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ABSTRACT 

 

Dissertation Title: Optimizing Cortical Priming to Enhance Bimanual Arm 

Coordination in Individuals with Chronic Stroke 

 

Wan-wen Liao, Doctor of Philosophy, 2018 

 

Dissertation Directed by: Sandy McCombe Waller, PT, PhD, MS, NCS, Associate 

Professor, Department of Physical Therapy and Rehabilitation Science, University of 

Maryland Baltimore    

 

Background. Current brain stimulation approaches are focused on unimanual rather 

than bimanual movements. The standard approach of inhibiting contralesional 

primary motor cortex (cM1) has been shown to disrupt bimanual movements while 

facilitating ipsilesional M1 (iM1) failed to improve paretic arm function in severely 

impaired individuals. Here, we proposed an alternative neuromodulation target, the 

contralesional dorsal premotor cortex (cPMd), to augment bimanual coordination for 

individuals with stroke. In the first study, we examined the effects of facilitation of 

cPMd compared to iM1, to determine the more responsive neuromodulation target for 

each participant. Then, in the second study, we facilitated the more responsive region 

(cPMd vs. iM1) for each participant and coupled it with a short-term bilateral arm 

training, to determine whether this individualized cortical priming approach could 

augment bimanual performance, more than that of sham stimulation.        

Methods. A repeated measures crossover design was employed. Fourteen individuals 

participated in the first study, and a subset of ten individuals completed the second 



 
 

study. 5 Hz repetitive transcranial magnetic stimulation (rTMS) was used to facilitate 

cPMd and iM1. Bimanual force/neuromuscular coordination was examined using 

isometric force tasks in the first study. Kinematics of both arms were examined using 

bimanual simple and complex robotic tasks in the second study. Cortical excitability 

outcomes including motor evoked potentials (MEP), cortical silent periods (CSP) and 

ipsilateral silent periods (ISP) were assessed.   

Results. Two groups of responders were identified in the first study. Participants with 

greater arm/hand impairment and weaker baseline interhemispheric inhibition (IHI) 

improved bimanual force/neuromuscular coordination, ipsilesional MEP as well as 

reduced IHI after cPMd-rTMS. In contrast, those whom had fewer arm/hand 

impairment and stronger baseline IHI improved only after iM1-rTMS. In the second 

study, the control of both arms in complex bimanual tasks, as wells as the symmetry 

of both arms in simple and complex bimanual tasks, were improved only in the 

individualized cortical priming condition. In contrast, for the sham stimulation 

condition, improvements were seen only in control of the non-paretic arm in simple 

bimanual tasks.   

Conclusion. Cortical stimulation/priming protocols should be designed according to 

demands of bimanual tasks and individualized based on participants’ impairments.  
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CHAPTER I. Introduction and Specific Aims 

Stroke remains the leading cause of disability, with more than 60% of survivors 

having residual deficits that hinder them from accomplishing daily activities1. As 

most daily activities require collaboration between the arms, restoring bimanual arm 

function is crucial for stroke survivors to achieve independent living. Only few 

interventions have been designed for improving bimanual arm function, and most of 

them have focused on behavioral retraining without directly facilitating underlying 

cortical control mechanisms. The long-term goal of this research is to develop a 

mechanistic-based therapeutic intervention using cortical stimulation to enhance 

bimanual coordination in individuals with stroke. 

 Understanding the neural mechanisms involving in bimanual tasks is important 

for developing cortical stimulation protocols for improving bimanual coordination. 

There are two common types of bimanual tasks in our daily activities. One is the 

common-goal task where the two arms share a united goal, and the other is the dual-

goal task, which involves separate goals for each arm. It remains largely unexplored if 

the neural control mechanisms, for example intracortical inhibition, are different 

between these two types of tasks. Using the paired-pulse transcranial magnetic 

stimulation (TMS) paradigm in chapter 3, we examined the neural mechanisms with a 

focus on intracortical inhibitory circuits of the common-goal and dual-goal tasks. This 

study showed that dis-inhibition within the primary motor cortex was required for 
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control of both types of bimanual tasks. As a result, cortical stimulation protocols that 

can promote disinhibition within hemispheres, for example, use of the facilitatory 

type of stimulation, may be needed for enhancing bimanual coordination.    

  In addition to the type of stimulation, the effectiveness of a cortical stimulation 

protocol may also depend on the responsiveness of the targeted brain regions. Current 

standard protocols have focused on stimulation of the ipsilesional primary motor 

cortex (iM1) in individuals with stroke.2 However, for individuals who suffer from 

severe damage in the lesioned cortex, they may have limited neural resources left in 

the iM1. Consequently, stimulation of the iM1 may not be optimal for facilitating 

recovery in these individuals.3-7  

Furthermore, current stimulation protocols were focused on improving recovery 

of unimanual paretic arm movements.8-13 Given the high involvement of both arms in 

daily activities, interventions aimed at improving coordination of the two arms is 

equally, if not more, important as those that facilitate recovery of solely paretic arm 

function. For individuals with severe impairments, training the coordination of the 

two arms may be even more critical for enhancing activities of daily living. At this 

point, there was only one study that examined the effects of standard cortical 

stimulation approaches on bimanual coordination in individuals with stroke.14 Their 

results showed disrupted bimanual finger coordination after the standard approach of 
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inhibiting contralesional primary motor cortex. This indicates that current stimulation 

protocols may not necessarily be effective for enhancing bimanual performance. It 

remains largely unknown the appropriate cortical stimulation strategies for 

augmenting bimanual coordination in these severely impaired individuals.   

