the patient does not respond to 
command, the task should be demonstrated to 

him or her (pantomime), and the result scored 

(i.e., follows none, one or two commands). 
Patients with trauma, amputation, or other 

physical impediments should be given suitable 

one-step commands. Only the first attempt is 
scored.  

0 = Performs both tasks 
correctly.  

1 = Performs one task 

correctly.  
2 = Performs neither task 

correctly.  

______    
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2. Best Gaze: Only horizontal eye movements 

will be tested. Voluntary or reflexive 

(oculocephalic) eye movements will be 
scored, but caloric testing is not done. If the 

patient has a conjugate deviation of the eyes 

that can be overcome by voluntary or reflexive 
activity, the score will be 1. If a patient has an 

isolated peripheral nerve paresis (CN III, IV or 

VI), score a 1. Gaze is testable in all aphasic 
patients. Patients with ocular trauma, 

bandages, pre-existing blindness, or other 

disorder of visual acuity or fields should be 
tested with reflexive movements, and a choice 

made by the investigator. Establishing eye 

contact and then moving about the patient 
from side to side will occasionally clarify the 

presence of a partial gaze palsy.  

0 = Normal.  

1 = Partial gaze palsy; gaze 

is abnormal in one 
or both eyes, but 

forced deviation or 

total gaze paresis is 
not present.  

2 = Forced deviation, or total gaze 

paresis not overcome by the 
oculocephalic maneuver.  

 

 

 
______  

  

 

3. Visual: Visual fields (upper and lower 
quadrants) are tested by confrontation, using 
finger counting or visual threat, as appropriate. 

Patients may be encouraged, but if they look at 

the side of the moving fingers appropriately, 
this can be scored as normal. If there is 

unilateral blindness or enucleation, visual 

fields in the remaining eye are scored. Score 1 
only if a clear-cut asymmetry, including 

quadrantanopia, is found. If patient is blind 

from any cause, score 3. Double simultaneous 
stimulation is performed at this point. If there 

is extinction, patient receives a 1, and the 

results are used to respond to item 11.  

0 = No visual loss.  
1 = Partial hemianopia.  

2 = Complete hemianopia.  

3 = Bilateral hemianopia 

(blind including 

cortical blindness).  

 
 

 

______  

  

4. Facial Palsy: Ask – or use pantomime to 
encourage – the patient to show teeth or raise 

eyebrows and close eyes. Score symmetry of 
grimace in response to noxious stimuli in the 

poorly responsive or non-comprehending 

patient. If facial trauma/bandages, orotracheal 
tube, tape or other physical barriers obscure 

the face, these should be removed to the extent 

possible.  

0 = Normal symmetrical 
movements.  

1 = Minor paralysis 

(flattened nasolabial 

fold, asymmetry on 

smiling).  
2 = Partial paralysis (total 

or near-total 

paralysis of lower 
face).  

3 = Complete paralysis of 

one or both sides 
(absence of facial 

movement in the 

upper and lower 
face).  

 
 

 
______  

  

5. Motor Arm: The limb is placed in the 

appropriate position: extend the arms (palms 

down) 90 degrees (if sitting) or 45 degrees (if 
supine). Drift is scored if the arm falls before 

10 seconds. The aphasic patient is encouraged 

using urgency in the voice and pantomime, but 

not noxious stimulation. Each limb is tested in 

turn, beginning with the non-paretic arm. Only 

in the case of amputation or joint fusion at the 
shoulder, the examiner should record the score 

as untestable (UN), and clearly write the 

explanation for this choice.  

0 = No drift; limb holds 90 

(or 45) degrees for 

full 10 seconds.  
1 = Drift; limb holds 90 (or 

45) degrees, but 

drifts down before 

full 10 seconds; does 

not hit bed or other 

support.  
2 = Some effort against 

gravity; limb cannot 

get to or maintain (if 
cued) 90 (or 45) 

degrees, drifts down 
to bed, but has some 

effort against 

gravity.  
3 = No effort against 

gravity; limb falls.  

 

 

 
______  
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4 = No movement.  

UN = Amputation or joint fusion, 

explain:   

5a. Left Arm  

5b. Right    

6. Motor Leg: The limb is placed in the 
appropriate position: hold the leg at 30 degrees 

(always tested supine). Drift is scored if the 

leg falls before 5 seconds. The aphasic patient 

is encouraged using urgency in the voice and 

pantomime, but not noxious stimulation. Each 

limb is tested in turn, beginning with the non-
paretic leg. Only in the case of amputation or 

joint fusion at the hip, the examiner should 

record the score as untestable (UN), and 
clearly write the explanation for this choice.  

0 = No drift; leg holds 30-
degree position for 

full 5 seconds.  

1 = Drift; leg falls by the 

end of the 5-second 

period but does not 

hit bed.  
2 = Some effort against 

gravity; leg falls to 

bed by 5 seconds, 
but has some effort 

against gravity.  

3 = No effort against 

gravity; leg falls to 

bed immediately.  

4 = No movement.  
UN = Amputation or joint 

fusion, explain:  

 

6a. Left Leg  

6b. Right Leg  

 
 

 

______  
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7. Limb Ataxia: This item is aimed at 

finding evidence of a unilateral 
cerebellar lesion. Test with eyes open. 

In case of visual defect, ensure testing 

is done in intact visual field. The 
finger-nose-finger and heel-shin tests 

are performed on both sides, and ataxia 

is scored only if present out of 
proportion to weakness. Ataxia is 

absent in the patient who cannot 

understand or is paralyzed. Only in the 
case of amputation or joint fusion, the 

examiner should record the score as 

untestable (UN), and clearly write the 
explanation for this choice. In case of 

blindness, test by having the patient 

touch nose from extended arm position.  

0 = Absent.  

1 = Present in one limb.  
2 = Present in two limbs.  

UN = Amputation or joint fusion, explain:  

   

8. Sensory: Sensation or grimace to 
pinprick when tested, or withdrawal 

from noxious stimulus in the obtunded 

or aphasic patient. Only sensory loss 
attributed to stroke is scored as 

abnormal and the examiner should test 
as many body areas (arms [not hands], 

legs, trunk, face) as needed to 

accurately check for hemisensory loss. 
A score of 2, “severe or total sensory 

loss,” should only be given when a 

severe or total loss of sensation can be 
clearly demonstrated. Stuporous and 

aphasic patients will, therefore, 

probably score 1 or 0. The patient with 
brainstem stroke who has bilateral loss 

of sensation is scored 2. If the patient 

does not respond and is quadriplegic, 

score 2. Patients in a coma (item 1a=3) 

are automatically given a 2 on this item.  

0 = Normal; no sensory 
loss.  

1 = Mild-to-moderate 

sensory loss; patient 
feels pinprick is less 

sharp or is dull on 
the affected side; or 

there is a loss of 

superficial pain with 
pinprick, but patient 

is aware of being 

touched.  
2 = Severe to total sensory 

loss; patient is not 

aware of being 
touched in the face, 

arm, and leg.  

   

9. Best Language: A great deal of 

information about comprehension will 
be obtained during the preceding 

sections of the examination. For this 

scale item, the patient is asked to 
describe what is happening in the 

attached picture, to name the items on 

the attached naming sheet and to read 
from the attached list of sentences. 

Comprehension is judged from 
responses here, as well as to all of the 

commands in the preceding general 

neurological exam. If visual loss 
interferes with the tests, ask the patient 

to identify objects placed in the hand, 

repeat, and produce speech. The 

intubated patient should be asked to 

write. The patient in a coma (item 

1a=3) will automatically score 3 on this 
item. The examiner must choose a score 

for the patient with stupor or limited 

cooperation, but a score of 3 should be 
used only if the patient is mute and 

follows no one-step commands.  

0 = No aphasia; normal.  

1 = Mild-to-moderate 

aphasia; some 

obvious loss of 

fluency or facility of 
comprehension, 

without significant 

limitation on ideas 
expressed or form of 

expression. 
Reduction of speech 

and/or 

comprehension, 
however, makes 

conversation about 

provided materials 

difficult or 

impossible. For 

example, in 
conversation about 

provided materials, 

examiner can 
identify picture or 

naming card content 

from patient’s 
response.  

2 = Severe aphasia; all 

communication is through 
fragmentary expression; 

great need for inference, 

questioning, and guessing by 
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the listener. Range of 

information that can be 

exchanged is limited; 
listener carries burden of 

communication. Examiner 

cannot identify materials 
provided from patient 

response.  

3 = Mute, global aphasia; 

no usable speech or 

auditory 

comprehension.  

 

 
10. Dysarthria: If patient is thought to 

be normal, an adequate sample of 
speech must be obtained by asking 

patient to read or repeat words from the 

attached list. If the patient has severe 
aphasia, the clarity of articulation of 

spontaneous speech can be rated. Only 

if the patient is intubated or has other 
physical barriers to producing speech, 

the examiner should record the score as 

untestable (UN), and clearly write an 
explanation for this choice. Do not tell 

the patient why he or she is being 

tested.  

0 = Normal.  

1 = Mild-to-moderate 

dysarthria; patient 

slurs at least some 

words and, at worst, 
can be understood 

with some difficulty.  

2 = Severe dysarthria; 

patient's speech is so 

slurred as to be 

unintelligible in the 
absence of or out of 

proportion to any 

dysphasia, or is 
mute/anarthric.  

UN = Intubated or other 

physical barrier, 
explain:__________

________________

___  

   

11. Extinction and Inattention 

(formerly Neglect): Sufficient 

information to identify neglect may be 
obtained during the prior testing. If the 

patient has a severe visual loss 

preventing visual double simultaneous 
stimulation, and the cutaneous stimuli 

are normal, the score is normal. If the 

patient has aphasia but does appear to 
attend to both sides, the score is normal. 

The presence of visual spatial neglect 

or anosagnosia may also be taken as 
evidence of abnormality. Since the 

abnormality is scored only if present, 

the item is never untestable.  

0 = No abnormality.  

1 = Visual, tactile, 

auditory, spatial, 

or personal 

inattention or 

extinction to 
bilateral 

simultaneous 

stimulation in one of 
the sensory 

modalities.  

2 = Profound hemi-

inattention or 

extinction to more 

than one modality; 

does not recognize 

own hand or orients 

to only one side of 
space.  

______    
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You know how.  

 

 

Down to earth.  

 

 

I got home from work.  

 

 

Near the table in the dining  

    room.  

 

 

They heard him speak on the  

    radio last night. 



 

 

 165 
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MAMA  

 

 

TIP – TOP  

 

 

FIFTY – FIFTY  

 

 

THANKS  

 

 

HUCKLEBERRY  

 

 

BASEBALL PLAYER  
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Appendix K. Screening, Testing, & Treatment Procedures 

WEEK 1:                   Subject Initials:              Subject ID#: 

 Pretest 

1 

Pretest 

2 

Posttest 

1 

Posttest 

2 

Posttest 

3 

TEST DATE:      

Consent  √                              

HIPAA  √      

On-site screen form  √      

MMSE √      

Edinburgh  √      

UEFM √      

BDI-II  √      

MD Exam (NIHSS) √      

Digit Span √      

Vitals √      

Report of Symptoms √      

Box and Block √      

IHI Testing √      

Paired-Pulse Testing √      

CSP Testing √      

rTMS Treatment √      
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WEEK 3:                   Subject Initials:              Subject ID#: 

 Pretest 1 Pretest 2 Posttest 1 Posttest 2 Posttest 3 

TEST DATE:      

Digit Span √      

Vitals √      

Report of Symptoms √      

Box and Block √      

IHI Testing √      

Paired-Pulse Testing √      

CSP Testing √      

rTMS Treatment √      

 

WEEK 5:                   Subject Initials:              Subject ID#: 

 Pretest 1 Pretest 2 Posttest 1 Posttest 2 Posttest 3 

TEST DATE:      

MD Exam (NIHSS) √      

Digit Span √      

Vitals √      

Report of Symptoms √      

Box and Block √      

IHI Testing √      

Paired-Pulse Testing √      

CSP Testing √      

rTMS Treatment √      
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Appendix L. TMS Testing Form 

 

        TMS Testing (Identical form utilized for weeks 3 and 5 of study) 
 

    Subject Initials: ____   ID#: _____ Stroke hemisphere:  ___ 

 

 

WEEK #1 Pretest #1 Pretest #2 Posttest #1 Posttest #2 Posttest #3 

Date      

Time      

Investigator      

      

IHI Test       

S RMT_50mm      

NS 

RMT_50mm 

     

S .5mV/120%       

NS .5mV/120%      

Paired-Pulse 

Test 

     

S RMT_70mm      

S .5 mV 

Thresh. 

     

80% S RMT      

120% S RMT      

CSP Test      

150% S RMT      

 

 

NOTES: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 170 

Appendix M. Matlab Script: MEP Area Under the Curve  

 

function Flag = Sub_GetData() 
tic; 
fprintf('loading files\n'); 
[FileName,PathName] = uigetfile('*.*','Select data'); 

  
%% file name 
% file name 
DataFile = [PathName FileName]; 

  

  
%% Calculate AUC 
% read FDI data file 
fprintf('reading SP\n'); 
SP = xlsread(DataFile,1,'A:J'); 

  
fprintf('reading SICI\n'); 
SICI = xlsread(DataFile,2,'A:J'); 

  
fprintf('reading ICF\n'); 
ICF = xlsread(DataFile,3,'A:J'); 

  
fprintf('reading IHI_1\n'); 
IHI_1 = xlsread(DataFile,4,'A:J'); 

  
fprintf('reading IHI_2\n'); 
IHI_2 = xlsread(DataFile,5,'A:J'); 

  
fprintf('reading SP_IHI_1\n'); 
SP_IHI_1 = xlsread(DataFile,6,'A:J'); 

  
fprintf('reading SP_IHI_2\n'); 
SP_IHI_2 = xlsread(DataFile,7,'A:J'); 

  
fprintf('reading SamplingRate\n'); 
SamplingRate = xlsread(DataFile,8,'A1'); 

  

  
SP_Flag = 1; 
SICI_Flag = 2; % ISI 3 
ICF_Flag = 3; % ISI = 15 
IHI_Flag = 4; % ISI = 10 

  

  
%Calculation FDI 
fprintf('calculating AUC\n'); 

  
temp = SamplingRate; 
SamplingRate = 640/temp*1000; 

  
WithOrWithoutPicture = 0; 
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[AreaRawSP AreaMeanSP p2pRawSP 

p2pMeanSP]=sub_Area_p2p(SP,WithOrWithoutPicture,SamplingRate,SP_Flag); 
[AreaRawSICI AreaMeanSICI p2pRawSICI 

p2pMeanSICI]=sub_Area_p2p(SICI,WithOrWithoutPicture,SamplingRate,SICI_F

lag); 
[AreaRawICF AreaMeanICF p2pRawICF 

p2pMeanICF]=sub_Area_p2p(ICF,WithOrWithoutPicture,SamplingRate,ICF_Flag

); 
[AreaRawIHI_1 AreaMeanIHI_1 p2pRawIHI_1 

p2pMeanIHI_1]=sub_Area_p2p(IHI_1,WithOrWithoutPicture,SamplingRate,IHI_

Flag); 
[AreaRawIHI_2 AreaMeanIHI_2 p2pRawIHI_2 

p2pMeanIHI_2]=sub_Area_p2p(IHI_2,WithOrWithoutPicture,SamplingRate,IHI_

Flag); 
[AreaRawSP_IHI_1 AreaMeanSP_IHI_1 p2pRawSP_IHI_1 

p2pMeanSP_IHI_1]=sub_Area_p2p(SP_IHI_1,WithOrWithoutPicture,SamplingRat

e,SP_Flag); 
[AreaRawSP_IHI_2 AreaMeanSP_IHI_2 p2pRawSP_IHI_2 

p2pMeanSP_IHI_2]=sub_Area_p2p(SP_IHI_2,WithOrWithoutPicture,SamplingRat

e,SP_Flag); 

  
AreaRaw = [AreaRawSP' AreaRawSICI' AreaRawICF' AreaRawIHI_1' 

AreaRawIHI_2' AreaRawSP_IHI_1' AreaRawSP_IHI_2']; 
AreaMean = [AreaMeanSP AreaMeanSICI AreaMeanICF AreaMeanIHI_1 

AreaMeanIHI_2 AreaMeanSP_IHI_1 AreaMeanSP_IHI_2]; 

  

  
% Create FDI .xlsx file 
fprintf('creating .xlsx files\n'); 

  
title1 = {'SP','SICI','ICF','IHI-1','IHI-2','SP-IHI-1','SP-IHI-2'}; 
title2 = {'MeanSP','MeanSICI','MeanICF','MeanIHI-1','MeanIHI-

2','MeanSP-IHI-1','MeanSP-IHI-2'}; 
sheet = 9; 
fprintf('writing title1\n'); 
xlswrite(DataFile,title1,sheet,'A1'); 
pause(5) 
fprintf('writing Raw\n'); 
xlswrite(DataFile,AreaRaw,sheet,'A2'); 
pause(5) 
fprintf('writing title2\n'); 
xlswrite(DataFile,title2,sheet,'A15'); 
pause(5) 
fprintf('writing Mean\n'); 
xlswrite(DataFile,AreaMean,sheet,'A16'); 

  
%% end 
Flag = 1; 
t = toc; 
fprintf(['done in ' num2str(t) 's\n']); 
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Appendix N. Vital Signs 

 

Vital Measurements 
 

WEEK 1: 

Subject initials: _____  Subject ID#: ______ 

 Date: Date: Date: Date: Date: 

Weight 

(lbs.) 

     

Blood 

Pressure 

(mmHg) 

     

Heart 

Rate 

(bpm) 

     

 

 

WEEK 3: 

Subject initials: _____  Subject ID#: ______ 

 Date: Date: Date: Date: Date: 

Weight 

(lbs.) 

     

Blood 

Pressure 

(mmHg) 

     

Heart 

Rate 

(bpm) 

     

 

WEEK 5: 

Subject initials: _____  Subject ID#: ______ 

 Date: Date: Date: Date: Date: 

Weight 

(lbs.) 

     

Blood 

Pressure 

(mmHg) 

     

Heart 

Rate 

(bpm) 
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Appendix O. Digit Span 

 

 

 

 

 

 

 

 

 

 

 



 

 

 174 

Appendix P. Box and Block Score Sheet 

 

WEEK 1:  (identical form utilized for weeks 3 and 5 of study) 

Box and Block 

 

Subject Initials: ____________________  ID #: __________ Weak Hand:_________ 

 

 

Pretest date: ___________ 

 

Hand Trial 1 Trial 2 Trial 3 

Paretic    

Non-Paretic    

 

 

Pretest date:__________ 

 

Hand Trial 1 Trial 2 Trial 3 

Paretic    

Non-Paretic    

 

 

Posttest date:________ 

 

Hand Trial 1 Trial 2 Trial 3 

Paretic    

Non-Paretic    

 

Posttest date:________ 

 

Hand Trial 1 Trial 2 Trial 3 

Paretic    

Non-Paretic    

 

 

Posttest date:________ 

 

Hand Trial 1 Trial 2 Trial 3 

Paretic    

Non-Paretic    
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Appendix Q. Patient Report of Symptoms 

 

WEEK 1:  (identical form utilized for weeks 3 and 5 of study) 
 

Subject Report of Symptoms 

 
 

Subject initials: _____  Subject ID#: ______ 

 

Date      

Symptom (y or n)      

Seizure      

Headache      

Neck Pain      

Dental Pain      

Hearing       

Nausea      

Abnormal 

Muscle 

Contractions 

     

Dizziness      

Abnormal sleep      

Difficult 

concentration 
     

Anxiety      

Memory      

Mood      

Balance      

Use of strong hand      

Other (describe 

below) 
     

 

Comments: 
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Appendix R. rTMS Treatment Form 

 

Treatment Day Record 

 

Subject initials:  ______ ID#: ________ Treatment Week 1: _______________ 

 

Rx Date:  

 Non-Stroke M1 

RMT (Rapid
2
) 

 

90% RMT  

 

Subject Prediction of Type of Priming (Real/Sham?)_________________________ 

 

 

 

 

Subject initials:  ______ ID#: ________ Treatment Week 3: _______________ 

 

Rx Date:  

Non-Stroke M1 

RMT (Rapid
2
) 

 

90% RMT  

 

Subject Prediction of Type of Priming (Real/Sham?) _________________________ 

 

 

 

 

Subject initials:  ______ ID#: ________ Treatment Week 5: _______________ 

 

Rx Date:  

Non-Stroke M1 

RMT (Rapid
2
) 

 

90% RMT  

 

Subject Prediction of Type of Priming (Real/Sham?)_________________________ 
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Appendix S. SAS programming code 

*Baseline Check for period & treatment carryover;* 

 

proc sort data= work.peak;  

by descending week;  

run;  

 

proc sort data= work.peak; 

by descending treatment; 

run; 

 

Data work.peak; 

set peak; if Visit<=2; run; 

 

proc mixed data=work.peak empirical order=data;  

   class subject treatment; 

   model BB_P = treatment week  / ddfm=kenwardroger s; 

   random intercept / subject = subject s; 

  run; 

 

proc mixed data=work.peak empirical order=data;  

   class subject treatment week; 

   model BB_P = week  / ddfm=kenwardroger s; 

   random intercept / subject = subject s; 

   run; 
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Appendix S. Continued SAS Programming Code 
 

  * writes prime.delta = delta_NAME is change at visits 3, 4, 5 

from mean of visits 1 and 2 with baseline values as NAME_0;*  

 

 proc contents data=prime.prime01; 

 proc sort data=prime.prime01; 

   by subject week visit; 

 

 data prime.delta; 

   set prime.prime01; 

   by subject week visit; 

   array base [8] b1-b8; 

   array day1 [8] d11-d18; 

   array day2 [8] d21-d28; 

   if visit=1 then do; 

     d11= BB_NP; 

     d12=BB_P; 

     d13 =CSP; 

     d14=Digit_Span; 

     d15=IHI_NS_S; 

     d16=IHI_S_NS; 

     d17 = PP_3; 

     d18=PP_15; 

  end; 

   retain d11-d18 d21-d28 b1-b8; 

   if visit=2 then do; 

     d21= BB_NP; 

     d22=BB_P; 

     d23 =CSP; 

     d24=Digit_Span; 

     d25=IHI_NS_S; 

     d26=IHI_S_NS; 

     d27 = PP_3; 

     d28=PP_15; 

  do j = 1 to 8; 

    base[j] = mean(day1[j],day2[j]); 

    end; 

  end; 

    if visit>2 then do; 

       delta_BB_NP=BB_NP-b1; 

       delta_BB_P=BB_P - b2; 

       delta_CSP = CSP-b3; 

       delta_Digit_Span = Digit_Span-b4; 

  

       delta_IHI_NS_S = IHI_NS_S -b5; 

       delta_IHI_S_NS = IHI_S_NS - b6; 

       delta_PP_3 = PP_3 - b7; 

       delta_PP_15 = PP_15 - b8; 

  

        BB_NP_0 = b1 ; 
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        BB_P_0 = b2 ; 

        CSP_0 = b3 ; 

        Digit_Span_0 = b4 ; 

        IHI_NS_S_0 = b5 ; 

        IHI_S_NS_0 = b6 ; 

        PP_3_0 = b7 ; 

        PP_15_0 = b8 ; 

    output; 

 drop j d11-d18 d21 - d28 b1-b8  BB_NP 

 BB_P CSP Digit_Span IHI_NS_S  IHI_S_NS  PP_3  PP_15; 

    end; 

 

 run; quit; 

     

 data c; 

   set prime.delta; 

   by subject week visit; 

   if (first.week=1); 

   keep subject week treatment; 

    

 proc sort data=c; 

   by subject week;  

    

 data carry;  * calculate carryover treatment; 

   set c; 

   by subject week;  

   carryover=lag(treatment); 

   if (week=1) then carryover="0"; 

   keep subject week carryover; 

 

 proc sort data=prime.delta; 

   by subject week; 

    

 data prime.change_from_baseline;  * add carryover label main 

data; 

   merge prime.delta carry; 

   by subject week; 

    

    

  proc print data=prime.change_from_baseline  (obs=10); 

 proc sort data=prime.change_from_baseline; 

   by subject week visit; 

 

 data prime.wide; 

   set prime.change_from_baseline; 

   by subject week visit; 

   retain BB_NP_day3 BB_P_day3 Digit_Span_day3 CSP_day3 

IHI_NS_S_day3 IHI_S_NS_day3 PP_3_day3 PP_15_day3 

         

       BB_NP_day4 BB_P_day4 CSP_day4 pc_Digit_Span_day4 

Digit_Span_day4 CSP_day4 IHI_NS_S_day4 IHI_S_NS_day4 PP_3_day4 
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PP_15_day4; 

 

   if (visit=3) then do; 

        BB_NP_day3 = delta_BB_NP ; 

        BB_P_day3 = delta_BB_P ; 

        Digit_Span_day3 = delta_Digit_Span ; 

        CSP_day3 = delta_CSP ; 

        IHI_NS_S_day3 = delta_IHI_NS_S ; 

        IHI_S_NS_day3 = delta_IHI_S_NS ; 

        PP_3_day3 = delta_PP_3 ; 

        PP_15_day3 = delta_PP_15  

    end; 

   if (visit=4) then do; 

        BB_NP_day4 = delta_BB_NP ; 

        BB_P_day4 = delta_BB_P ; 

        CSP_day4 = delta_CSP ; 

        Digit_Span_day4 = delta_Digit_Span ; 

        IHI_NS_S_day4 = delta_IHI_NS_S ; 

        IHI_S_NS_day4 = delta_IHI_S_NS ; 

        PP_3_day4 = delta_PP_3 ; 

        PP_15_day4 = delta_PP_15 ; 

        end; 

   if (visit=5) then do; 

        BB_NP_day5 = delta_BB_NP ; 

        BB_P_day5 = delta_BB_P ; 

        CSP_day5 = delta_CSP ; 

        Digit_Span_day5 = delta_Digit_Span ; 

        IHI_NS_S_day5 = delta_IHI_NS_S ; 

        IHI_S_NS_day5 = delta_IHI_S_NS ; 

        PP_3_day5 = delta_PP_3 ; 

        PP_15_day5 = delta_PP_15 ; 

  output; 

        drop visit delta_BB_NP delta_BB_P delta_Digit_Span  

delta_CSP delta_IHI_NS_S delta_IHI_S_NS delta_PP_3 delta_PP_1  

end; 

      

  proc print data=prime.wide;; 

  run; 

 

 

 * Macro that compares treatments at each day (3, 4, 5) 

individually, and performs screening for unequal carryover and 

period*treatment interaction;* 

 

 %macro daily (response= , day= , baseline=); 

 title3 "Outcome = &response , Day = &day"; 

 

 proc mixed data = prime.change_from_baseline empirical; 

   where visit=&day; 

   class subject treatment week visit carryover; 

   model &baseline = treatment week  / ddfm=kenwardroger; 
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   random intercept / subject = subject; 

 

 proc mixed data = prime.change_from_baseline empirical; 

   where visit=&day; 

   class subject treatment week visit carryover; 

   model &response = treatment week treatment*week / 

ddfm=kenwardroger; 

   random intercept / subject = subject; 

 

 proc mixed data = prime.change_from_baseline empirical; 

   where visit=&day; 

   class subject treatment week visit carryover; 

   model &response = treatment week carryover / 

ddfm=kenwardroger; 

   random intercept / subject = subject; 

 

 proc mixed data = prime.change_from_baseline empirical; 

   where visit=&day; 

   class subject treatment week visit carryover; 

   model &response = treatment week &baseline / 

ddfm=kenwardroger; 

   random intercept / subject = subject; 

   lsmeans treatment / diff; 

 

 proc mixed data = prime.change_from_baseline empirical; 

   where visit=&day; 

   class subject treatment week visit carryover; 

   model &response = treatment week  / ddfm=kenwardroger; 

   random intercept / subject = subject; 

   lsmeans treatment / diff; 

 

   run; 

   title3; 

 %mend; 

* %daily(response= delta_BB_NP, day= 3, baseline=BB_NP_0); 

* %daily(response= delta_BB_NP, day= 4, baseline=BB_NP_0); 

* %daily(response= delta_BB_NP, day= 5, baseline=BB_NP_0); 

 %daily(response= delta_IHI_S_NS, day= 3, baseline=IHI_S_NS_0); 

 %daily(response= delta_IHI_S_NS, day= 4, baseline=IHI_S_NS_0); 

 %daily(response= delta_IHI_S_NS, day= 5, baseline=IHI_S_NS_0); 

 

 run; 
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Appendix T. False Discovery Rate: SAS code, Adjusted p-values, & Key 

 

data p_values; 

input raw_p; 

datalines; 

(inserted p-values for all primary statistical analyses); 

proc print data=p_values; 

run; 

proc multtest pdata=p_values fdr bonferroni; 

run; 

The SAS System       21:12 Monday, November 10, 2014  15 

 

                                     The Multtest Procedure 
 

                                 P-Value Adjustment Information 

 
                           P-Value Adjustment     Bonferroni 

                           P-Value Adjustment     False Discovery Rate (FDR) 
 

 

                                                          

                                                                              

                           Test          Raw    Bonferroni        FDR     Test        Raw      Bonferroni       FDR 

 
                              1        0.0001        0.0311        0.0052 

                              2        0.0001        0.0311        0.0052 

                              3        0.0001        0.0311        0.0052 
                              4        0.0001        0.0311        0.0052 

                              5        0.0001        0.0311        0.0052 

                              6        0.0001        0.0311        0.0052 

                              7        0.0007        0.2177        0.0311 

                              8        0.0010        0.3110        0.0346 

                              9        0.0010        0.3110        0.0346 
                             10        0.0030        0.9330        0.0933 

                             11        0.0033        1.0000        0.0933 

                             12        0.0040        1.0000        0.1037 
                             13        0.0050        1.0000        0.1196 

                             14        0.0060        1.0000        0.1244 

                             15        0.0060        1.0000        0.1244 
                             16        0.0070        1.0000        0.1361 

                             17        0.0079        1.0000        0.1365 

                             18        0.0079        1.0000        0.1365 
                             19        0.0105        1.0000        0.1719 

                             20        0.0113        1.0000        0.1757 

                             21        0.0121        1.0000        0.1792 
                             22        0.0140        1.0000        0.1893 

                             23        0.0140        1.0000        0.1893 

                             24        0.0149        1.0000        0.1931 
                             25        0.0160        1.0000        0.1979 

                             26        0.0170        1.0000        0.1979 

                             27        0.0180        1.0000        0.1979 
                             28        0.0181        1.0000        0.1979 

                             29        0.0195        1.0000        0.1979 

                             30        0.0200        1.0000        0.1979 
                             31        0.0205        1.0000        0.1979 

                             32        0.0210        1.0000        0.1979 

                             33        0.0210        1.0000        0.1979 
                             34        0.0220        1.0000        0.2012 

                             35        0.0239        1.0000        0.2091 

                             36        0.0242        1.0000        0.2091 
                             37        0.0250        1.0000        0.2101 

                             38        0.0271        1.0000        0.2212 

                             39        0.0290        1.0000        0.2212 
                             40        0.0298        1.0000        0.2212 

                             41        0.0300        1.0000        0.2212 

                             42        0.0310        1.0000        0.2212 

                             43        0.0310        1.0000        0.2212 
                             44        0.0318        1.0000        0.2212 

                             45        0.0320        1.0000        0.2212 

                             46        0.0330        1.0000        0.2231 

                             47        0.0350        1.0000        0.2294 

                             48        0.0354        1.0000        0.2294 

                             49        0.0390        1.0000        0.2475 
                             50        0.0406        1.0000        0.2525 

                             51        0.0452        1.0000        0.2756 

                             52        0.0470        1.0000        0.2811 
                             53        0.0527        1.0000        0.3092 

                             54        0.0540        1.0000        0.3110 

                             55        0.0570        1.0000        0.3110 
                             56        0.0570        1.0000        0.3110 

                             57        0.0580        1.0000        0.3110 

                             58        0.0580        1.0000        0.3110 
                             59        0.0630        1.0000        0.3271 

                             60        0.0631        1.0000        0.3271 

                             61        0.0669        1.0000        0.3386 
                             62        0.0675        1.0000        0.3386 

                             63        0.0700        1.0000        0.3456 

                             64        0.0723        1.0000        0.3502 
                             65        0.0732        1.0000        0.3502 

                             66        0.0772        1.0000        0.3577 

                             67        0.0777        1.0000        0.3577 
                             68        0.0782        1.0000        0.3577 

                             69        0.0840        1.0000        0.3786 

                             70        0.0871        1.0000        0.3855 
                             71        0.0880        1.0000        0.3855 

                             72        0.0920        1.0000        0.3974 

                             73        0.0963        1.0000        0.4103 
                             74        0.0980        1.0000        0.4119 

                             75        0.1025        1.0000        0.4250 

                             76        0.1080        1.0000        0.4419 
                             77        0.1160        1.0000        0.4665 

                             78        0.1170        1.0000        0.4665 

                             79        0.1230        1.0000        0.4821 
                             80        0.1240        1.0000        0.4821 
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                             81        0.1275        1.0000        0.4866 

                             82        0.1283        1.0000        0.4866 

                             83        0.1310        1.0000        0.4909 
                             84        0.1330        1.0000        0.4924 

                             85        0.1414        1.0000        0.4932 

                             86        0.1419        1.0000        0.4932 
                             87        0.1442        1.0000        0.4932 

                             88        0.1442        1.0000        0.4932 

                             89        0.1458        1.0000        0.4932 
                             90        0.1469        1.0000        0.4932 

                             91        0.1482        1.0000        0.4932 
                             92        0.1490        1.0000        0.4932 

                             93        0.1520        1.0000        0.4932 

                             94        0.1520        1.0000        0.4932 
                             95        0.1530        1.0000        0.4932 

                             96        0.1535        1.0000        0.4932 

                             97        0.1546        1.0000        0.4932 
                             98        0.1563        1.0000        0.4932 

                             99        0.1570        1.0000        0.4932 

                            100        0.1610        1.0000        0.5007 
                            101        0.1654        1.0000        0.5042 

                            102        0.1656        1.0000        0.5042 

                            103        0.1670        1.0000        0.5042 
                            104        0.1696        1.0000        0.5058 

                            105        0.1717        1.0000        0.5058 

                            106        0.1724        1.0000        0.5058 
                            107        0.1814        1.0000        0.5241 

                            108        0.1820        1.0000        0.5241 

                            109        0.1853        1.0000        0.5284 
                            110        0.1870        1.0000        0.5284 

                            111        0.1911        1.0000        0.5284 

                            112        0.1920        1.0000        0.5284 
                            113        0.1920        1.0000        0.5284 

                            114        0.1937        1.0000        0.5284 

                            115        0.2024        1.0000        0.5474 
                            116        0.2070        1.0000        0.5550 

                            117        0.2090        1.0000        0.5555 

                            118        0.2120        1.0000        0.5587 
                            119        0.2150        1.0000        0.5619 

                            120        0.2180        1.0000        0.5629 

                            121        0.2190        1.0000        0.5629 
                            122        0.2223        1.0000        0.5650 

                            123        0.2255        1.0000        0.5650 

                            124        0.2270        1.0000        0.5650 
                            125        0.2271        1.0000        0.5650 

                            126        0.2341        1.0000        0.5778 

                            127        0.2400        1.0000        0.5877 
                            128        0.2440        1.0000        0.5897 

                            129        0.2480        1.0000        0.5897 

                            130        0.2480        1.0000        0.5897 
                            131        0.2484        1.0000        0.5897 

                            132        0.2548        1.0000        0.5943 

                            133        0.2558        1.0000        0.5943 
                            134        0.2570        1.0000        0.5943 

                            135        0.2600        1.0000        0.5943 

                            136        0.2620        1.0000        0.5943 
                            137        0.2644        1.0000        0.5943 

                            138        0.2652        1.0000        0.5943 

                            139        0.2656        1.0000        0.5943 
                            140        0.2681        1.0000        0.5956 

                            141        0.2723        1.0000        0.6006 
                            142        0.2887        1.0000        0.6284 

                            143        0.2893        1.0000        0.6284 

                            144        0.2910        1.0000        0.6284 
                            145        0.2930        1.0000        0.6284 

                            146        0.3034        1.0000        0.6463 

                            147        0.3110        1.0000        0.6580 
                            148        0.3168        1.0000        0.6624 

                            149        0.3194        1.0000        0.6624 

                            150        0.3195        1.0000        0.6624 

                            151        0.3260        1.0000        0.6680 

                            152        0.3310        1.0000        0.6680 

                            153        0.3330        1.0000        0.6680 
                            154        0.3376        1.0000        0.6680 

                            155        0.3377        1.0000        0.6680 

                            156        0.3388        1.0000        0.6680 
                            157        0.3399        1.0000        0.6680 

                            158        0.3403        1.0000        0.6680 

                            159        0.3415        1.0000        0.6680 
                            160        0.3474        1.0000        0.6753 

                            161        0.3530        1.0000        0.6779 
                            162        0.3531        1.0000        0.6779 

                            163        0.3556        1.0000        0.6785 

                            164        0.3690        1.0000        0.6935 
                            165        0.3716        1.0000        0.6935 

                            166        0.3746        1.0000        0.6935 

                            167        0.3760        1.0000        0.6935 
                            168        0.3801        1.0000        0.6935 

                            169        0.3820        1.0000        0.6935 

                            170        0.3850        1.0000        0.6935 
                            171        0.3866        1.0000        0.6935 

                            172        0.3874        1.0000        0.6935 

                            173        0.3875        1.0000        0.6935 
                            174        0.3880        1.0000        0.6935 

                            175        0.3942        1.0000        0.7005 

                            176        0.4023        1.0000        0.7108 
                            177        0.4067        1.0000        0.7108 

                            178        0.4068        1.0000        0.7108 

                            179        0.4138        1.0000        0.7148 
                            180        0.4142        1.0000        0.7148 

                            181        0.4160        1.0000        0.7148 

                            182        0.4208        1.0000        0.7191 
                            183        0.4288        1.0000        0.7287 

                            184        0.4350        1.0000        0.7291 

                            185        0.4360        1.0000        0.7291 
                            186        0.4366        1.0000        0.7291 

                            187        0.4384        1.0000        0.7291 

                            188        0.4451        1.0000        0.7359 
                            189        0.4472        1.0000        0.7359 

                            190        0.4503        1.0000        0.7371 

                            191        0.4627        1.0000        0.7475 
                            192        0.4660        1.0000        0.7475 

                            193        0.4680        1.0000        0.7475 

                            194        0.4690        1.0000        0.7475 
                            195        0.4710        1.0000        0.7475 

                            196        0.4722        1.0000        0.7475 

                            197        0.4735        1.0000        0.7475 
                            198        0.4780        1.0000        0.7502 

                            199        0.4800        1.0000        0.7502 

                            200        0.4850        1.0000        0.7542 
                            201        0.4948        1.0000        0.7656 

                            202        0.4988        1.0000        0.7663 

                            203        0.5002        1.0000        0.7663 
                            204        0.5050        1.0000        0.7699 

                            205        0.5095        1.0000        0.7700 

                            206        0.5163        1.0000        0.7700 
                            207        0.5184        1.0000        0.7700 

                            208        0.5193        1.0000        0.7700 

                            209        0.5214        1.0000        0.7700 
                            210        0.5218        1.0000        0.7700 

                            211        0.5224        1.0000        0.7700 
                            212        0.5250        1.0000        0.7702 

                            213        0.5360        1.0000        0.7797 

                            214        0.5384        1.0000        0.7797 
                            215        0.5390        1.0000        0.7797 

                            216        0.5493        1.0000        0.7909 

                            217        0.5520        1.0000        0.7911 
                            218        0.5620        1.0000        0.8018 

                            219        0.5665        1.0000        0.8031 

                            220        0.5681        1.0000        0.8031 
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                            221        0.5746        1.0000        0.8086 

                            222        0.5872        1.0000        0.8226 

                            223        0.5910        1.0000        0.8242 
                            224        0.5950        1.0000        0.8257 

                            225        0.5977        1.0000        0.8257 

                            226        0.6008        1.0000        0.8257 
                            227        0.6028        1.0000        0.8257 

                            228        0.6053        1.0000        0.8257 

                            229        0.6129        1.0000        0.8324 
                            230        0.6208        1.0000        0.8342 

                            231        0.6210        1.0000        0.8342 
                            232        0.6230        1.0000        0.8342 

                            233        0.6265        1.0000        0.8342 

                            234        0.6308        1.0000        0.8342 
                            235        0.6327        1.0000        0.8342 

                            236        0.6330        1.0000        0.8342 

                            237        0.6377        1.0000        0.8360 
                            238        0.6398        1.0000        0.8360 

                            239        0.6427        1.0000        0.8363 

                            240        0.6485        1.0000        0.8374 
                            241        0.6489        1.0000        0.8374 

                            242        0.6520        1.0000        0.8379 

                            243        0.6624        1.0000        0.8459 
                            244        0.6637        1.0000        0.8459 

                            245        0.6670        1.0000        0.8467 

                            246        0.6700        1.0000        0.8470 
                            247        0.6734        1.0000        0.8471 

                            248        0.6755        1.0000        0.8471 

                            249        0.6823        1.0000        0.8509 
                            250        0.6840        1.0000        0.8509 

                            251        0.6936        1.0000        0.8577 

                            252        0.6950        1.0000        0.8577 
                            253        0.7102        1.0000        0.8730 

                            254        0.7178        1.0000        0.8788 

                            255        0.7206        1.0000        0.8788 
                            256        0.7274        1.0000        0.8837 

                            257        0.7365        1.0000        0.8875 

                            258        0.7380        1.0000        0.8875 
                            259        0.7410        1.0000        0.8875 

                            260        0.7420        1.0000        0.8875 

                            261        0.7623        1.0000        0.9083 
                            262        0.7865        1.0000        0.9336 

                            263        0.7914        1.0000        0.9358 

                            264        0.7984        1.0000        0.9405 
                            265        0.8166        1.0000        0.9583 

                            266        0.8288        1.0000        0.9627 

                            267        0.8303        1.0000        0.9627 
                            268        0.8305        1.0000        0.9627 

                            269        0.8368        1.0000        0.9627 

                            270        0.8375        1.0000        0.9627 
                            271        0.8415        1.0000        0.9627 

                            272        0.8479        1.0000        0.9627 

                            273        0.8479        1.0000        0.9627 
                            274        0.8482        1.0000        0.9627 

                            275        0.8530        1.0000        0.9647 

                            276        0.8600        1.0000        0.9649 
                            277        0.8608        1.0000        0.9649 

                            278        0.8640        1.0000        0.9649 

                            279        0.8728        1.0000        0.9649 
                            280        0.8748        1.0000        0.9649 

                            281        0.8755        1.0000        0.9649 
                            282        0.8811        1.0000        0.9649 

                            283        0.8825        1.0000        0.9649 

                            284        0.8840        1.0000        0.9649 
                            285        0.8842        1.0000        0.9649 

                            286        0.8932        1.0000        0.9708 

                            287        0.8959        1.0000        0.9708 
                            288        0.9093        1.0000        0.9819 

                            289        0.9203        1.0000        0.9830 

                            290        0.9212        1.0000        0.9830 

                            291        0.9226        1.0000        0.9830 

                            292        0.9260        1.0000        0.9830 

                            293        0.9263        1.0000        0.9830 
                            294        0.9298        1.0000        0.9830 

                            295        0.9324        1.0000        0.9830 

                            296        0.9400        1.0000        0.9859 
                            297        0.9424        1.0000        0.9859 

                            298        0.9447        1.0000        0.9859 

                            299        0.9669        1.0000        0.9975 
                            300        0.9674        1.0000        0.9975 

                            301        0.9691        1.0000        0.9975 
                            302        0.9738        1.0000        0.9975 

                            303        0.9750        1.0000        0.9975 

                            304        0.9750        1.0000        0.9975 
                            305        0.9806        1.0000        0.9983 

                            306        0.9890        1.0000        0.9983 

                            307        0.9919        1.0000        0.9983 
                            308        0.9930        1.0000        0.9983 

                            309        0.9948        1.0000        0.9983 

                            310        0.9951        1.0000        0.9983 
                            311        0.9990        1.0000        0.99
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Test Initially Significant Raw p-value 

1 Contralesional to Ipsilesional IHI MEP Amplitude, Carryover, posttest 1 

2 Contralesional to Ipsilesional IHI MEP Amplitude, Treatment by Period Interaction, posttest 2 

3 Box/Block Less Affected, Treatment A, posttest 1 

4 Box/Block Less Affected, Treatment A, posttest 2 

5 Box/Block Less Affected, Treatment A, posttest 3 

6 Box/Block Less Affected, Treatment B, posttest 3 

7 Box/Block Less Affected, Treatment B, posttest 1 

8 Box/Block Less Affected, Baseline Period main effect 

9 Ipsilesional to Contralesional IHI MEP Area, Treatment by Period Interaction 

10 Box/Block Affected, Baseline Period main effect 

11 Contralesional to Ipsilesional IHI MEP Area, Treatment C, posttest 1 

12 Box/Block Affected, Carryover, posttest 1 

13 ICF MEP Area, Treatment by Period Interaction, posttest 1 

14 Box/Block Less Affected, Baseline Treatment Carryover 

15 ICF MEP Amplitude, Baseline Period main effect 

16 SICI MEP Amplitude, Treatment by Period Interaction, posttest 2 

17 Contralesional to Ipsilesional IHI MEP Area, Treatment B-C difference, posttest 1 

18 SICI MEP Area,Treatment A-C difference, posttest 1 

19 Box/Block Less Affected, Treatment C, posttest 1 

20 Box/Block Affected, Treatment B, posttest 3 

21 CSP, Treatment A-C difference, posttest 3 

22 Contralesional to Ipsilesional IHI MEP Amplitude, Treatment by Period Interaction, posttest 2 

23 SICI MEP Amplitude, Carryover, posttest 2  

24 Box/Block Affected, Treatment A, posttest 3 

25 Box/Block Less Affected, Treatment by Period Interaction, posttest 3 

26 Contralesional to Ipsilesional IHI MEP Area, Carryover, posttest 1 

27 CSP, Carryover, posttest 1  

28 Box/Block Less Affected, Treatment C, posttest 3 

29 CSP, Treatment A-B difference, posttest 3 

30 Box/Block Affected, Treatment by Period Interaction, posttest 3 

31 Ipsilesional to Contralesional IHI MEP Area, Treatment A-C difference, posttest 3 

32 ICF MEP Area, Baseline Period main effect 

33 Ipsilesional to Contralesional IHI MEP Area, Treatment by Period Interaction, posttest 2 

34 SICI MEP Area, Carryover, posttest 2 

35 Ipsilesional to Contralesional IHI MEP Area, Treatment A, posttest 1 

36 Contralesional to Ipsilesional IHI MEP Area, Treatment A-B difference, posttest 2 

37 SICI MEP Area, Treatment by Period Interaction, posttest 1  

38 SICI MEP Amplitude, Treatment A, posttest 1 
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39 Box/Block Affected, Baseline Treatment Carryover 

40 CSP, Treatment A, posttest 3 

41 Digit Span, Treatment by Period Interaction, posttest 3 

42 ICF MEP Amplitude, Carryover, posttest 2 

43 BB less affected, treatment C, posttest 2 

44 Contralesional to Ipsilesional IHI MEP Amplitude, Treatment C, posttest 1  

45 ICF MEP Area, Carryover, posttest 2  

46 SICI MEP Area, Treatment by Period Interaction, posttest 2 

47 Ipsilesional to Contralesional IHI MEP Amplitude, Treatment A-C difference, posttest 3 

48 CSP, Treatment A-B difference, posttest 2 

49 ICF MEP Area, Treatment by Period Interaction, posttest 3 

50 Digit Span, Treatment B-C difference, posttest 2 

51 Ipsilesional to Contralesional IHI MEP Area, Treatment A-C difference, posttest 2 

52 Box/Block Affected, Treatment A, posttest 2 
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Appendix U. Statistical Results: Baseline Screens 
 

Measure 

Treatment 

Carryover Period Main Effect 

Contra to Ipsilesional IHI: Amplitude F(3,46)= 1.42, p= 0.248 F(2,48)= 1.98, p= 0.149 

   Contra to Ipsilesional IHI: AUC F(3,46)= 1.45, p= 0.240 F(2,48)= 1.86, p= 0.167 

   Ipsi to Contralesional IHI: Amplitude F(3,46)= 0.83, p= 0.485 F(2,48)= 2.12, p= 0.131 

   Ipsi to Contralesional IHI: AUC F(3,46)= 1.38, p= 0.262 F(2,48)= 3.10, p= 0.054 

   Short-Interval Intracortical Inhibition: 

Amplitude F(3,46)= 1.38, p= 0.260 F(2,48)= 0.16, p= 0.853 

   Short-Interval Intracortical Inhibition: AUC F(3,46)=1.57, p= 0.209 F(2,48)= 0.03, p= 0.975 

   Intracortical Facilitation: Amplitude F(3,46)= 0.55, p= 0.652 F(2,48)= 5.61, p= 0.006 

   Intracortical Facilitation: AUC F(3,46)= 0.74, p= 0.536 F(2,48)= 4.19, p= 0.021 

   Cortical Silent Period F(3,39)= 2.35, p= 0.088 F(2,41)= 0.74, p= 0.482 

   Box and Block: Affected Hand F(3,46)= 3.27, p= 0.029 F(2,48)= 9.76, p= 0.0003 

   Box and Block: Less Affected Hand F(3,46)= 4.75, p= 0.006 F(2,48)= 15.89, p< 0.0001 

   
Digit Span F(3,46)= 1.04, p= 0.382 F(2,48)= 3.03, p= 0.058 

 

  



 

 

 213 

Appendix U. Statistical Results: Treatment Posttest Screens 
 

Measure Day 
Treatment by Period 

Interaction 
Carryover 

Contra to Ipsilesional 

IHI: Amplitude 
Posttest 1 F(4,12)= 1.22, p= 0.353 F(2,14)= 18.57, p= 0.0001 

 
Posttest 2 F(4,12)= 16.45, p< 0.0001 F(2,14)= 2.16, p= 0.153 

 
Posttest 3 F(4,12)= 2.99, p= 0.063 F(2,14)= 0.80, p= 0.471 

    
Contra to Ipsilesional 

IHI: AUC 
Posttest 1 F(4,12)= 2.31, p= 0.117 F(2,14)= 5.56, p= 0.017 

 
Posttest 2 F(4,12)= 0.87, p= 0.5095 F(2,14)= 0.81, p= 0.466 

 
Posttest 3 F(4,12)= 1.86, p= 0.182 F(2,14)= 2.12, p= 0.157 

    
Ipsi to Contralesional: 

Amplitude 
Posttest 1 F(4,12)= 0.73, p= 0.591 F(2,14)= 3.15, p= 0.741 

 
Posttest 2 F(4,12)= 4.92, p= 0.014 F(2,14)= 1.35, p= 0.291 

 
Posttest 3 F(4,12)=1.68, p= 0.218 F(2,14)= 0.00, p= 0.999 

    
Ipsi to Contralesional: 

AUC 
Posttest 1 F(4,12)= 1.14, p= 0.385 F(2,14)= 0.65, p= 0.539 

 
Posttest 2 F(4,12)= 9.80, p= 0.001 F(2,14)= 0.60, p= 0.562 

 
Posttest 3 F(4,12)= 4.34, p= 0.021 F(2,14)= 0.01, p= 0.989 

    
SICI: Amplitude Posttest 1 F(4,12)= 1.06, p= 0.416 F(2,14)= 2.33, p= 0.133 

 
Posttest 2 F(4,12)= 5.87, p= 0.007 F(2,14)= 5.81, p= 0.014 

 
Posttest 3 F(4,12)= 2.04, p= 0.152 F(2,14)= 0.03, p= 0.975 

    
SICI: AUC Posttest 1 F(4,12)=  4.11, p= 0.025 F(2,14)= 1.34, p= 0.293 

 
Posttest 2 F(4,12)= 3.76, p= 0.033 F(2,14)= 5.08, p= 0.022 

 
Posttest 3 F(4,12)= 1.02, p= 0.435 F(2,14)= 0.15, p= 0.864 

    
ICF: Amplitude Posttest 1 F(4,12)= 3.10, p= 0.057 F(2,14)= 0.37, p= 0.695 

 
Posttest 2 F(4,12)= 1.73, p= 0.207 F(2,14)= 4.48, p= 0.031 

 
Posttest 3 F(4,12)= 2.26, p= 0.124 F(2,14)= 1.55, p= 0.248 

    
ICF: AUC Posttest 1 F(4,12)= 6.35, p= 0.005 F(2,14)= 1.69, p=0.219 

 
Posttest 2 F(4,12)= 1.57, p= 0.244 F(2,14)= 4.44, p= 0.032 

 
Posttest 3 F(4,12)= 3.55, p= 0.039 F(2,14)= 1.65, p= 0.227 

    
CSP Posttest 1 F(4,10)= 1.03, p= 0.436 F(2,12)= 5.69, p= 0.018 

 
Posttest 2 F(4,10)= 1.37, p= 0.311 F(2,12)= 2.94, p= 0.092 

 
Posttest 3 F(4,10)= 1.75, p= 0.215 F(2,12)= 0.31, p= 0.742 

    
Box and Block: 

Affected 
Posttest 1 F(4,12)= 2.40, p= 0.108 F(2,14)= 8.53, p= 0.004 

 
Posttest 2 F(4,12)= 1.83, p= 0.187 F(2,14)= 0.49, p= 0.623 
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Box and Block: 

Affected Continued 
Posttest 3 F(4,12)= 4.45, p= 0.020 F(2,14)= 1.19, p= 0.333 

    
Box and Block: Less 

Affected  
Posttest 1 F(4,12)= 3.11, p= 0.057 F(2,14)= 0.80, p= 0.468 

 
Posttest 2 F(4,12)= 0.93, p= 0.480 F(2,14)= 0.15, p= 0.860 

 
Posttest 3 F(4,12)= 4.75, p= 0.016 F(2,14)= 3.23, p= 0.070 

    
Digit Span Posttest 1 F(4,12)= 1.52, p= 0.257 F(2,14)= 2.45, p= 0.123 

 
Posttest 2 F(4,12)= 1.16, p= 0.376 F(2,14)= 0.08, p= 0.926 

  Posttest 3 F(4,11)= 4.02, p= 0.030 F(2,13)= 2.11, p= 0.161 

 

 

Appendix U. Statistical Results: Treatment Effects 
 

Measure Day Tx LSM SE DF t-value p-value 

Contra to Ipsilesional 

IHI: Amplitude 

Posttest 

1 A 0.034 0.111 16 0.310 0.762 

  

B 0.035 0.067 16 0.530 0.603 

  

C 0.290 0.123 16 2.350 0.032 

 

Posttest 

2 A 0.120 0.080 15 1.500 0.155 

  

B 0.058 0.059 15 0.980 0.342 

  

C 0.088 0.076 15 1.160 0.266 

 

Posttest 

3 A -0.017 0.061 15 -0.280 0.787 

  

B 0.025 0.069 15 0.360 0.721 

  

C 0.092 0.109 15 0.840 0.414 

        Ipsi to Contralesional 

IHI: Amplitude 

Posttest 

1 A 0.072 0.082 16 0.890 0.388 

  

B 0.194 0.121 16 1.610 0.128 

  

C 0.177 0.130 16 1.360 0.192 

 

Posttest 

2 A -0.060 0.055 15 -1.100 0.289 

  

B 0.129 0.109 15 1.180 0.255 

  

C 0.094 0.061 15 1.540 0.144 

 

Posttest 

3 A 0.177 0.118 15 1.500 0.154 

  

B 0.013 0.087 15 0.150 0.884 

  

C -0.031 0.088 15 -0.360 0.727 

        Short-Interval 

Intracortical 

Inhibition: Amplitude 

Posttest 

1 A 0.151 0.062 15 2.450 0.027 
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Short- Interval 

Intracortical 

Inhibition: Amplitude 

Continued 

Posttest 

1 B -0.058 0.084 15 -0.690 0.499 

  

C 0.007 0.078 15 0.090 0.930 

 

Posttest 

2 A 0.034 0.074 16 0.460 0.649 

  

B 0.129 0.090 16 1.440 0.170 

  

C 0.023 0.087 16 0.270 0.791 

 

Posttest 

3 A 0.174 0.189 15 0.920 0.372 

  

B 0.010 0.076 15 0.130 0.896 

  

C -0.036 0.063 15 -0.570 0.575 

        Intracortical 

Facilitation: 

Amplitude 

Posttest 

1 A 0.272 0.178 16 1.530 0.146 

  

B 0.105 0.095 16 1.100 0.289 

  

C 0.176 0.349 16 0.500 0.621 

 

Posttest 

2 A 0.137 0.160 16 0.860 0.402 

  

B -0.030 0.086 16 -0.340 0.737 

  

C 0.205 0.198 16 1.030 0.317 

 

Posttest 

3 A 0.009 0.370 16 0.020 0.981 

  

B 0.325 0.365 16 0.890 0.387 

  

C 0.353 0.486 16 0.730 0.478 

        

Cortical Silent Period 

Posttest 

1 A -0.945 8.196 14 -1.150 0.268 

  

B 3.465 15.730 14 0.220 0.829 

  

C 3.626 17.356 14 0.210 0.838 

 

Posttest 

2 A -18.088 13.831 14 -1.310 0.212 

  

B 13.502 11.633 14 1.160 0.265 

  

C 17.177 9.633 14 1.780 0.096 

 

Posttest 

3 A -32.809 13.569 14 -2.420 0.030 

  

B 13.372 11.286 14 1.180 0.256 

    C 3.157 14.461 14 0.220 0.830 
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Measure Day Tx LSM SE DF t-value p-value 

Contra to 

Ipsilesional IHI: 

AUC 

Posttest 

1 A -0.005 0.115 16 -0.040 0.969 

  

B -0.010 0.064 16 -0.150 0.883 

  

C 0.334 0.097 16 3.450 0.003 

 

Posttest 

2 A 0.141 0.092 15 1.540 0.144 

  

B 0.049 0.080 15 0.610 0.552 

  

C 0.022 0.058 15 0.380 0.710 

 

Posttest 

3 A -0.061 0.062 15 -0.990 0.339 

  

B 0.006 0.075 15 0.080 0.940 

  

C 0.119 0.121 15 0.990 0.340 

        Ipsi to 

Contralesional IHI: 

AUC 

Posttest 

1 A 0.106 0.084 16 1.260 0.226 

  

B 0.217 0.124 16 1.760 0.098 

  

C 0.205 0.138 16 1.490 0.156 

 

Posttest 

2 A -0.083 0.062 15 -1.330 0.202 

  

B 0.133 0.130 15 1.030 0.319 

  

C 0.061 0.048 15 1.260 0.227 

 

Posttest 

3 A 0.195 0.136 15 1.430 0.172 

  

B 0.054 0.107 15 0.500 0.621 

  

C -0.067 0.086 15 -0.780 0.447 

        Short-Interval 

Intracortical 

Inhibition: AUC 

Posttest 

1 A 0.156 0.062 15 2.510 0.024 

  

B -0.037 0.078 15 -0.470 0.643 

  

C -0.018 0.041 15 -0.440 0.664 

 

Posttest 

2 A 0.053 0.072 16 0.730 0.474 

  

B 0.117 0.114 16 1.030 0.320 

  

C -0.009 0.099 16 -0.090 0.926 

 

Posttest 

3 A 0.127 0.103 16 1.240 0.234 

  

B 0.023 0.110 16 0.210 0.837 

  

C -0.083 0.057 16 -1.450 0.165 

        Intracortical 

Facilitation: AUC 

Posttest 

1 A -0.014 0.145 15 -0.100 0.923 

  

B -0.016 0.154 15 -0.100 0.920 
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Intracortical 

Facilitation: AUC 

Continued 

Posttest 

1 C -0.195 0.168 15 -1.160 0.264 

 

Posttest 

2 A 0.073 0.181 15 0.400 0.694 

  

B -0.209 0.114 15 -1.830 0.087 

  

C -0.217 0.158 15 -1.370 0.191 

 

Posttest 

3 A -0.215 0.416 16 -0.520 0.613 

  

B 0.361 0.400 16 0.900 0.380 

    C 0.041 0.257 16 0.160 0.876 

 

Measure Day Tx LSM SE DF t-value p-value 

Box and Block: 

Affected 

Posttest 

1 A 1.503 0.985 16 1.520 0.147 

  

B 0.824 0.543 16 1.520 0.148 

  

C 1.009 0.744 16 1.360 0.194 

 

Posttest 

2 A 1.827 0.849 16 2.150 0.047 

  

B 0.824 0.967 16 0.850 0.407 

  

C 0.992 1.133 16 0.880 0.394 

 

Posttest 

3 A 2.475 0.908 16 2.730 0.015 

  

B 3.161 1.105 16 2.860 0.011 

    C 0.295 1.653 16 0.180 0.861 

 

Measure Day Tx LSM SE DF t-value p-value 

Box and Block: Less 

Affected 

Posttest 

1 A 3.584 0.579 16 6.190 <0.0001 

  

B 2.099 0.499 16 4.200 0.001 

  

C 2.453 0.846 16 2.900 0.011 

 

Posttest 

2 A 3.759 0.584 16 6.440 <0.0001 

  

B 2.699 1.402 16 1.920 0.072 

  

C 2.827 1.196 16 2.360 0.031 

 

Posttest 

3 A 4.261 0.669 16 6.370 <0.0001 

  

B 4.413 0.819 16 5.390 <0.0001 

  

C 3.401 1.292 16 2.630 0.018 

        

Digit Span 

 

Posttest 

1 A 0.036 0.419 16 0.090 0.932 

  

B 0.210 0.473 16 0.440 0.662 

  

C 0.026 0.632 16 0.040 0.967 
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Posttest

2 

 

A 

 

0.240 

 

0.442 

 

15 

 

0.540 

 

0.595 

  

B -0.060 0.373 15 -0.160 0.875 

  

C 1.024 0.589 15 1.740 0.103 

 

Posttest 

3 A -0.209 0.395 14 -0.530 0.605 

  

B 0.497 0.520 14 0.960 0.356 

    C 0.420 0.634 14 0.660 0.518 

 

 

Appendix U. Statistical Results: Treatment Comparisons 
 

Measure Day 
Tx 

Diff 
LSM SE DF t-value p-value 

Contra to Ipsilesional 

IHI: Amplitude 

Posttest 

1 A - B -0.001 0.147 16 -0.010 0.993 

  

A - C -0.256 0.170 16 -1.500 0.152 

  

B - C -0.255 0.138 16 -1.840 0.084 

 

Posttest 

2 A - B 0.061 0.040 15 1.550 0.142 

  

A - C 0.031 0.076 15 0.420 0.682 

  

B - C -0.030 0.061 15 -0.490 0.631 

 

Posttest 

3 A - B -0.042 0.097 15 -0.430 0.670 

  

A - C -0.108 0.107 15 -1.020 0.326 

  

B - C -0.066 0.151 15 -0.440 0.667 

        Ipsi to Contralesional 

IHI: Amplitude 

Posttest 

1 A - B -0.122 0.122 16 -1.000 0.331 

  

A - C -0.105 0.161 16 -0.650 0.525 

  

B - C 0.017 0.116 16 0.150 0.884 

 

Posttest 

2 A - B -0.189 0.113 15 -1.670 0.116 

  

A - C -0.154 0.075 15 -2.050 0.058 

  

B - C 0.035 0.104 15 0.340 0.738 

 

Posttest 

3 A - B 0.164 0.120 15 1.370 0.192 

  

A - C 0.208 0.090 15 2.320 0.035 

  

B - C 0.044 0.107 15 0.420 0.684 

        Short-Interval 

Intracortical 

Inhibition: Amplitude 

Posttest 

1 A - B 0.209 0.099 15 2.100 0.053 
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A - C 0.144 0.073 15 1.970 0.068 

  

B - C -0.065 0.117 15 -0.550 0.587 

 

Posttest 

2 A - B -0.095 0.119 16 -0.800 0.437 

  

A - C 0.011 0.094 16 0.120 0.909 

  

B - C 0.106 0.135 16 0.780 0.445 

 

Posttest 

3 A - B 0.164 0.193 15 0.850 0.407 

  

A - C 0.211 0.217 15 0.970 0.347 

  

B - C 0.046 0.096 15 0.480 0.638 

        Intracortical 

Facilitation: 

Amplitude 

Posttest 

1 A - B 0.167 0.183 16 0.910 0.375 

  

A - C 0.096 0.368 16 0.260 0.798 

  

B - C -0.071 0.366 16 -0.190 0.848 

 

Posttest 

2 A - B 0.167 0.225 16 0.740 0.469 

  

A - C -0.068 0.311 16 -0.220 0.831 

  

B - C -0.235 0.185 16 1.270 0.222 

 

Posttest 

3 A - B -0.316 0.586 16 -0.540 0.598 

  

A - C -0.344 0.741 16 -0.460 0.649 

  

B - C -0.028 0.403 16 -0.070 0.945 

        

Cortical Silent Period 

Posttest 

1 A - B -12.918 13.010 14 -0.990 0.338 

  

A - C -13.079 19.884 14 -0.660 0.521 

  

B - C -0.161 24.309 14 -0.010 0.995 

 

Posttest 

2 A - B -31.590 13.565 14 -2.330 0.035 

  

A - C -35.265 18.488 14 -1.910 0.077 

  

B - C -3.675 18.813 14 -0.200 0.848 

 

Posttest 

3 A - B -46.181 17.516 14 -2.640 0.020 

  

A - C -35.967 12.492 14 -2.880 0.012 

    B - C 10.214 19.080 14 0.540 0.601 
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Measure Day 
Tx 

Diff 
LSM SE DF t-value p-value 

Contra to Ipsilesional 

IHI: AUC 

Posttest 

1 A - B 0.005 0.153 16 0.030 0.974 

  

A - C -0.338 0.172 16 -1.970 0.067 

  

B - C -0.343 0.113 16 -3.030 0.008 

 

Posttest 

2 A - B 0.092 0.037 15 2.510 0.024 

  

A - C 0.119 0.063 15 1.890 0.078 

  

B - C 0.027 0.055 15 0.490 0.633 

 

Posttest 

3 A - B -0.067 0.098 15 -0.680 0.505 

  

A - C -0.181 0.130 15 -1.390 0.185 

  

B - C -0.113 0.171 15 -0.660 0.516 

        Ipsi to Contralesional 

IHI: AUC 

Posttest 

1 A - B -0.112 0.133 16 -0.840 0.414 

  

A - C -0.100 0.170 16 -0.590 0.567 

  

B - C 0.012 0.122 16 0.100 0.921 

 

Posttest 

2 A - B -0.217 0.140 15 -1.550 0.141 

  

A - C -0.144 0.066 15 -2.180 0.045 

  

B - C 0.073 0.116 15 0.630 0.538 

 

Posttest 

3 A - B 0.141 0.142 15 0.990 0.338 

  

A - C 0.263 0.101 15 2.590 0.021 

  

B - C 0.122 0.123 15 0.980 0.340 

        Short-Interval 

Intracortical 

Inhibition: AUC 

Posttest 

1 A - B 0.193 0.100 15 1.930 0.073 

  

A - C 0.175 0.057 15 3.060 0.008 

  

B - C -0.019 0.091 15 -0.200 0.842 

 

Posttest 

2 A - B -0.064 0.132 16 -0.490 0.633 

  

A - C 0.062 0.101 16 0.610 0.549 

  

B - C 0.126 0.168 16 0.750 0.463 

 

Posttest 

3 A - B 0.104 0.151 16 0.690 0.500 

  

A - C 0.211 0.131 16 1.600 0.128 

  

B - C 0.107 0.120 16 0.890 0.388 

        Intracortical 

Facilitation: AUC 

Posttest 

1 A - B 0.001 0.218 15 0.010 0.995 

  

A - C 0.180 0.202 15 0.890 0.387 

  

B - C 0.179 0.216 15 0.830 0.421 
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Posttest 

2 A - B 0.282 0.194 15 1.460 0.166 

  

A - C 0.289 0.272 15 1.070 0.303 

  

B - C 0.007 0.173 15 0.040 0.967 

 

Posttest 

3 A - B -0.576 0.725 16 -0.790 0.438 

  

A - C -0.256 0.600 16 -0.430 0.676 

Intracortical 

Facilitation: AUC 

Continued  

 Posttest 

3 B - C 0.321 0.335 16 0.960 0.353 

 

Measure Day 
Tx 

Diff 
LSM SE DF t-value p-value 

Box and Block: 

Affected 

Posttest 

1 A - B 0.678 0.835 16 0.810 0.429 

  

A - C 0.493 1.341 16 0.370 0.718 

  

B - C -0.185 0.784 16 -0.240 0.817 

 

Posttest 

2 A - B 1.002 1.435 16 0.700 0.495 

  

A - C 0.835 1.277 16 0.650 0.522 

  

B - C -0.167 1.227 16 -0.140 0.893 

 

Posttest 

3 A - B -0.687 1.599 16 -0.430 0.673 

  

A - C 2.180 1.917 16 1.140 0.272 

    B - C 2.867 2.393 16 1.200 0.248 

 

Measure Day 
Tx 

Diff 
LSM SE DF t-value p-value 

Box and Block: Less 

Affected 

Posttest 

1 A - B 1.485 0.744 16 2.000 0.063 

  

A - C 1.131 0.810 16 1.400 0.181 

  

B - C -0.354 0.742 16 -0.480 0.640 

 

Posttest 

2 A - B 1.060 1.608 16 0.660 0.519 

  

A - C 0.932 1.423 16 0.660 0.522 

  

B - C -0.128 1.741 16 -0.070 0.942 

 

Posttest 

3 A - B -0.152 0.935 16 -0.160 0.873 

  

A - C 0.860 1.734 16 0.500 0.627 

  

B - C 1.013 1.737 16 0.580 0.568 

        

Digit Span 

Posttest 

1 A - B -0.174 0.237 16 -0.740 0.472 

  

A - C 0.010 0.958 16 0.010 0.992 

  

B - C 0.184 0.945 16 0.190 0.848 
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Posttest 

2 A - B 0.300 0.387 15 0.780 0.450 

  

A - C -0.784 0.415 15 -1.890 0.078 

  

B - C -1.084 0.484 15 -2.240 0.041 

 

Posttest 

3 A - B -0.706 0.490 14 -1.440 0.172 

  

A - C -0.629 0.677 14 -0.930 0.369 

Digit Span  

Posttest 

3  B - C 0.077 0.507 14 0.150 0.881 
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Appendix V. Normality Testing: SAS Coding & Output  
 
*Assessing Normality of Data*; 

 

PROC UNIVARIATE DATA= subprime.normality NORMAL PLOT; 

VAR IHI_S_NS IHI_NS_S PP3 PP15 CSP BB_P RMT; 

QQPLOT IHI_S_NS IHI_NS_S PP3 PP15 CSP RMT BB_P /NORMAL(MU=EST 

SIGMA=EST COLOR=RED L=1); 

HISTOGRAM / NORMAL(COLOR=MAROON W=4) CFILL = BLUE CFRAME = LIGR; 

RUN;  
 

MEP AMPLITUDE DATA: 

 
The SAS System          09:12 Monday, August 4, 2014   2 
 

                                    The UNIVARIATE Procedure 
                                 Variable:  IHI_S_NS  (IHI_S_NS), Ipsilesional to Contralesional IHI: MEP Amplitude 

 

                                             Moments 
 

                 N                          22    Sum Weights                 22 

                 Mean               0.71777065    Sum Observations    15.7909544 
                 Std Deviation      0.28336606    Variance            0.08029633 

                 Skewness           0.25984711    Kurtosis            -0.1547515 

                 Uncorrected SS     13.0205065    Corrected SS        1.68622284 
                 Coeff Variation    39.4786358    Std Error Mean      0.06041385 

 

 
                                   Basic Statistical Measures 

 

                         Location                    Variability 
 

                     Mean     0.717771     Std Deviation            0.28337 

                     Median   0.653366     Variance                 0.08030 
                     Mode      .           Range                    1.19346 

                                           Interquartile Range      0.44400 

 
 

                                   Tests for Location: Mu0=0 

 
                        Test           -Statistic-    -----p Value------ 

 

                        Student's t    t   11.8809    Pr > |t|    <.0001 
                        Sign           M        11    Pr >= |M|   <.0001 

                        Signed Rank    S     126.5    Pr >= |S|   <.0001 

 
 

                                      Tests for Normality 

 
                   Test                  --Statistic---    -----p Value------ 

 

                   Shapiro-Wilk          W     0.977204    Pr < W      0.8672 
                   Kolmogorov-Smirnov    D     0.112971    Pr > D     >0.1500 

                   Cramer-von Mises      W-Sq    0.0487    Pr > W-Sq  >0.2500 

                   Anderson-Darling      A-Sq  0.284033    Pr > A-Sq  >0.2500 
 

 

                                     Quantiles (Definition 5) 
 

                                     Quantile       Estimate 

 
                                     100% Max       1.346499 

                                     99%            1.346499 

                                     95%            1.088588 
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                                     90%            1.033715 

                                     75% Q3         0.970833 

                                     50% Median     0.653366 
                                     25% Q1         0.526834 

 

The SAS System          09:12 Monday, August 4, 2014   3 
 

                                    The UNIVARIATE Procedure 

                                 Variable:  IHI_S_NS  (IHI_S_NS), Ipsilesional to Contralesional IHI: MEP Amplitude 
 

                                     Quantiles (Definition 5) 
 

                                     Quantile       Estimate 

 
                                     10%            0.413360 

                                     5%             0.378561 

                                     1%             0.153043 
                                     0% Min         0.153043 

 

 
                                       Extreme Observations 

 

                           ------Lowest------        -----Highest----- 
 

                               Value      Obs           Value      Obs 

 
                            0.153043       19         1.00141        2 

                            0.378561       18         1.01954       15 

                            0.413360        3         1.03371        4 
                            0.467450       10         1.08859        1 

                            0.511751       22         1.34650        7 

 
The SAS System          09:12 Monday, August 4, 2014   4 

 

                                    The UNIVARIATE Procedure 
                       Fitted Normal Distribution for IHI_S_NS (IHI_S_NS), Ipsilesional to Contralesional IHI: MEP Amplitude 

 

                                Parameters for Normal Distribution 
 

                                  Parameter   Symbol   Estimate 

 
                                  Mean        Mu       0.717771 

                                  Std Dev     Sigma    0.283366 

 
 

                         Goodness-of-Fit Tests for Normal Distribution 

 
                 Test                  ----Statistic-----   ------p Value------ 

 

                 Kolmogorov-Smirnov    D       0.11297132   Pr > D       >0.150 
                 Cramer-von Mises      W-Sq    0.04870023   Pr > W-Sq    >0.250 

                 Anderson-Darling      A-Sq    0.28403310   Pr > A-Sq    >0.250 

 
 

                                Quantiles for Normal Distribution 

 
                                           ------Quantile------ 

                                 Percent   Observed   Estimated 

 
                                     1.0    0.15304     0.05856 

                                     5.0    0.37856     0.25167 
                                    10.0    0.41336     0.35462 

                                    25.0    0.52683     0.52664 

                                    50.0    0.65337     0.71777 
                                    75.0    0.97083     0.90890 

                                    90.0    1.03371     1.08092 

                                    95.0    1.08859     1.18387 
                                    99.0    1.34650     1.37698 
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The SAS System          09:12 Monday, August 4, 2014   5 

 
                                    The UNIVARIATE Procedure 

                                 Variable:  IHI_NS_S  (IHI_NS_S), Contralesional to Ipsilesional IHI: MEP Amplitude 

 
                                             Moments 

 

                 N                          22    Sum Weights                 22 
                 Mean               0.74228511    Sum Observations    16.3302723 

                 Std Deviation      0.31548356    Variance            0.09952988 
                 Skewness           -0.7063076    Kurtosis            -0.0766639 

                 Uncorrected SS     14.2118453    Corrected SS         2.0901274 

                 Coeff Variation    42.5016691    Std Error Mean      0.06726132 
 

 

                                   Basic Statistical Measures 
 

                         Location                    Variability 

 
                     Mean     0.742285     Std Deviation            0.31548 

                     Median   0.830924     Variance                 0.09953 

                     Mode      .           Range                    1.14529 
                                           Interquartile Range      0.41846 

 

 
                                   Tests for Location: Mu0=0 

 

                        Test           -Statistic-    -----p Value------ 
 

                        Student's t    t  11.03584    Pr > |t|    <.0001 

                        Sign           M        11    Pr >= |M|   <.0001 
                        Signed Rank    S     126.5    Pr >= |S|   <.0001 

 

 
                                      Tests for Normality 

 

                   Test                  --Statistic---    -----p Value------ 
 

                   Shapiro-Wilk          W     0.945086    Pr < W      0.2516 

                   Kolmogorov-Smirnov    D     0.137617    Pr > D     >0.1500 
                   Cramer-von Mises      W-Sq  0.060528    Pr > W-Sq  >0.2500 

                   Anderson-Darling      A-Sq   0.40822    Pr > A-Sq  >0.2500 

 
 

                                    Quantiles (Definition 5) 

 
                                    Quantile        Estimate 

 

                                    100% Max       1.2115152 
                                    99%            1.2115152 

                                    95%            1.1378009 

                                    90%            1.1017281 
                                    75% Q3         0.9891873 

                                    50% Median     0.8309240 

                                    25% Q1         0.5707239 
 

The SAS System          09:12 Monday, August 4, 2014   6 

 
                                    The UNIVARIATE Procedure 

                                 Variable:  IHI_NS_S  (IHI_NS_S), Contralesional to Ipsilesional IHI: MEP Amplitude 
 

                                    Quantiles (Definition 5) 

 
                                    Quantile        Estimate 

 

                                    10%            0.2720179 
                                    5%             0.1122860 
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                                    1%             0.0662261 

                                    0% Min         0.0662261 

 
 

                                      Extreme Observations 

 
                          -------Lowest------        -----Highest----- 

 

                               Value      Obs           Value      Obs 
 

                           0.0662261       19         1.00404       16 
                           0.1122860       15         1.02319       21 

                           0.2720179        5         1.10173        6 

                           0.4559417       20         1.13780       17 
                           0.5502986        1         1.21152        8 

 

The SAS System          09:12 Monday, August 4, 2014   7 
 

                                    The UNIVARIATE Procedure 

                       Fitted Normal Distribution for IHI_NS_S (IHI_NS_S), Contralesional to Ipsilesional IHI: MEP Amplitude 
 

                                Parameters for Normal Distribution 

 
                                  Parameter   Symbol   Estimate 

 

                                  Mean        Mu       0.742285 
                                  Std Dev     Sigma    0.315484 

 

 
                         Goodness-of-Fit Tests for Normal Distribution 

 

                 Test                  ----Statistic-----   ------p Value------ 
 

                 Kolmogorov-Smirnov    D       0.13761695   Pr > D       >0.150 

                 Cramer-von Mises      W-Sq    0.06052820   Pr > W-Sq    >0.250 
                 Anderson-Darling      A-Sq    0.40822016   Pr > A-Sq    >0.250 

 

 
                                Quantiles for Normal Distribution 

 

                                           ------Quantile------ 
                                 Percent   Observed   Estimated 

 

                                     1.0    0.06623     0.00836 
                                     5.0    0.11229     0.22336 

                                    10.0    0.27202     0.33798 

                                    25.0    0.57072     0.52949 
                                    50.0    0.83092     0.74229 

                                    75.0    0.98919     0.95508 

                                    90.0    1.10173     1.14659 
                                    95.0    1.13780     1.26121 

                                    99.0    1.21152     1.47621 

 
The SAS System          09:12 Monday, August 4, 2014   8 

 

                                    The UNIVARIATE Procedure 
                                      Variable:  PP3  (PP3), SICI: MEP Amplitude 

 

                                             Moments 
 

                 N                          22    Sum Weights                 22 
                 Mean               0.68620078    Sum Observations    15.0964172 

                 Std Deviation      0.23693214    Variance            0.05613684 

                 Skewness           -0.0928553    Kurtosis            -0.2365237 
                 Uncorrected SS     11.5380469    Corrected SS        1.17887364 

                 Coeff Variation    34.5281074    Std Error Mean       0.0505141 
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                                   Basic Statistical Measures 

 

                         Location                    Variability 
 

                     Mean     0.686201     Std Deviation            0.23693 

                     Median   0.740318     Variance                 0.05614 
                     Mode      .           Range                    0.93675 

                                           Interquartile Range      0.37342 

 
 

                                   Tests for Location: Mu0=0 
 

                        Test           -Statistic-    -----p Value------ 

 
                        Student's t    t  13.58434    Pr > |t|    <.0001 

                        Sign           M        11    Pr >= |M|   <.0001 

                        Signed Rank    S     126.5    Pr >= |S|   <.0001 
 

 

                                      Tests for Normality 
 

                   Test                  --Statistic---    -----p Value------ 

 
                   Shapiro-Wilk          W     0.962619    Pr < W      0.5440 

                   Kolmogorov-Smirnov    D     0.131701    Pr > D     >0.1500 

                   Cramer-von Mises      W-Sq  0.061023    Pr > W-Sq  >0.2500 
                   Anderson-Darling      A-Sq  0.374131    Pr > A-Sq  >0.2500 

 

 
                                     Quantiles (Definition 5) 

 

                                     Quantile       Estimate 
 

                                     100% Max       1.200974 

                                     99%            1.200974 
                                     95%            0.959923 

                                     90%            0.912440 

                                     75% Q3         0.844977 
                                     50% Median     0.740318 

                                     25% Q1         0.471555 
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                                    The UNIVARIATE Procedure 
                                      Variable:  PP3  (PP3), SICI: MEP Amplitude 

 

                                     Quantiles (Definition 5) 
 

                                     Quantile       Estimate 

 
                                     10%            0.411284 

                                     5%             0.271550 

                                     1%             0.264222 
                                     0% Min         0.264222 

 

 
                                      Extreme Observations 

 

                          ------Lowest------        ------Highest----- 
 

                              Value      Obs            Value      Obs 
 

                           0.264222        7         0.848075        9 

                           0.271550       11         0.878284        4 
                           0.411284        8         0.912440       13 

                           0.411722        2         0.959923       15 

                           0.434713       14         1.200974        5 
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                                    The UNIVARIATE Procedure 
                            Fitted Normal Distribution for PP3 (PP3), SICI: MEP Amplitude 

 

                                Parameters for Normal Distribution 
 

                                  Parameter   Symbol   Estimate 

 
                                  Mean        Mu       0.686201 

                                  Std Dev     Sigma    0.236932 
 

 

                         Goodness-of-Fit Tests for Normal Distribution 
 

                 Test                  ----Statistic-----   ------p Value------ 

 
                 Kolmogorov-Smirnov    D       0.13170064   Pr > D       >0.150 

                 Cramer-von Mises      W-Sq    0.06102300   Pr > W-Sq    >0.250 

                 Anderson-Darling      A-Sq    0.37413125   Pr > A-Sq    >0.250 
 

 

                                Quantiles for Normal Distribution 
 

                                           ------Quantile------ 

                                 Percent   Observed   Estimated 
 

                                     1.0    0.26422     0.13501 

                                     5.0    0.27155     0.29648 
                                    10.0    0.41128     0.38256 

                                    25.0    0.47156     0.52639 

                                    50.0    0.74032     0.68620 
                                    75.0    0.84498     0.84601 

                                    90.0    0.91244     0.98984 

                                    95.0    0.95992     1.07592 
                                    99.0    1.20097     1.23739 
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                                    The UNIVARIATE Procedure 

                                     Variable:  PP15  (PP15), ICF: MEP Amplitude 
 

                                             Moments 

 
                 N                          22    Sum Weights                 22 

                 Mean               1.38605346    Sum Observations    30.4931761 

                 Std Deviation      0.77648398    Variance            0.60292738 
                 Skewness           1.92731832    Kurtosis            3.37343996 

                 Uncorrected SS     54.9266471    Corrected SS        12.6614749 

                 Coeff Variation    56.0212147    Std Error Mean      0.16554694 
 

 

                                   Basic Statistical Measures 
 

                         Location                    Variability 

 
                     Mean     1.386053     Std Deviation            0.77648 

                     Median   1.122687     Variance                 0.60293 

                     Mode      .           Range                    3.22149 
                                           Interquartile Range      0.54683 

 
 

                                   Tests for Location: Mu0=0 

 
                        Test           -Statistic-    -----p Value------ 

 

                        Student's t    t  8.372571    Pr > |t|    <.0001 
                        Sign           M        11    Pr >= |M|   <.0001 
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                        Signed Rank    S     126.5    Pr >= |S|   <.0001 

 

 
                                      Tests for Normality 

 

                   Test                  --Statistic---    -----p Value------ 
 

                   Shapiro-Wilk          W     0.745728    Pr < W     <0.0001 

                   Kolmogorov-Smirnov    D      0.27057    Pr > D     <0.0100 
                   Cramer-von Mises      W-Sq  0.440543    Pr > W-Sq  <0.0050 

                   Anderson-Darling      A-Sq  2.354231    Pr > A-Sq  <0.0050 
 

 

                                     Quantiles (Definition 5) 
 

                                     Quantile       Estimate 

 
                                     100% Max       3.622239 

                                     99%            3.622239 

                                     95%            3.196662 
                                     90%            2.609922 

                                     75% Q3         1.533840 

                                     50% Median     1.122687 
                                     25% Q1         0.987009 

 

The SAS System          09:12 Monday, August 4, 2014  12 
 

                                    The UNIVARIATE Procedure 

                                     Variable:  PP15  (PP15), ICF: MEP Amplitude 
 

                                     Quantiles (Definition 5) 

 
                                     Quantile       Estimate 

 

                                     10%            0.844690 
                                     5%             0.797346 

                                     1%             0.400753 

                                     0% Min         0.400753 
 

 

                                       Extreme Observations 
 

                           ------Lowest------        -----Highest----- 

 
                               Value      Obs           Value      Obs 

 

                            0.400753        2         1.54249       18 
                            0.797346       14         1.56887       17 

                            0.844690       13         2.60992       22 

                            0.967859        9         3.19666        5 
                            0.979622       20         3.62224       21 
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                                    The UNIVARIATE Procedure 

                           Fitted Normal Distribution for PP15 (PP15), ICF: MEP Amplitude 
 

                                Parameters for Normal Distribution 

 
                                  Parameter   Symbol   Estimate 

 
                                  Mean        Mu       1.386053 

                                  Std Dev     Sigma    0.776484 

 
 

                         Goodness-of-Fit Tests for Normal Distribution 

 
                 Test                  ----Statistic-----   ------p Value------ 
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                 Kolmogorov-Smirnov    D       0.27057016   Pr > D       <0.010 

                 Cramer-von Mises      W-Sq    0.44054262   Pr > W-Sq    <0.005 
                 Anderson-Darling      A-Sq    2.35423131   Pr > A-Sq    <0.005 

 

 
                                Quantiles for Normal Distribution 

 

                                           ------Quantile------ 
                                 Percent   Observed   Estimated 

 
                                     1.0    0.40075    -0.42032 

                                     5.0    0.79735     0.10885 

                                    10.0    0.84469     0.39095 
                                    25.0    0.98701     0.86232 

                                    50.0    1.12269     1.38605 

                                    75.0    1.53384     1.90978 
                                    90.0    2.60992     2.38116 

                                    95.0    3.19666     2.66326 

                                    99.0    3.62224     3.19243 
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                                    The UNIVARIATE Procedure 

                                      Variable:  CSP  (CSP), Cortical Silent Period 

 
                                             Moments 

 

                 N                          19    Sum Weights                 19 
                 Mean               228.849351    Sum Observations    4348.13767 

                 Std Deviation      79.8815208    Variance            6381.05736 

                 Skewness           0.19682433    Kurtosis            -0.4493665 
                 Uncorrected SS     1109927.52    Corrected SS        114859.033 

                 Coeff Variation    34.9057231    Std Error Mean      18.3260777 

 
 

                                   Basic Statistical Measures 

 
                         Location                    Variability 

 

                     Mean     228.8494     Std Deviation           79.88152 
                     Median   210.1563     Variance                    6381 

                     Mode        .         Range                  288.18750 

                                           Interquartile Range    105.35156 
 

 

                                   Tests for Location: Mu0=0 
 

                        Test           -Statistic-    -----p Value------ 

 
                        Student's t    t  12.48763    Pr > |t|    <.0001 

                        Sign           M       9.5    Pr >= |M|   <.0001 

                        Signed Rank    S        95    Pr >= |S|   <.0001 
 

 

                                      Tests for Normality 
 

                   Test                  --Statistic---    -----p Value------ 

 
                   Shapiro-Wilk          W     0.976296    Pr < W      0.8913 

                   Kolmogorov-Smirnov    D     0.118827    Pr > D     >0.1500 
                   Cramer-von Mises      W-Sq   0.02395    Pr > W-Sq  >0.2500 

                   Anderson-Darling      A-Sq  0.166014    Pr > A-Sq  >0.2500 

 
 

                                    Quantiles (Definition 5) 

 
                                     Quantile      Estimate 
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                                     100% Max       388.750 

                                     99%            388.750 
                                     95%            388.750 

                                     90%            345.703 

                                     75% Q3         283.828 
                                     50% Median     210.156 

                                     25% Q1         178.477 
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                                    The UNIVARIATE Procedure 

                                      Variable:  CSP  (CSP), Cortical Silent Period 

 
                                    Quantiles (Definition 5) 

 

                                     Quantile      Estimate 
 

                                     10%            104.469 

                                     5%             100.563 
                                     1%             100.563 

                                     0% Min         100.563 

 
 

                                      Extreme Observations 

 
                           ------Lowest-----        -----Highest----- 

 

                              Value      Obs           Value      Obs 
 

                            100.563        1         283.828        7 

                            104.469        2         286.719       22 
                            128.073        6         332.143       21 

                            154.570        4         345.703       18 

                            178.477        5         388.750       16 
 

 

                                          Missing Values 
 

                                                  -----Percent Of----- 

                           Missing                             Missing 
                             Value       Count     All Obs         Obs 

 

                                 .           3       13.64      100.00 
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                                    The UNIVARIATE Procedure 

                            Fitted Normal Distribution for CSP (CSP), Cortical Silent Period 

 
                                Parameters for Normal Distribution 

 

                                  Parameter   Symbol   Estimate 
 

                                  Mean        Mu       228.8494 

                                  Std Dev     Sigma    79.88152 
 

 

                         Goodness-of-Fit Tests for Normal Distribution 
 

                 Test                  ----Statistic-----   ------p Value------ 
 

                 Kolmogorov-Smirnov    D       0.11882731   Pr > D       >0.150 

                 Cramer-von Mises      W-Sq    0.02395021   Pr > W-Sq    >0.250 
                 Anderson-Darling      A-Sq    0.16601369   Pr > A-Sq    >0.250 

 

 
                                Quantiles for Normal Distribution 
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                                           ------Quantile------ 

                                 Percent   Observed   Estimated 
 

                                     1.0    100.563     43.0171 

                                     5.0    100.563     97.4559 
                                    10.0    104.469    126.4771 

                                    25.0    178.477    174.9701 

                                    50.0    210.156    228.8494 
                                    75.0    283.828    282.7286 

                                    90.0    345.703    331.2216 
                                    95.0    388.750    360.2428 

                                    99.0    388.750    414.6816 
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                                    The UNIVARIATE Procedure 
                                     Variable:  BB_P  (BB_P), Box/Block Affected Hand 

 

                                             Moments 
 

                 N                          22    Sum Weights                 22 

                 Mean               29.0606059    Sum Observations     639.33333 
                 Std Deviation      20.3156668    Variance            412.726319 

                 Skewness            0.3224991    Kurtosis            -0.9066765 

                 Uncorrected SS     27246.6667    Corrected SS         8667.2527 
                 Coeff Variation    69.9079259    Std Error Mean      4.33131472 

 

 
                                   Basic Statistical Measures 

 

                         Location                    Variability 
 

                     Mean     29.06061     Std Deviation           20.31567 

                     Median   28.50000     Variance               412.72632 
                     Mode      7.00000     Range                   68.00000 

                                           Interquartile Range     31.66667 

 
 

                                   Tests for Location: Mu0=0 

 
                        Test           -Statistic-    -----p Value------ 

 

                        Student's t    t  6.709419    Pr > |t|    <.0001 
                        Sign           M      10.5    Pr >= |M|   <.0001 

                        Signed Rank    S     115.5    Pr >= |S|   <.0001 

 
 

                                      Tests for Normality 

 
                   Test                  --Statistic---    -----p Value------ 

 

                   Shapiro-Wilk          W     0.950044    Pr < W      0.3165 
                   Kolmogorov-Smirnov    D      0.13439    Pr > D     >0.1500 

                   Cramer-von Mises      W-Sq  0.048324    Pr > W-Sq  >0.2500 

                   Anderson-Darling      A-Sq  0.346411    Pr > A-Sq  >0.2500 
 

 

                                     Quantiles (Definition 5) 
 

                                     Quantile       Estimate 
 

                                     100% Max       68.00000 

                                     99%            68.00000 
                                     95%            63.33333 

                                     90%            58.66667 

                                     75% Q3         43.33333 
                                     50% Median     28.50000 
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                                     25% Q1         11.66667 
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                                    The UNIVARIATE Procedure 

                                     Variable:  BB_P  (BB_P), Box/Block Affected Hand 
 

                                     Quantiles (Definition 5) 

 
                                     Quantile       Estimate 

 
                                     10%             6.33333 

                                     5%              2.33333 

                                     1%              0.00000 
                                     0% Min          0.00000 

 

 
                                      Extreme Observations 

 

                           ------Lowest-----        -----Highest----- 
 

                              Value      Obs           Value      Obs 

 
                            0.00000       15         44.3333        7 

                            2.33333       16         49.0000       19 

                            6.33333       12         58.6667       20 
                            7.00000       11         63.3333        1 

                            7.00000        3         68.0000        2 
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                                    The UNIVARIATE Procedure 
                           Fitted Normal Distribution for BB_P (BB_P), Box/Block Affected Hand 

 

                                Parameters for Normal Distribution 
 

                                  Parameter   Symbol   Estimate 

 
                                  Mean        Mu       29.06061 

                                  Std Dev     Sigma    20.31567 

 
 

                         Goodness-of-Fit Tests for Normal Distribution 

 
                 Test                  ----Statistic-----   ------p Value------ 

 

                 Kolmogorov-Smirnov    D       0.13438957   Pr > D       >0.150 
                 Cramer-von Mises      W-Sq    0.04832352   Pr > W-Sq    >0.250 

                 Anderson-Darling      A-Sq    0.34641124   Pr > A-Sq    >0.250 

 
 

                                Quantiles for Normal Distribution 

 
                                           ------Quantile------ 

                                 Percent   Observed   Estimated 

 
                                     1.0     0.0000   -18.20070 

                                     5.0     2.3333    -4.35569 

                                    10.0     6.3333     3.02503 
                                    25.0    11.6667    15.35790 

                                    50.0    28.5000    29.06061 
                                    75.0    43.3333    42.76331 

                                    90.0    58.6667    55.09618 

                                    95.0    63.3333    62.47690 
                                    99.0    68.0000    76.32191 
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                                    The UNIVARIATE Procedure 

                                      Variable:  RMT  (RMT), Resting Motor Threshold 

 
                                             Moments 

 

                 N                          22    Sum Weights                 22 
                 Mean               55.2272727    Sum Observations          1215 

                 Std Deviation      19.7554858    Variance            390.279221 

                 Skewness             0.343035    Kurtosis            -1.6116864 
                 Uncorrected SS          75297    Corrected SS        8195.86364 

                 Coeff Variation    35.7712501    Std Error Mean      4.21188373 
 

 

                                   Basic Statistical Measures 
 

                         Location                    Variability 

 
                     Mean     55.22727     Std Deviation           19.75549 

                     Median   45.00000     Variance               390.27922 

                     Mode     35.00000     Range                   57.00000 
                                           Interquartile Range     36.00000 

 

             Note: The mode displayed is the smallest of 4 modes with a count of 2. 
 

 

                                   Tests for Location: Mu0=0 
 

                        Test           -Statistic-    -----p Value------ 

 
                        Student's t    t  13.11225    Pr > |t|    <.0001 

                        Sign           M        11    Pr >= |M|   <.0001 

                        Signed Rank    S     126.5    Pr >= |S|   <.0001 
 

 

                                      Tests for Normality 
 

                   Test                  --Statistic---    -----p Value------ 

 
                   Shapiro-Wilk          W     0.868628    Pr < W      0.0074 

                   Kolmogorov-Smirnov    D     0.225231    Pr > D     <0.0100 

                   Cramer-von Mises      W-Sq   0.21282    Pr > W-Sq  <0.0050 
                   Anderson-Darling      A-Sq  1.187897    Pr > A-Sq  <0.0050 

 

 
                                    Quantiles (Definition 5) 

 

                                     Quantile      Estimate 
 

                                     100% Max            88 

                                     99%                 88 
                                     95%                 83 

                                     90%                 83 

                                     75% Q3              74 
 

The SAS System          09:12 Monday, August 4, 2014  21 

 
                                    The UNIVARIATE Procedure 

                                      Variable:  RMT  (RMT), Resting Motor Threshold 

 
                                    Quantiles (Definition 5) 

 
                                     Quantile      Estimate 

 

                                     50% Median          45 
                                     25% Q1              38 

                                     10%                 35 

                                     5%                  33 
                                     1%                  31 
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                                     0% Min              31 

 

 
                                      Extreme Observations 

 

                              ----Lowest----        ----Highest--- 
 

                              Value      Obs        Value      Obs 

 
                                 31       14           76       15 

                                 33       13           80       22 
                                 35        7           83       16 

                                 35        3           83       18 

                                 36        4           88       17 
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                                    The UNIVARIATE Procedure 

                            Fitted Normal Distribution for RMT (RMT), Resting Motor Threshold 

 
                                Parameters for Normal Distribution 

 

                                  Parameter   Symbol   Estimate 
 

                                  Mean        Mu       55.22727 

                                  Std Dev     Sigma    19.75549 
 

 

                         Goodness-of-Fit Tests for Normal Distribution 
 

                 Test                  ----Statistic-----   ------p Value------ 

 
                 Kolmogorov-Smirnov    D       0.22523106   Pr > D       <0.010 

                 Cramer-von Mises      W-Sq    0.21282048   Pr > W-Sq    <0.005 

                 Anderson-Darling      A-Sq    1.18789651   Pr > A-Sq    <0.005 
 

 

                                Quantiles for Normal Distribution 
 

                                           -------Quantile------ 

                                 Percent   Observed    Estimated 
 

                                     1.0    31.0000      9.26914 

                                     5.0    33.0000     22.73239 
                                    10.0    35.0000     29.90960 

                                    25.0    38.0000     41.90240 

                                    50.0    45.0000     55.22727 
                                    75.0    74.0000     68.55215 

                                    90.0    83.0000     80.54495 

                                    95.0    83.0000     87.72216 
                                    99.0    88.0000    101.18541 

 

 
                                      Extreme Observations 

 

                         -------Lowest-------        ------Highest----- 
 

                               Value      Obs            Value      Obs 

 
                         -0.39712335        2         0.188223       18 

                         -0.09835315       14         0.195587       17 
                         -0.07330260       13         0.416628       22 

                         -0.01418769        9         0.504697        5 

                         -0.00894158       20         0.558977       21 
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                                    The UNIVARIATE Procedure 



 

 

 236 

                                  Variable:  logpp15  (logpp15), log(ICF: MEP Amplitude) 

 

                                             Moments 
 

                 N                          22    Sum Weights                 22 

                 Mean               0.09179125    Sum Observations    2.01940745 
                 Std Deviation      0.20518995    Variance            0.04210292 

                 Skewness            0.4625841    Kurtosis            1.80438971 

                 Uncorrected SS     1.06952517    Corrected SS        0.88416124 
                 Coeff Variation    223.539778    Std Error Mean      0.04374664 

 
 

                                   Basic Statistical Measures 

 
                         Location                    Variability 

 

                     Mean     0.091791     Std Deviation            0.20519 
                     Median   0.050246     Variance                 0.04210 

                     Mode      .           Range                    0.95610 

                                           Interquartile Range      0.19146 
 

 

                                   Tests for Location: Mu0=0 
 

                        Test           -Statistic-    -----p Value------ 

 
                        Student's t    t  2.098247    Pr > |t|    0.0482 

                        Sign           M         5    Pr >= |M|   0.0525 

                        Signed Rank    S      74.5    Pr >= |S|   0.0118 
 

 

                                      Tests for Normality 
 

                   Test                  --Statistic---    -----p Value------ 

 
                   Shapiro-Wilk          W     0.897181    Pr < W      0.0261 

                   Kolmogorov-Smirnov    D     0.176318    Pr > D      0.0749 

                   Cramer-von Mises      W-Sq  0.187675    Pr > W-Sq   0.0070 
                   Anderson-Darling      A-Sq  1.069121    Pr > A-Sq   0.0070 

 

 
                                    Quantiles (Definition 5) 

 

                                    Quantile         Estimate 
 

                                    100% Max       0.55897710 

                                    99%            0.55897710 
                                    95%            0.50469671 

                                    90%            0.41662756 

                                    75% Q3         0.18577997 
                                    50% Median     0.05024604 

                                    25% Q1        -0.00567896 
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                                    The UNIVARIATE Procedure 
                                  Variable:  logpp15  (logpp15), log(ICF: MEP Amplitude) 

 

                                    Quantiles (Definition 5) 
 

                                    Quantile         Estimate 
 

                                    10%           -0.07330260 

                                    5%            -0.09835315 
                                    1%            -0.39712335 

                                    0% Min        -0.39712335 
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                                      Extreme Observations 

 

                         -------Lowest-------        ------Highest----- 
 

                               Value      Obs            Value      Obs 

 
                         -0.39712335        2         0.188223       18 

                         -0.09835315       14         0.195587       17 

                         -0.07330260       13         0.416628       22 
                         -0.01418769        9         0.504697        5 

                         -0.00894158       20         0.558977       21 
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                                    The UNIVARIATE Procedure 

                        Fitted Normal Distribution for logpp15 (logpp15), log(ICF: MEP Amplitude) 

 
                                Parameters for Normal Distribution 

 

                                  Parameter   Symbol   Estimate 
 

                                  Mean        Mu       0.091791 

                                  Std Dev     Sigma     0.20519 
 

 

                         Goodness-of-Fit Tests for Normal Distribution 
 

                 Test                  ----Statistic-----   ------p Value------ 

 
                 Kolmogorov-Smirnov    D       0.17631762   Pr > D        0.075 

                 Cramer-von Mises      W-Sq    0.18767499   Pr > W-Sq     0.007 

                 Anderson-Darling      A-Sq    1.06912129   Pr > A-Sq     0.007 
 

 

                                Quantiles for Normal Distribution 
 

                                           ------Quantile------ 

                                 Percent   Observed   Estimated 
 

                                     1.0   -0.39712    -0.38555 

                                     5.0   -0.09835    -0.24572 
                                    10.0   -0.07330    -0.17117 

                                    25.0   -0.00568    -0.04661 

                                    50.0    0.05025     0.09179 
                                    75.0    0.18578     0.23019 

                                    90.0    0.41663     0.35475 

                                    95.0    0.50470     0.42930 
                                    99.0    0.55898     0.56913 
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                                    The UNIVARIATE Procedure 

                                   Variable:  logRMT  (logRMT), log(Resting Motor Threshold) 
 

                                             Moments 

 
                 N                          22    Sum Weights                 22 

                 Mean               1.71538802    Sum Observations    37.7385365 

                 Std Deviation      0.15621075    Variance             0.0244018 
                 Skewness           0.13555092    Kurtosis            -1.7018173 

                 Uncorrected SS     65.2486714    Corrected SS        0.51243777 
                 Coeff Variation    9.10643818    Std Error Mean      0.03330424 

 

 
                                  

  Basic Statistical Measures 

 
                         Location                    Variability 
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                     Mean     1.715388     Std Deviation            0.15621 

                     Median   1.653105     Variance                 0.02440 
                     Mode     1.544068     Range                    0.45312 

                                           Interquartile Range      0.28945 

 
             Note: The mode displayed is the smallest of 4 modes with a count of 2. 

 

 
                                   Tests for Location: Mu0=0 

 
                        Test           -Statistic-    -----p Value------ 

 

                        Student's t    t  51.50659    Pr > |t|    <.0001 
                        Sign           M        11    Pr >= |M|   <.0001 

                        Signed Rank    S     126.5    Pr >= |S|   <.0001 

 
 

                                      Tests for Normality 

 
                   Test                  --Statistic---    -----p Value------ 

 

                   Shapiro-Wilk          W      0.88421    Pr < W      0.0146 
                   Kolmogorov-Smirnov    D     0.177422    Pr > D      0.0713 

                   Cramer-von Mises      W-Sq  0.184587    Pr > W-Sq   0.0077 

                   Anderson-Darling      A-Sq  1.032644    Pr > A-Sq   0.0085 
 

 

                                    Quantiles (Definition 5) 
 

                                     Quantile      Estimate 

 
                                     100% Max       1.94448 

                                     99%            1.94448 

                                     95%            1.91908 
                                     90%            1.91908 

                                     75% Q3         1.86923 
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                                    The UNIVARIATE Procedure 
                                   Variable:  logRMT  (logRMT), log(Resting Motor Threshold) 

 

                                    Quantiles (Definition 5) 
 

                                     Quantile      Estimate 

 
                                     50% Median     1.65311 

                                     25% Q1         1.57978 

                                     10%            1.54407 
                                     5%             1.51851 

                                     1%             1.49136 

                                     0% Min         1.49136 
 

 

                                      Extreme Observations 
 

                           ------Lowest-----        -----Highest----- 

 
                              Value      Obs           Value      Obs 

 
                            1.49136       14         1.88081       15 

                            1.51851       13         1.90309       22 

                            1.54407        7         1.91908       16 
                            1.54407        3         1.91908       18 

                            1.55630        4         1.94448       17 
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                                    The UNIVARIATE Procedure 

                         Fitted Normal Distribution for logRMT (logRMT), log(Resting Motor Threshold) 
 

                                Parameters for Normal Distribution 

 
                                  Parameter   Symbol   Estimate 

 

                                  Mean        Mu       1.715388 
                                  Std Dev     Sigma    0.156211 

 
 

                         Goodness-of-Fit Tests for Normal Distribution 

 
                 Test                  ----Statistic-----   ------p Value------ 

 

                 Kolmogorov-Smirnov    D       0.17742200   Pr > D        0.071 
                 Cramer-von Mises      W-Sq    0.18458732   Pr > W-Sq     0.008 

                 Anderson-Darling      A-Sq    1.03264396   Pr > A-Sq     0.008 

 
 

                                Quantiles for Normal Distribution 

 
                                           ------Quantile------ 

                                 Percent   Observed   Estimated 

 
                                     1.0    1.49136     1.35199 

                                     5.0    1.51851     1.45844 

                                    10.0    1.54407     1.51520 
                                    25.0    1.57978     1.61003 

                                    50.0    1.65311     1.71539 

                                    75.0    1.86923     1.82075 
                                    90.0    1.91908     1.91558 

                                    95.0    1.91908     1.97233 

                                    99.0    1.94448     2.07879 
 

MEP AREA UNDER THE CURVE DATA: 

                               
 The SAS System          11:19 Monday, August 4, 2014   2 

 

                                    The UNIVARIATE Procedure 
                                 Variable:  IHI_NS_S  (IHI_NS_S), Contralesional to Ipsilesional IHI: MEP Area 

 

                                             Moments 
 

                 N                          22    Sum Weights                 22 

                 Mean               0.75807528    Sum Observations    16.6776562 
                 Std Deviation      0.32643105    Variance            0.10655723 

                 Skewness           -0.2978576    Kurtosis            -0.0161864 

                 Uncorrected SS     14.8806208    Corrected SS        2.23770185 
                 Coeff Variation    43.0605058    Std Error Mean      0.06959533 

 

 
                                   Basic Statistical Measures 

 

                         Location                    Variability 
 

                     Mean     0.758075     Std Deviation            0.32643 

                     Median   0.765195     Variance                 0.10656 
                     Mode      .           Range                    1.28189 

                                           Interquartile Range      0.46955 
 

 

                                   Tests for Location: Mu0=0 
 

                        Test           -Statistic-    -----p Value------ 

 
                        Student's t    t  10.89262    Pr > |t|    <.0001 



 

 

 240 

                        Sign           M        11    Pr >= |M|   <.0001 

                        Signed Rank    S     126.5    Pr >= |S|   <.0001 

 
 

                                      Tests for Normality 

 
                   Test                  --Statistic---    -----p Value------ 

 

                   Shapiro-Wilk          W     0.983086    Pr < W      0.9571 
                   Kolmogorov-Smirnov    D     0.100905    Pr > D     >0.1500 

                   Cramer-von Mises      W-Sq  0.022996    Pr > W-Sq  >0.2500 
                   Anderson-Darling      A-Sq  0.154254    Pr > A-Sq  >0.2500 

 

 
                                    Quantiles (Definition 5) 

 

                                    Quantile        Estimate 
 

                                    100% Max       1.3337575 

                                    99%            1.3337575 
                                    95%            1.2781751 

                                    90%            1.1623321 

                                    75% Q3         1.0086898 
                                    50% Median     0.7651953 

                                    25% Q1         0.5391407 

 
The SAS System          11:19 Monday, August 4, 2014   3 

 

                                    The UNIVARIATE Procedure 
                                 Variable:  IHI_NS_S  (IHI_NS_S), Contralesional to Ipsilesional IHI: MEP Area 

 

 
                                    Quantiles (Definition 5) 

 

                                    Quantile        Estimate 
 

                                    10%            0.3608230 

                                    5%             0.1865478 
                                    1%             0.0518724 

                                    0% Min         0.0518724 

 
 

                                      Extreme Observations 

 
                          -------Lowest------        -----Highest----- 

 

                               Value      Obs           Value      Obs 
 

                           0.0518724       19         1.00870       16 

                           0.1865478       15         1.05168        6 
                           0.3608230       20         1.16233       21 

                           0.4744036        2         1.27818       17 

                           0.4885817        1         1.33376        8 
 

 The SAS System          11:19 Monday, August 4, 2014   4 

 
                                    The UNIVARIATE Procedure 

                       Fitted Normal Distribution for IHI_NS_S (IHI_NS_S), Contralesional to Ipsilesional IHI: MEP Area 

 
 

                                Parameters for Normal Distribution 
 

                                  Parameter   Symbol   Estimate 

 
                                  Mean        Mu       0.758075 

                                  Std Dev     Sigma    0.326431 
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                         Goodness-of-Fit Tests for Normal Distribution 

 

                 Test                  ----Statistic-----   ------p Value------ 
 

                 Kolmogorov-Smirnov    D       0.10090460   Pr > D       >0.150 

                 Cramer-von Mises      W-Sq    0.02299556   Pr > W-Sq    >0.250 
                 Anderson-Darling      A-Sq    0.15425399   Pr > A-Sq    >0.250 

 

 
                                Quantiles for Normal Distribution 

 
                                           ------Quantile------ 

                                 Percent   Observed   Estimated 

 
                                     1.0    0.05187    -0.00132 

                                     5.0    0.18655     0.22114 

                                    10.0    0.36082     0.33974 
                                    25.0    0.53914     0.53790 

                                    50.0    0.76520     0.75808 

                                    75.0    1.00869     0.97825 
                                    90.0    1.16233     1.17641 

                                    95.0    1.27818     1.29501 

                                    99.0    1.33376     1.51747 
 

 The SAS System          11:19 Monday, August 4, 2014   5 

 
                                    The UNIVARIATE Procedure 

                                 Variable:  IHI_S_NS  (IHI_S_NS), Ipsilesional to Contralesional IHI: MEP Area 

 
                                             Moments 

 

                 N                          22    Sum Weights                 22 
                 Mean               0.69229354    Sum Observations     15.230458 

                 Std Deviation      0.30442053    Variance            0.09267186 

                 Skewness           0.43755455    Kurtosis            -0.5276329 
                 Uncorrected SS     12.4900568    Corrected SS        1.94610908 

                 Coeff Variation    43.9727535    Std Error Mean      0.06490268 

 
 

                                   Basic Statistical Measures 

 
                         Location                    Variability 

 

                     Mean     0.692294     Std Deviation            0.30442 
                     Median   0.594879     Variance                 0.09267 

                     Mode      .           Range                    1.19992 

                                           Interquartile Range      0.53529 
 

 

                                   Tests for Location: Mu0=0 
 

                        Test           -Statistic-    -----p Value------ 

 
                        Student's t    t  10.66664    Pr > |t|    <.0001 

                        Sign           M        11    Pr >= |M|   <.0001 

                        Signed Rank    S     126.5    Pr >= |S|   <.0001 
 

 

                                      Tests for Normality 
 

                   Test                  --Statistic---    -----p Value------ 
 

                   Shapiro-Wilk          W     0.948946    Pr < W      0.3010 

                   Kolmogorov-Smirnov    D     0.152784    Pr > D     >0.1500 
                   Cramer-von Mises      W-Sq  0.102174    Pr > W-Sq   0.0989 

                   Anderson-Darling      A-Sq  0.561809    Pr > A-Sq   0.1339 
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                                     Quantiles (Definition 5) 

 

                                     Quantile       Estimate 
 

                                     100% Max       1.343447 

                                     99%            1.343447 
                                     95%            1.164293 

                                     90%            1.062432 

                                     75% Q3         0.988428 
                                     50% Median     0.594879 

                                     25% Q1         0.453134 
 

                                         The SAS System          11:19 Monday, August 4, 2014   6 

 
                                    The UNIVARIATE Procedure 

                                 Variable:  IHI_S_NS  (IHI_S_NS), Ipsilesional to Contralesional IHI: MEP Area 

 
                                     Quantiles (Definition 5) 

 

                                     Quantile       Estimate 
 

                                     10%            0.423939 

                                     5%             0.374582 
                                     1%             0.143527 

                                     0% Min         0.143527 

 
 

                                      Extreme Observations 

 
                          ------Lowest------        ------Highest----- 

 

                              Value      Obs            Value      Obs 
 

                           0.143527       19         0.991324        4 

                           0.374582       18         1.010610        2 
                           0.423939        3         1.062432       15 

                           0.430409       22         1.164293        1 

                           0.451402       10         1.343447        7 
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                                         The SAS System          11:19 Monday, August 4, 2014   7 

 

                                    The UNIVARIATE Procedure 
                       Fitted Normal Distribution for IHI_S_NS (IHI_S_NS), Ipsilesional to Contralesional IHI: MEP Area 

 

                                Parameters for Normal Distribution 
 

                                  Parameter   Symbol   Estimate 

 
                                  Mean        Mu       0.692294 

                                  Std Dev     Sigma    0.304421 
 

 

                         Goodness-of-Fit Tests for Normal Distribution 
 

                 Test                  ----Statistic-----   ------p Value------ 

 
                 Kolmogorov-Smirnov    D       0.15278387   Pr > D       >0.150 

                 Cramer-von Mises      W-Sq    0.10217430   Pr > W-Sq     0.099 

                 Anderson-Darling      A-Sq    0.56180872   Pr > A-Sq     0.134 
 

 

                                Quantiles for Normal Distribution 
 

                                           ------Quantile------ 

                                 Percent   Observed   Estimated 
 

                                     1.0    0.14353    -0.01589 

                                     5.0    0.37458     0.19157 
                                    10.0    0.42394     0.30216 

                                    25.0    0.45313     0.48697 

                                    50.0    0.59488     0.69229 
                                    75.0    0.98843     0.89762 

                                    90.0    1.06243     1.08242 

                                    95.0    1.16429     1.19302 
                                    99.0    1.34345     1.40048 
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                             The SAS System          11:19 Monday, August 4, 2014   8 

 

                                    The UNIVARIATE Procedure 
                                     Variable:  PP_3  (PP_3), SICI: MEP Area 

 

                                             Moments 
 

                 N                          22    Sum Weights                 22 

                 Mean               0.69902241    Sum Observations    15.3784929 
                 Std Deviation      0.25801628    Variance             0.0665724 

                 Skewness           0.26120785    Kurtosis            -0.6439347 
                 Uncorrected SS     12.1479315    Corrected SS        1.39802038 

                 Coeff Variation    36.9110167    Std Error Mean      0.05500926 

 
 

                                   Basic Statistical Measures 

 
                         Location                    Variability 

 

                     Mean     0.699022     Std Deviation            0.25802 
                     Median   0.702096     Variance                 0.06657 

                     Mode      .           Range                    0.95434 

                                           Interquartile Range      0.43328 
 

 

                                   Tests for Location: Mu0=0 
 

                        Test           -Statistic-    -----p Value------ 

 
                        Student's t    t  12.70736    Pr > |t|    <.0001 

                        Sign           M        11    Pr >= |M|   <.0001 

                        Signed Rank    S     126.5    Pr >= |S|   <.0001 
 

 

                                      Tests for Normality 
 

                   Test                  --Statistic---    -----p Value------ 

 
                   Shapiro-Wilk          W      0.97339    Pr < W      0.7880 

                   Kolmogorov-Smirnov    D     0.104431    Pr > D     >0.1500 

                   Cramer-von Mises      W-Sq  0.031929    Pr > W-Sq  >0.2500 
                   Anderson-Darling      A-Sq  0.213753    Pr > A-Sq  >0.2500 

 

 
                                     Quantiles (Definition 5) 

 

                                     Quantile       Estimate 
 

                                     100% Max       1.237692 

                                     99%            1.237692 
                                     95%            1.097016 

                                     90%            0.980831 

                                     75% Q3         0.927074 
                                     50% Median     0.702096 

                                     25% Q1         0.493792 
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                                         The SAS System          11:19 Monday, August 4, 2014   9 

 

                                    The UNIVARIATE Procedure 
                                     Variable:  PP_3  (PP_3), SICI: MEP Area 

 

                                     Quantiles (Definition 5) 
 

                                     Quantile       Estimate 

 
                                     10%            0.352380 

                                     5%             0.346072 
                                     1%             0.283352 

                                     0% Min         0.283352 

 
 

                                      Extreme Observations 

 
                          ------Lowest------        ------Highest----- 

 

                              Value      Obs            Value      Obs 
 

                           0.283352        7         0.950330       17 

                           0.346072       14         0.967972       13 
                           0.352380        2         0.980831       12 

                           0.439638       11         1.097016       21 

                           0.483922        8         1.237692       18 
 

 The SAS System          11:19 Monday, August 4, 2014  10 

 
                                    The UNIVARIATE Procedure 

                           Fitted Normal Distribution for PP_3 (PP_3), SICI: MEP Area 

 
                                Parameters for Normal Distribution 

 

                                  Parameter   Symbol   Estimate 
 

                                  Mean        Mu       0.699022 

                                  Std Dev     Sigma    0.258016 
 

 

                         Goodness-of-Fit Tests for Normal Distribution 
 

                 Test                  ----Statistic-----   ------p Value------ 

 
                 Kolmogorov-Smirnov    D       0.10443098   Pr > D       >0.150 

                 Cramer-von Mises      W-Sq    0.03192934   Pr > W-Sq    >0.250 

                 Anderson-Darling      A-Sq    0.21375348   Pr > A-Sq    >0.250 
 

 

                                Quantiles for Normal Distribution 
 

                                           ------Quantile------ 

                                 Percent   Observed   Estimated 
 

                                     1.0    0.28335     0.09879 

                                     5.0    0.34607     0.27462 
                                    10.0    0.35238     0.36836 

                                    25.0    0.49379     0.52499 

                                    50.0    0.70210     0.69902 
                                    75.0    0.92707     0.87305 

                                    90.0    0.98083     1.02968 
                                    95.0    1.09702     1.12342 

                                    99.0    1.23769     1.29926 
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                                         The SAS System          11:19 Monday, August 4, 2014  11 

 

                                    The UNIVARIATE Procedure 
                                    Variable:  PP_15  (PP_15), ICF: MEP Area 

 

                                             Moments 
 

                 N                          22    Sum Weights                 22 

                 Mean               1.69346129    Sum Observations    37.2561483 
                 Std Deviation      1.13349264    Variance            1.28480558 

                 Skewness           1.75517879    Kurtosis            2.36951869 
                 Uncorrected SS     90.0727619    Corrected SS        26.9809171 

                 Coeff Variation    66.9334843    Std Error Mean      0.24166144 

 
 

                                   Basic Statistical Measures 

 
                         Location                    Variability 

 

                     Mean     1.693461     Std Deviation            1.13349 
                     Median   1.249184     Variance                 1.28481 

                     Mode      .           Range                    4.25297 

                                           Interquartile Range      0.46697 
 

 

                                   Tests for Location: Mu0=0 
 

                        Test           -Statistic-    -----p Value------ 

 
                        Student's t    t  7.007577    Pr > |t|    <.0001 

                        Sign           M        11    Pr >= |M|   <.0001 

                        Signed Rank    S     126.5    Pr >= |S|   <.0001 
 

 

                                      Tests for Normality 
 

                   Test                  --Statistic---    -----p Value------ 

 
                   Shapiro-Wilk          W     0.726017    Pr < W     <0.0001 

                   Kolmogorov-Smirnov    D     0.334562    Pr > D     <0.0100 

                   Cramer-von Mises      W-Sq  0.531805    Pr > W-Sq  <0.0050 
                   Anderson-Darling      A-Sq  2.637498    Pr > A-Sq  <0.0050 

 

 
                                     Quantiles (Definition 5) 

 

                                     Quantile       Estimate 
 

                                     100% Max       4.992019 

                                     99%            4.992019 
                                     95%            3.776013 

                                     90%            3.333912 

                                     75% Q3         1.517064 
                                     50% Median     1.249184 

                                     25% Q1         1.050098 
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                                         The SAS System          11:19 Monday, August 4, 2014  12 

 

                                    The UNIVARIATE Procedure 
                                    Variable:  PP_15  (PP_15), ICF: MEP Area 

 

                                     Quantiles (Definition 5) 
 

                                     Quantile       Estimate 

 
                                     10%            0.888647 

                                     5%             0.742648 
                                     1%             0.739050 

                                     0% Min         0.739050 

 
 

                                       Extreme Observations 

 
                           ------Lowest------        -----Highest----- 

 

                               Value      Obs           Value      Obs 
 

                            0.739050        2         2.84056        5 

                            0.742648       14         2.99887       22 
                            0.888647       13         3.33391       17 

                            1.038010        8         3.77601       18 

                            1.039204        3         4.99202       21 
 

The SAS System          11:19 Monday, August 4, 2014  13 

 
                                    The UNIVARIATE Procedure 

                          Fitted Normal Distribution for PP_15 (PP_15), ICF: MEP Area 

 
                                Parameters for Normal Distribution 

 

                                  Parameter   Symbol   Estimate 
 

                                  Mean        Mu       1.693461 

                                  Std Dev     Sigma    1.133493 
 

 

                         Goodness-of-Fit Tests for Normal Distribution 
 

                 Test                  ----Statistic-----   ------p Value------ 

 
                 Kolmogorov-Smirnov    D       0.33456223   Pr > D       <0.010 

                 Cramer-von Mises      W-Sq    0.53180452   Pr > W-Sq    <0.005 

                 Anderson-Darling      A-Sq    2.63749807   Pr > A-Sq    <0.005 
 

 

                                Quantiles for Normal Distribution 
 

                                           ------Quantile------ 

                                 Percent   Observed   Estimated 
 

                                     1.0    0.73905    -0.94344 

                                     5.0    0.74265    -0.17097 
                                    10.0    0.88865     0.24083 

                                    25.0    1.05010     0.92893 

                                    50.0    1.24918     1.69346 
                                    75.0    1.51706     2.45799 

                                    90.0    3.33391     3.14609 
                                    95.0    3.77601     3.55789 

                                    99.0    4.99202     4.33036 
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                                         The SAS System          11:19 Monday, August 4, 2014  14 

 

                                    The UNIVARIATE Procedure 
                               Variable:  logPP15AUC  (logPP15AUC), log(ICF: MEP Area) 

 

                                             Moments 
 

                 N                          22    Sum Weights                 22 

                 Mean               0.16049494    Sum Observations    3.53088861 
                 Std Deviation      0.23151265    Variance            0.05359811 

                 Skewness           1.08558575    Kurtosis            0.20144314 
                 Uncorrected SS     1.69224997    Corrected SS        1.12556022 

                 Coeff Variation     144.24919    Std Error Mean      0.04935866 

 
 

                                   Basic Statistical Measures 

 
                         Location                    Variability 

 

                     Mean     0.160495     Std Deviation            0.23151 
                     Median   0.096620     Variance                 0.05360 

                     Mode      .           Range                    0.82960 

                                           Interquartile Range      0.15977 
 

 

                                   Tests for Location: Mu0=0 
 

                        Test           -Statistic-    -----p Value------ 

 
                        Student's t    t  3.251606    Pr > |t|    0.0038 

                        Sign           M         8    Pr >= |M|   0.0009 

                        Signed Rank    S      90.5    Pr >= |S|   0.0014 
 

 

                                      Tests for Normality 
 

                   Test                  --Statistic---    -----p Value------ 

 
                   Shapiro-Wilk          W      0.85211    Pr < W      0.0037 

                   Kolmogorov-Smirnov    D     0.249663    Pr > D     <0.0100 

                   Cramer-von Mises      W-Sq  0.288161    Pr > W-Sq  <0.0050 
                   Anderson-Darling      A-Sq  1.480104    Pr > A-Sq  <0.0050 

 

 
                                    Quantiles (Definition 5) 

 

                                    Quantile        Estimate 
 

                                    100% Max       0.6982763 

                                    99%            0.6982763 
                                    95%            0.5770335 

                                    90%            0.5229542 

                                    75% Q3         0.1810038 
                                    50% Median     0.0966202 

                                    25% Q1         0.0212300 
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                                         The SAS System          11:19 Monday, August 4, 2014  15 

 

                                    The UNIVARIATE Procedure 
                               Variable:  logPP15AUC  (logPP15AUC), ICF: MEP Area 

 

                                    Quantiles (Definition 5) 
 

                                    Quantile        Estimate 

 
                                    10%           -0.0512705 

                                    5%            -0.1292170 
                                    1%            -0.1313259 

                                    0% Min        -0.1313259 

 
 

                                       Extreme Observations 

 
                          -------Lowest------        ------Highest----- 

 

                               Value      Obs            Value      Obs 
 

                          -0.1313259        2         0.453404        5 

                          -0.1292170       14         0.476957       22 
                          -0.0512705       13         0.522954       17 

                           0.0162015        8         0.577033       18 

                           0.0167007        3         0.698276       21 
 

The SAS System          11:19 Monday, August 4, 2014  16 

 
                                    The UNIVARIATE Procedure 

                     Fitted Normal Distribution for logPP15AUC (logPP15AUC), ICF: MEP Area 

 
                                Parameters for Normal Distribution 

 

                                  Parameter   Symbol   Estimate 
 

                                  Mean        Mu       0.160495 

                                  Std Dev     Sigma    0.231513 
 

 

                         Goodness-of-Fit Tests for Normal Distribution 
 

                 Test                  ----Statistic-----   ------p Value------ 

 
                 Kolmogorov-Smirnov    D       0.24966280   Pr > D       <0.010 

                 Cramer-von Mises      W-Sq    0.28816146   Pr > W-Sq    <0.005 

                 Anderson-Darling      A-Sq    1.48010411   Pr > A-Sq    <0.005 
 

 

                                Quantiles for Normal Distribution 
 

                                           ------Quantile------ 

                                 Percent   Observed   Estimated 
 

                                     1.0   -0.13133    -0.37808 

                                     5.0   -0.12922    -0.22031 
                                    10.0   -0.05127    -0.13620 

                                    25.0    0.02123     0.00434 

                                    50.0    0.09662     0.16049 
                                    75.0    0.18100     0.31665 

                                    90.0    0.52295     0.45719 
                                    95.0    0.57703     0.54130 

                                    99.0    0.69828     0.69907 
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Appendix W. Reliability Sub-Analyses: SPSS Output 

RELIABILITY Contralesional to Ipsilesional IHI: MEP Amplitude 

  /VARIABLES=NS_S_1 NS_S_2 

  /SCALE('ALL VARIABLES') ALL 

  /MODEL=ALPHA 

  /STATISTICS=ANOVA 

  /ICC=MODEL(MIXED) TYPE(CONSISTENCY) CIN=95 TESTVAL=0. 

 

 
Reliability 
 
 

Notes 

Output Created 19-AUG-2014 12:16:28 
Comments  

Input 

Active Dataset DataSet0 
Filter <none> 
Weight <none> 
Split File <none> 
N of Rows in Working 
Data File 

11 

Matrix Input  

Missing Value Handling 

Definition of Missing 
User-defined missing 
values are treated as 
missing. 

Cases Used 

Statistics are based on all 
cases with valid data for 
all variables in the 
procedure. 

Syntax 

RELIABILITY 
  /VARIABLES=NS_S_1 
NS_S_2 
  /SCALE('ALL 
VARIABLES') ALL 
  /MODEL=ALPHA 
  /STATISTICS=ANOVA 
  /ICC=MODEL(MIXED) 
TYPE(CONSISTENCY) 
CIN=95 TESTVAL=0. 

Resources 
Processor Time 00:00:00.02 

Elapsed Time 00:00:00.00 

 

 

[DataSet0]  

 

 

 

 
Scale: ALL VARIABLES 
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Case Processing Summary 

 N % 

Cases 

Valid 11 100.0 

Excluded
a
 0 .0 

Total 11 100.0 

 
a. Listwise deletion based on all variables in 
the procedure. 

 

 

Reliability Statistics 

Cronbach's 
Alpha

a
 

N of Items 

-.024 2 

 
a. The value is negative due 
to a negative average 
covariance among items. 
This violates reliability model 
assumptions. You may want 
to check item codings. 

 

 

 
 

 
 
 

ANOVA 

 Sum of 
Squares 

df Mean 
Square 

F Sig 

Between People .985 10 .098   

Within 
People 

Between 
Items 

.097 1 .097 .960 .350 

Residual 1.009 10 .101   

Total 1.105 11 .100   

Total 2.090 21 .100   

 

Grand Mean = .7423 
 

 

Intraclass Correlation Coefficient 

 Intraclass 
Correlation

b
 

95% Confidence Interval F Test with True Value 0 

Lower 
Bound 

Upper 
Bound 

Value df1 df2 

Single 
Measures 

-.012
a
 -.584 .568 .976 10 10 

Average 
Measures 

-.024
c
 -2.807 .724 .976 10 10 
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Intraclass Correlation Coefficient 

 F Test with True Value 0
b
 

Sig 

Single Measures .515
a
 

Average Measures .515
c
 

 

Two-way mixed effects model where people effects are random and measures effects are fixed. 

a. The estimator is the same, whether the interaction effect is present or not. 

b. Type C intraclass correlation coefficients using a consistency definition-the between-measure  
variance is excluded from the denominator variance. 

c. This estimate is computed assuming the interaction effect is absent, because it is not  
estimable otherwise. 
 
 
 

 

RELIABILITY Ipsilesional to Contralesional IHI: MEP Amplitude 

  /VARIABLES=S_NS_1 S_NS_2 

  /SCALE('ALL VARIABLES') ALL 

  /MODEL=ALPHA 

  /STATISTICS=ANOVA 

  /ICC=MODEL(MIXED) TYPE(CONSISTENCY) CIN=95 TESTVAL=0. 

 

Reliability 
 
 

Notes 

Output Created 19-AUG-2014 12:02:43 
Comments  

Input 

Active Dataset DataSet0 
Filter <none> 
Weight <none> 
Split File <none> 
N of Rows in Working 
Data File 

11 

Matrix Input  

Missing Value Handling 

Definition of Missing 
User-defined missing 
values are treated as 
missing. 

Cases Used 

Statistics are based on all 
cases with valid data for 
all variables in the 
procedure. 
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Scale: ALL VARIABLES 
 
 

 

Case Processing Summary 

 N % 

Cases 

Valid 11 100.0 

Excluded
a
 0 .0 

Total 11 100.0 

 
a. Listwise deletion based on all variables in 
the procedure. 

 

 

Reliability Statistics 

Cronbach's 
Alpha 

N of Items 

.014 2 

 

 

ANOVA 

 Sum of 
Squares 

df Mean 
Square 

F Sig 

Between People .847 10 .085   

Within 
People 

Between 
Items 

.003 1 .003 .034 .857 

Residual .836 10 .084   

Total .839 11 .076   

Total 1.686 21 .080   

 

Grand Mean = .7178 
 

 

 

 

 

 

 

Syntax 

RELIABILITY 
  /VARIABLES=S_NS_1 
S_NS_2 
  /SCALE('ALL 
VARIABLES') ALL 
  /MODEL=ALPHA 
  /STATISTICS=ANOVA 
  /ICC=MODEL(MIXED) 
TYPE(CONSISTENCY) 
CIN=95 TESTVAL=0. 

Resources 
Processor Time 00:00:00.00 

Elapsed Time 00:00:00.07 
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Intraclass Correlation Coefficient 

 Intraclass 
Correlation

b
 

95% Confidence Interval F Test with True Value 0 

Lower Bound Upper Bound Value df1 df2 

Single Measures .007
a
 -.571 .581 1.014 10 10 

Average 
Measures 

.014
c
 -2.667 .735 1.014 10 10 

 
Intraclass Correlation Coefficient 

 F Test with True Value 0
b
 

Sig 

Single Measures .492
a
 

Average Measures .492
c
 

 Notes 

Output Created 19-AUG-2014 12:17:44 
Comments  

Input 

Active Dataset DataSet0 
Filter <none> 
Weight <none> 
Split File <none> 
N of Rows in Working 
Data File 

11 

Matrix Input  

Missing Value Handling 

Definition of Missing 
User-defined missing 
values are treated as 
missing. 

Cases Used 

Statistics are based on all 
cases with valid data for 
all variables in the 
procedure. 

Syntax 

RELIABILITY 
  /VARIABLES=PP3_1 
PP3_2 
  /SCALE('ALL 
VARIABLES') ALL 
  /MODEL=ALPHA 
  /STATISTICS=ANOVA 
  /ICC=MODEL(MIXED) 
TYPE(CONSISTENCY) 
CIN=95 TESTVAL=0. 

Resources 
Processor Time 00:00:00.00 

Elapsed Time 00:00:00.00 
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Two-way mixed effects model where people effects are random and measures effects are  
fixed. 
a. The estimator is the same, whether the interaction effect is present or not. 
b. Type C intraclass correlation coefficients using a consistency definition-the  
between-measure variance is excluded from the denominator variance. 
c. This estimate is computed assuming the interaction effect is absent, because it is not  
estimable otherwise. 

 

 

RELIABILITY SICI: MEP Amplitude 

  /VARIABLES=PP3_1 PP3_2 

  /SCALE('ALL VARIABLES') ALL 

  /MODEL=ALPHA 

  /STATISTICS=ANOVA 

  /ICC=MODEL(MIXED) TYPE(CONSISTENCY) CIN=95 TESTVAL=0. 

 

 

 

 
Reliability 
 
 

 

 

 

[DataSet0]  

 

 

 

 
Scale: ALL VARIABLES 
 
 

 

Case Processing Summary 

 N % 

Cases 

Valid 11 100.0 

Excluded
a
 0 .0 

Total 11 100.0 

 
  a. Listwise deletion based on all variables in the procedure. 

 

 

Reliability Statistics 

Cronbach's 
Alpha

a
 

N of Items 

-.187 2 
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a. The value is negative due 
to a negative average 
covariance among items. 
This violates reliability model 
assumptions. You may want 
to check item codings. 

 

 

 

 

 

 

 

 

ANOVA 

 Sum of 
Squares 

df Mean 
Square 

F Sig 

Between People .518 10 .052   

Within 
People 

Between 
Items 

.046 1 .046 .748 .407 

Residual .615 10 .061   

Total .661 11 .060   

Total 1.179 21 .056   

 

Grand Mean = .6862 
 

 

Intraclass Correlation Coefficient 

 Intraclass 
Correlation

b
 

95% Confidence Interval F Test with True Value 0 

Lower 
Bound 

Upper 
Bound 

Value df1 df2 

Single 
Measures 

-.086
a
 -.631 .516 .842 10 10 

Average 
Measures 

-.187
c
 -3.413 .681 .842 10 10 

 
Intraclass Correlation Coefficient 

 F Test with True Value 0
b
 

Sig 

Single Measures .604
a
 

Average Measures .604
c
 

 
Two-way mixed effects model where people effects are random and measures effects are fixed. 
a. The estimator is the same, whether the interaction effect is present or not. 
b. Type C intraclass correlation coefficients using a consistency definition-the between-measure 
variance is excluded from the denominator variance. 
c. This estimate is computed assuming the interaction effect is absent, because it is not  
estimable otherwise. 

 

RELIABILITY: log(ICF: MEP Amplitude) 

  /VARIABLES=lPP15_2 lPP15_1 

  /SCALE('ALL VARIABLES') ALL 
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  /MODEL=ALPHA 

  /STATISTICS=ANOVA 

  /ICC=MODEL(MIXED) TYPE(CONSISTENCY) CIN=95 TESTVAL=0. 

 

 

 

 
Reliability 
 
 

 

Notes 

Output Created 19-AUG-2014 12:19:54 
Comments  

Input 

Active Dataset DataSet0 
Filter <none> 
Weight <none> 
Split File <none> 
N of Rows in Working 
Data File 

11 

Matrix Input  

Missing Value Handling 

Definition of Missing 
User-defined missing 
values are treated as 
missing. 

Cases Used 

Statistics are based on all 
cases with valid data for 
all variables in the 
procedure. 

Syntax 

RELIABILITY 
  /VARIABLES=lPP15_2 
lPP15_1 
  /SCALE('ALL 
VARIABLES') ALL 
  /MODEL=ALPHA 
  /STATISTICS=ANOVA 
  /ICC=MODEL(MIXED) 
TYPE(CONSISTENCY) 
CIN=95 TESTVAL=0. 

Resources 
Processor Time 00:00:00.02 

Elapsed Time 00:00:00.00 

 

 

[DataSet0]  

 

 

 

 
Scale: ALL VARIABLES 
 
 

 

Case Processing Summary 

 N % 
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Cases 

Valid 11 100.0 

Excluded
a
 0 .0 

Total 11 100.0 

 
a. Listwise deletion based on all variables in 
the procedure. 

 

 

Reliability Statistics 

Cronbach's 
Alpha 

N of Items 

.743 2 

 

 

ANOVA 

 Sum of 
Squares 

df Mean 
Square 

F Sig 

Between People .676 10 .068   

Within 
People 

Between 
Items 

.034 1 .034 1.944 .193 

Residual .174 10 .017   

Total .208 11 .019   

Total .884 21 .042   

 

Grand Mean = .0918 
 

 

Intraclass Correlation Coefficient 

 Intraclass 
Correlation

b
 

95% Confidence Interval F Test with True Value 0 

Lower 
Bound 

Upper 
Bound 

Value df1 df2 

Single Measures .591
a
 .022 .871 3.887 10 10 

Average 
Measures 

.743
c
 .044 .931 3.887 10 10 

 
Intraclass Correlation Coefficient 

 F Test with True Value 0
b
 

Sig 

Single Measures .022
a
 

Average Measures .022
c
 

 
Two-way mixed effects model where people effects are random and measures effects are fixed. 
a. The estimator is the same, whether the interaction effect is present or not. 
b. Type C intraclass correlation coefficients using a consistency definition-the between-measure 
variance is excluded from the denominator variance. 
c. This estimate is computed assuming the interaction effect is absent, because it is not  
estimable otherwise. 
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RELIABILITY CSP 

  /VARIABLES=CSP_1 CSP_2 

  /SCALE('ALL VARIABLES') ALL 

  /MODEL=ALPHA 

  /STATISTICS=ANOVA 

  /ICC=MODEL(MIXED) TYPE(CONSISTENCY) CIN=95 TESTVAL=0. 

 

 

 

 
Reliability 
 
 

 

Notes 

Output Created 19-AUG-2014 12:21:35 
Comments  

Input 

Active Dataset DataSet0 
Filter <none> 
Weight <none> 
Split File <none> 
N of Rows in Working 
Data File 

11 

Matrix Input  

Missing Value Handling 

Definition of Missing 
User-defined missing 
values are treated as 
missing. 

Cases Used 

Statistics are based on all 
cases with valid data for 
all variables in the 
procedure. 

Syntax 

RELIABILITY 
  /VARIABLES=CSP_1 
CSP_2 
  /SCALE('ALL 
VARIABLES') ALL 
  /MODEL=ALPHA 
  /STATISTICS=ANOVA 
  /ICC=MODEL(MIXED) 
TYPE(CONSISTENCY) 
CIN=95 TESTVAL=0. 

Resources 
Processor Time 00:00:00.00 

Elapsed Time 00:00:00.00 

 

 

[DataSet0]  
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Scale: ALL VARIABLES 
 
 

 

Case Processing Summary 

 N % 

Cases 

Valid 9 81.8 

Excluded
a
 2 18.2 

Total 11 100.0 

 
a. Listwise deletion based on all variables in 
the procedure. 

 

 

Reliability Statistics 

Cronbach's 
Alpha 

N of Items 

.927 2 

 

 

ANOVA 

 Sum of 
Squares 

df Mean 
Square 

F Sig 

Between People 80921.177 8 10115.147   

Within People 

Between 
Items 

1057.636 1 1057.636 1.436 .265 

Residual 5891.545 8 736.443   

Total 6949.182 9 772.131   

Total 87870.359 17 5168.845   

 

Grand Mean = 219.9660 
 

 

Intraclass Correlation Coefficient 

 Intraclass 
Correlation

b
 

95% Confidence Interval F Test with True Value 0 

Lower Bound Upper Bound Value df1 df2 

Single Measures .864
a
 .512 .968 13.735 8 8 

Average 
Measures 

.927
c
 .677 .984 13.735 8 8 

 
Intraclass Correlation Coefficient 

 F Test with True Value 0
b
 

Sig 

Single Measures .001
a
 

Average Measures .001
c
 

 
Two-way mixed effects model where people effects are random and measures effects are fixed. 
a. The estimator is the same, whether the interaction effect is present or not. 
b. Type C intraclass correlation coefficients using a consistency definition-the between-measure 
variance is excluded from the denominator variance. 
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c. This estimate is computed assuming the interaction effect is absent, because it is not  
estimable otherwise. 

 

 

 

 

 

 

 

 

RELIABILITY log(Resting Motor Threshold) 

  /VARIABLES=lRMT_1 lRMT_2 

  /SCALE('ALL VARIABLES') ALL 

  /MODEL=ALPHA 

  /STATISTICS=ANOVA 

  /ICC=MODEL(MIXED) TYPE(CONSISTENCY) CIN=95 TESTVAL=0. 

 

 

 

 
Reliability 
 
 

 

Notes 

Output Created 19-AUG-2014 12:20:49 
Comments  

Input 

Active Dataset DataSet0 
Filter <none> 
Weight <none> 
Split File <none> 
N of Rows in Working 
Data File 

11 

Matrix Input  

Missing Value Handling 

Definition of Missing 
User-defined missing 
values are treated as 
missing. 

Cases Used 

Statistics are based on all 
cases with valid data for 
all variables in the 
procedure. 

Syntax 

RELIABILITY 
  /VARIABLES=lRMT_1 
lRMT_2 
  /SCALE('ALL 
VARIABLES') ALL 
  /MODEL=ALPHA 
  /STATISTICS=ANOVA 
  /ICC=MODEL(MIXED) 
TYPE(CONSISTENCY) 
CIN=95 TESTVAL=0. 

Resources 
Processor Time 00:00:00.00 

Elapsed Time 00:00:00.01 
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[DataSet0]  

 

 

 

 
Scale: ALL VARIABLES 
 
 

 

 
 
 
 
 

Case Processing Summary 

 N % 

Cases 

Valid 11 100.0 

Excluded
a
 0 .0 

Total 11 100.0 

 
a. Listwise deletion based on all variables in 
the procedure. 

 

 

Reliability Statistics 

Cronbach's 
Alpha 

N of Items 

.994 2 

 

 

ANOVA 

 Sum of 
Squares 

df Mean 
Square 

F Sig 

Between People .509 10 .051   

Within 
People 

Between 
Items 

.000 1 .000 .652 .438 

Residual .003 10 .000   

Total .003 11 .000   

Total .512 21 .024   

 

Grand Mean = 1.7154 
 

 

Intraclass Correlation Coefficient 

 Intraclass 
Correlation

b
 

95% Confidence Interval F Test with True Value 0 

Lower 
Bound 

Upper 
Bound 

Value df1 df2 

Single Measures .989
a
 .959 .997 179.209 10 10 

Average 
Measures 

.994
c
 .979 .998 179.209 10 10 
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Intraclass Correlation Coefficient 

 F Test with True Value 0
b
 

Sig 

Single Measures .000
a
 

Average Measures .000
c
 

 
Two-way mixed effects model where people effects are random and measures effects are fixed. 
a. The estimator is the same, whether the interaction effect is present or not. 
b. Type C intraclass correlation coefficients using a consistency definition-the between-measure 
variance is excluded from the denominator variance. 
c. This estimate is computed assuming the interaction effect is absent, because it is not  
estimable otherwise. 

 

 

 

 

 

 

 

 

RELIABILITY Box/Block Affected Hand 

  /VARIABLES=BB_P_1 BB_P_2 

  /SCALE('ALL VARIABLES') ALL 

  /MODEL=ALPHA 

  /STATISTICS=ANOVA 

  /ICC=MODEL(MIXED) TYPE(CONSISTENCY) CIN=95 TESTVAL=0. 

 

 

 

 
Reliability 
 
 

 

Notes 

Output Created 19-AUG-2014 12:23:55 
Comments  

Input 

Active Dataset DataSet0 
Filter <none> 
Weight <none> 
Split File <none> 
N of Rows in Working 
Data File 

11 

Matrix Input  

Missing Value Handling 

Definition of Missing 
User-defined missing 
values are treated as 
missing. 

Cases Used 

Statistics are based on all 
cases with valid data for 
all variables in the 
procedure. 
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Syntax 

RELIABILITY 
  /VARIABLES=BB_P_1 
BB_P_2 
  /SCALE('ALL 
VARIABLES') ALL 
  /MODEL=ALPHA 
  /STATISTICS=ANOVA 
  /ICC=MODEL(MIXED) 
TYPE(CONSISTENCY) 
CIN=95 TESTVAL=0. 

Resources 
Processor Time 00:00:00.00 

Elapsed Time 00:00:00.00 

 

 

[DataSet0]  

 

 

 

 
Scale: ALL VARIABLES 
 
 

 

Case Processing Summary 

 N % 

Cases 

Valid 11 100.0 

Excluded
a
 0 .0 

Total 11 100.0 

 
a. Listwise deletion based on all variables in 
the procedure. 

 

 

Reliability Statistics 

Cronbach's 
Alpha 

N of Items 

.990 2 

 

 

ANOVA 

 Sum of 
Squares 

df Mean 
Square 

F Sig 

Between People 8535.586 10 853.559   

Within 
People 

Between 
Items 

48.505 1 48.505 5.833 .036 

Residual 83.162 10 8.316   

Total 131.667 11 11.970   

Total 8667.253 21 412.726   

 

Grand Mean = 29.0606 
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Intraclass Correlation Coefficient 

 Intraclass 
Correlation

b
 

95% Confidence Interval F Test with True Value 0 

Lower 
Bound 

Upper 
Bound 

Value df1 df2 

Single Measures .981
a
 .930 .995 102.639 10 10 

Average 
Measures 

.990
c
 .964 .997 102.639 10 10 

 
 
 

Intraclass Correlation Coefficient 

 F Test with True Value 0
b
 

Sig 

Single Measures .000
a
 

Average Measures .000
c
 

 
Two-way mixed effects model where people effects are random and measures effects are fixed. 
a. The estimator is the same, whether the interaction effect is present or not. 
b. Type C intraclass correlation coefficients using a consistency definition-the between-measure 
variance is excluded from the denominator variance. 
c. This estimate is computed assuming the interaction effect is absent, because it is not  
estimable otherwise. 

 

 

 

 

 

 

 

 

RELIABILITY Contralesional to Ipsilesional IHI: MEP Area 

  /VARIABLES=NS_S_1 NS_S_2 

  /SCALE('ALL VARIABLES') ALL 

  /MODEL=ALPHA 

  /STATISTICS=ANOVA 

  /ICC=MODEL(MIXED) TYPE(CONSISTENCY) CIN=95 TESTVAL=0. 

 

 

 

 
Reliability 
 
 

 

Notes 

Output Created 19-AUG-2014 12:27:23 
Comments  

Input 

Active Dataset DataSet0 
Filter <none> 
Weight <none> 
Split File <none> 
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N of Rows in Working 
Data File 

11 

Matrix Input  

Missing Value 
Handling 

Definition of Missing 
User-defined missing 
values are treated as 
missing. 

Cases Used 

Statistics are based on all 
cases with valid data for 
all variables in the 
procedure. 

Syntax 

RELIABILITY 
  /VARIABLES=NS_S_1 
NS_S_2 
  /SCALE('ALL 
VARIABLES') ALL 
  /MODEL=ALPHA 
  /STATISTICS=ANOVA 
  /ICC=MODEL(MIXED) 
TYPE(CONSISTENCY) 
CIN=95 TESTVAL=0. 

Resources 
Processor Time 00:00:00.02 

Elapsed Time 00:00:00.00 

 

 

[DataSet0]  

 

 

 

 
Scale: ALL VARIABLES 
 
 

 

Case Processing Summary 

 N % 

Cases 

Valid 11 100.0 

Excluded
a
 0 .0 

Total 11 100.0 

 
a. Listwise deletion based on all variables in 
the procedure. 

 

 

Reliability Statistics 

Cronbach's 
Alpha 

N of Items 

.458 2 

 

 

ANOVA 

 Sum of 
Squares 

df Mean 
Square 

F Sig 
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Between People 1.414 10 .141   

Within 
People 

Between 
Items 

.057 1 .057 .740 .410 

Residual .767 10 .077   

Total .824 11 .075   

Total 2.238 21 .107   

 

Grand Mean = .7581 
 

 

Intraclass Correlation Coefficient 

 Intraclass 
Correlation

b
 

95% Confidence Interval F Test with True Value 0 

Lower 
Bound 

Upper 
Bound 

Value df1 df2 

Single Measures .297
a
 -.337 .745 1.844 10 10 

Average 
Measures 

.458
c
 -1.016 .854 1.844 10 10 

 
Intraclass Correlation Coefficient 

 F Test with True Value 0
b
 

Sig 

Single Measures .174
a
 

Average Measures .174
c
 

 
Two-way mixed effects model where people effects are random and measures effects are fixed. 
a. The estimator is the same, whether the interaction effect is present or not. 
b. Type C intraclass correlation coefficients using a consistency definition-the between-measure 
variance is excluded from the denominator variance. 
c. This estimate is computed assuming the interaction effect is absent, because it is not  
estimable otherwise. 

 

 

 

 

 

 

 

 

RELIABILITY Ipsilesional to Contralesional IHI: MEP Area 

  /VARIABLES=S_NS_1 S_NS_2 

  /SCALE('ALL VARIABLES') ALL 

  /MODEL=ALPHA 

  /STATISTICS=ANOVA 

  /ICC=MODEL(MIXED) TYPE(CONSISTENCY) CIN=95 TESTVAL=0. 

 

 

 

 
Reliability 
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Notes 

Output Created 19-AUG-2014 12:28:11 
Comments  

Input 

Active Dataset DataSet0 
Filter <none> 
Weight <none> 
Split File <none> 
N of Rows in Working 
Data File 

11 

Matrix Input  

Missing Value 
Handling 

Definition of Missing 
User-defined missing 
values are treated as 
missing. 

Cases Used 

Statistics are based on all 
cases with valid data for 
all variables in the 
procedure. 

Syntax 

RELIABILITY 
  /VARIABLES=S_NS_1 
S_NS_2 
  /SCALE('ALL 
VARIABLES') ALL 
  /MODEL=ALPHA 
  /STATISTICS=ANOVA 
  /ICC=MODEL(MIXED) 
TYPE(CONSISTENCY) 
CIN=95 TESTVAL=0. 

Resources 
Processor Time 00:00:00.02 

Elapsed Time 00:00:00.01 

 

 

[DataSet0]  

 

 

 

 
Scale: ALL VARIABLES 
 
 

 

Case Processing Summary 

 N % 

Cases 

Valid 11 100.0 

Excluded
a
 0 .0 

Total 11 100.0 

 
a. Listwise deletion based on all variables in 
the procedure. 

 

 

Reliability Statistics 
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Cronbach's 
Alpha 

N of Items 

.136 2 

 

 

 
 
 
 
 

 
ANOVA 

 Sum of 
Squares 

df Mean 
Square 

F Sig 

Between People 1.044 10 .104   

Within 
People 

Between 
Items 

.000 1 .000 .003 .960 

Residual .902 10 .090   

Total .902 11 .082   

Total 1.946 21 .093   

 

Grand Mean = .6923 
 

 

Intraclass Correlation Coefficient 

 Intraclass 
Correlation

b
 

95% Confidence Interval F Test with True Value 0 

Lower 
Bound 

Upper 
Bound 

Value df1 df2 

Single 
Measures 

.073
a
 -.525 .623 1.158 10 10 

Average 
Measures 

.136
c
 -2.210 .768 1.158 10 10 

 
Intraclass Correlation Coefficient 

 F Test with True Value 0
b
 

Sig 

Single Measures .411
a
 

Average Measures .411
c
 

 
Two-way mixed effects model where people effects are random and measures effects are fixed. 
a. The estimator is the same, whether the interaction effect is present or not. 
b. Type C intraclass correlation coefficients using a consistency definition-the between-measure 
variance is excluded from the denominator variance. 
c. This estimate is computed assuming the interaction effect is absent, because it is not  
estimable otherwise. 

 

 

 

 

 

 



 

 

 270 

 

 

RELIABILITY SICI: MEP Area 

  /VARIABLES=PP3_1 PP3_2 

  /SCALE('ALL VARIABLES') ALL 

  /MODEL=ALPHA 

  /STATISTICS=ANOVA 

  /ICC=MODEL(MIXED) TYPE(CONSISTENCY) CIN=95 TESTVAL=0. 

 

 

 

 
Reliability 
 
 

 

Notes 

Output Created 19-AUG-2014 12:29:48 
Comments  

Input 

Active Dataset DataSet0 
Filter <none> 
Weight <none> 
Split File <none> 
N of Rows in Working 
Data File 

11 

Matrix Input  

Missing Value 
Handling 

Definition of Missing 
User-defined missing 
values are treated as 
missing. 

Cases Used 

Statistics are based on all 
cases with valid data for 
all variables in the 
procedure. 

Syntax 

RELIABILITY 
  /VARIABLES=PP3_1 
PP3_2 
  /SCALE('ALL 
VARIABLES') ALL 
  /MODEL=ALPHA 
  /STATISTICS=ANOVA 
  /ICC=MODEL(MIXED) 
TYPE(CONSISTENCY) 
CIN=95 TESTVAL=0. 

Resources 
Processor Time 00:00:00.00 

Elapsed Time 00:00:00.00 

 

 

[DataSet0]  

 

 

 

 
Scale: ALL VARIABLES 
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Case Processing Summary 

 N % 

Cases 

Valid 11 100.0 

Excluded
a
 0 .0 

Total 11 100.0 

 
a. Listwise deletion based on all variables in 
the procedure. 

 

 

Reliability Statistics 

Cronbach's 
Alpha 

N of Items 

.173 2 

 

 

ANOVA 

 Sum of 
Squares 

df Mean 
Square 

F Sig 

Between People .753 10 .075   

Within 
People 

Between 
Items 

.023 1 .023 .365 .559 

Residual .623 10 .062   

Total .645 11 .059   

Total 1.398 21 .067   

 

Grand Mean = .6990 
 

 

Intraclass Correlation Coefficient 

 Intraclass 
Correlation

b
 

95% Confidence Interval F Test with True Value 0 

Lower 
Bound 

Upper 
Bound 

Value df1 df2 

Single Measures .095
a
 -.509 .636 1.209 10 10 

Average 
Measures 

.173
c
 -2.074 .777 1.209 10 10 

 
Intraclass Correlation Coefficient 

 F Test with True Value 0
b
 

Sig 

Single Measures .385
a
 

Average Measures .385
c
 

 
Two-way mixed effects model where people effects are random and measures effects are fixed. 
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a. The estimator is the same, whether the interaction effect is present or not. 
b. Type C intraclass correlation coefficients using a consistency definition-the between-measure 
variance is excluded from the denominator variance. 
c. This estimate is computed assuming the interaction effect is absent, because it is not  
estimable otherwise. 

 

 

 

 

 

 

 

 

RELIABILITY ICF: MEP Area 

  /VARIABLES=PP15_1 PP15_2 

  /SCALE('ALL VARIABLES') ALL 

  /MODEL=ALPHA 

  /STATISTICS=ANOVA 

  /ICC=MODEL(MIXED) TYPE(CONSISTENCY) CIN=95 TESTVAL=0. 

 

 

 

 
Reliability 
 
 

 

Notes 

Output Created 19-AUG-2014 12:31:00 
Comments  

Input 

Active Dataset DataSet0 
Filter <none> 
Weight <none> 
Split File <none> 
N of Rows in Working 
Data File 

11 

Matrix Input  

Missing Value Handling 

Definition of Missing 
User-defined missing 
values are treated as 
missing. 

Cases Used 

Statistics are based on all 
cases with valid data for 
all variables in the 
procedure. 

Syntax 

RELIABILITY 
  /VARIABLES=PP15_1 
PP15_2 
  /SCALE('ALL 
VARIABLES') ALL 
  /MODEL=ALPHA 
  /STATISTICS=ANOVA 
  /ICC=MODEL(MIXED) 
TYPE(CONSISTENCY) 
CIN=95 TESTVAL=0. 
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Resources 
Processor Time 00:00:00.00 

Elapsed Time 00:00:00.00 

 

 

[DataSet0]  

 

 

 

 
Scale: ALL VARIABLES 
 
 

 

Case Processing Summary 

 N % 

Cases 

Valid 11 100.0 

Excluded
a
 0 .0 

Total 11 100.0 

 
a. Listwise deletion based on all variables in 
the procedure. 

 

 

Reliability Statistics 

Cronbach's 
Alpha 

N of Items 

.884 2 

 

 

ANOVA 

 Sum of 
Squares 

df Mean 
Square 

F Sig 

Between People 23.742 10 2.374   

Within 
People 

Between 
Items 

.494 1 .494 1.800 .209 

Residual 2.745 10 .274   

Total 3.239 11 .294   

Total 26.981 21 1.285   

 

Grand Mean = 1.6935 
 

 

Intraclass Correlation Coefficient 

 Intraclass 
Correlation

b
 

95% Confidence Interval F Test with True Value 0 

Lower 
Bound 

Upper 
Bound 

Value df1 df2 

Single 
Measures 

.793
a
 .399 .940 8.650 10 10 

Average 
Measures 

.884
c
 .570 .969 8.650 10 10 
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Intraclass Correlation Coefficient 

 F Test with True Value 0
b
 

Sig 

Single Measures .001
a
 

Average Measures .001
c
 

 
Two-way mixed effects model where people effects are random and measures effects are fixed. 
a. The estimator is the same, whether the interaction effect is present or not. 
b. Type C intraclass correlation coefficients using a consistency definition-the between-measure 
variance is excluded from the denominator variance. 
c. This estimate is computed assuming the interaction effect is absent, because it is not  
estimable otherwise. 

 

 

 

 

 

 

 

 

RELIABILITY log(ICF:MEP Area) 

  /VARIABLES=lPP1_1 lPP1_2 

  /SCALE('ALL VARIABLES') ALL 

  /MODEL=ALPHA 

  /STATISTICS=ANOVA 

  /ICC=MODEL(MIXED) TYPE(CONSISTENCY) CIN=95 TESTVAL=0. 

 

 

 

 
Reliability 
 
 

 

Notes 

Output Created 19-AUG-2014 12:33:50 
Comments  

Input 

Active Dataset DataSet0 
Filter <none> 
Weight <none> 
Split File <none> 
N of Rows in Working 
Data File 

11 

Matrix Input  

Missing Value Handling 

Definition of Missing 
User-defined missing 
values are treated as 
missing. 

Cases Used 

Statistics are based on all 
cases with valid data for 
all variables in the 
procedure. 
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Syntax 

RELIABILITY 
  /VARIABLES=lPP1_1 
lPP1_2 
  /SCALE('ALL 
VARIABLES') ALL 
  /MODEL=ALPHA 
  /STATISTICS=ANOVA 
  /ICC=MODEL(MIXED) 
TYPE(CONSISTENCY) 
CIN=95 TESTVAL=0. 

Resources 
Processor Time 00:00:00.00 

Elapsed Time 00:00:00.00 

 

 

[DataSet0]  

 

 

 

 
Scale: ALL VARIABLES 
 
 

 

Case Processing Summary 

 N % 

Cases 

Valid 11 100.0 

Excluded
a
 0 .0 

Total 11 100.0 

 
a. Listwise deletion based on all variables in 
the procedure. 

 

 

Reliability Statistics 

Cronbach's 
Alpha 

N of Items 

.911 2 

 

 

ANOVA 

 Sum of 
Squares 

df Mean 
Square 

F Sig 

Between People 1.015 10 .102   

Within 
People 

Between 
Items 

.020 1 .020 2.208 .168 

Residual .091 10 .009   

Total .110 11 .010   

Total 1.126 21 .054   

 

Grand Mean = .1605 
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Intraclass Correlation Coefficient 

 Intraclass 
Correlation

b
 

95% Confidence Interval F Test with True Value 0 

Lower 
Bound 

Upper 
Bound 

Value df1 df2 

Single 
Measures 

.836
a
 .502 .953 11.216 10 10 

Average 
Measures 

.911
c
 .669 .976 11.216 10 10 

 
Intraclass Correlation Coefficient 

 F Test with True Value 0
b
 

Sig 

Single Measures .000
a
 

Average Measures .000
c
 

 
Two-way mixed effects model where people effects are random and measures effects are fixed. 
a. The estimator is the same, whether the interaction effect is present or not. 
b. Type C intraclass correlation coefficients using a consistency definition-the between-measure 
variance is excluded from the denominator variance. 
c. This estimate is computed assuming the interaction effect is absent, because it is not  
estimable otherwise. 
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Appendix X. Week 1 Baseline Individual & Group Averages 
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Appendix Y. Individual Spaghetti Plots  

 

Group mean denoted by black line. 
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Contralesional to Ipsilesional IHI 
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Ipsilesional to Contralesional IHI 

 



 

 

 282 

 

 



 

 

 283 

 



 

 

 284 

 



 

 

 285 

 

Contralesional to Ipsilesional IHI 
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Ipsilesional to Contralesional IHI 
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