In these dissertation studies, we proposed an alternative neuromodulation target 

for improving bimanual coordination, that is the contralesional dorsal premotor cortex 

(cPMd), based on its active involvement in coordinating bimanual movements and its 

high relevance in functional reorganization for individuals with severe residual 

impairments.15-18 In study 1, we compared the neuromodulation effects of cPMd to 

those of iM1 to determine the better neuromodulation target for improving bimanual 

coordination for each individual. Based on the results of our background study 

(chapter 3), we used facilitatory repetitive transcranial magnetic stimulation (rTMS) 

to upregulate cortical excitability of cPMd and iM1. The major outcome of study 1 

was the temporal coordination between the arms during bimanual isometric force 

tasks. We hypothesized that facilitation of cPMd would be beneficial for recovery of 

bimanual coordination, particularly for individuals with greater arm impairments, 

whereas facilitation of iM1 would be beneficial for individuals with fewer arm 

impairments. Therefore, cortical stimulation approaches for improving bimanual 

performance may need to be tailored based on characteristics of each individual.19  
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In study 2, we combined this individualized cortical stimulation protocol with 

short-term bilateral arm training. Our major outcome was bimanual performance with 

respect to the temporal and spatial control of each arm. The concept of bimanual 

performance is different from that of bimanual coordination because bimanual 

performance does not provide information about how one arm influences the other 

during bimanual tasks, but rather characterizes the control of movements of each arm 

with respect to the goal of bimanual tasks. The results of study 2 would determine if 

this individualized cortical priming protocol could augment bimanual performance in 

individuals with stroke. 

 

Specific Aims 

Aim 1: To determine the neuromodulation effects of contralesional dorsal 

premotor cortex (cPMd) vs. ipsilesional primary motor cortex (iM1) on 

bimanual coordination and cortical excitability in individuals with chronic 

stroke. 5 Hz transcranial magnetic stimulation (rTMS) was used to facilitate 

activity of cPMd and iM1.  
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H.1.a. Individuals with greater arm impairments would show improvements after 

facilitation of cPMd as demonstrated by increased correlation of force and increased 

intermuscular coherence of the arms, as well as enhanced corticospinal excitability. 

H.1.b. Individuals with fewer arm impairments would show greater improvements 

after facilitation of iM1, as demonstrated by increased correlation of force and 

increased intermuscular coherence of the arms, as well as enhanced corticospinal 

excitability.  

 

Aim 2: To determine the effects of individualized cortical priming on enhancing 

bimanual performance and cortical excitability with short-term bilateral arm 

training in individuals with chronic stroke. Sham stimulation was used as the 

control condition. Kinematics of the arms were evaluated using bilateral robotic 

tasks.   

 

H.2.a. Participants would show a greater increase in cortical excitability, decrease in 

intracortical inhibition as well as interhemispheric inhibition in the individualized 

cortical priming compared to the sham stimulation condition. 
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H.2.b. Participants would show greater improvements in temporal and spatial control 

of each arm as well as in the movement symmetry of both arms in bilateral robotic 

tasks in the individualized cortical priming compared to the sham stimulation 

condition. 

 

Accomplishing these aims confirmed the role of cPMd in supporting recovery of 

bimanual coordination, corroborated the effects of cortical priming on augmenting 

bimanual arm training, and ultimately assisted in developing mechanistic-based 

individualized neuromodulation therapies to enhance bimanual coordination in 

individuals with stroke.  
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Conceptual Model 

 

 
 

Figure 1. 1. Conceptual Model  

Active contralesional cortex, in particular, cPMd may be important for individuals 
who have significant damage in the ipsilesional motor pathways. cPMd may facilitate 
the ipsilesional M1 through transcallosal pathways, and potentially enhance recovery 
of the paretic arm. It may also modulate activity of the contralesional M1 and 
propriospinal neurons at the spinal cervical levels that are ipsilateral to the paretic 
arm. Subsequently through the ipsilateral, uncrossed CST and brainstem pathways, 
cPMd may be capable of enhancing motor outputs of the paretic arm, and maximizing 
recovery of bimanual coordination. CST: corticospinal tracts 
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CHAPTER II. Review of Relevant Literature 

Bimanual arm training and its efficacy 

Each year over 795,000 people experience a stroke, resulting in the primary 

cause of adult disability.20 The impact of a stroke can be devastating to both the young 

and the old with respect to physical health and psychosocial wellness. The persistent 

upper extremity hemiparesis significantly impairs performance and results in a serious 

decline in functional independence and quality of life.21 A major focus in stroke 

rehabilitation has therefore been how to best restore upper limb function, and its 

associated daily activities.  

As most daily tasks require collaboration between the arms, reacquisition of 

bimanual coordination skills is essential for achieving functional independence after 

stroke. One current approach that has shown promise in improving arm recovery is 

bilateral training. Bilateral training was developed, in part, based on the inherent 

neurological and behavioral coupling effects between the upper limbs. When both 

arms move in a simultaneous symmetrical pattern, they are temporally and spatially 

coupled into a functional synergy. 22, 23 This functional synergy binds together the 

neural system on both hemispheres through the corpus callosum, engages activation in 

bilateral primary and secondary motor cortex and recruits neural pathways such as 

corticospinal, reticulospinal and rubrospinal pathways on both sides of the nervous 

system.24-29 The premise of bilateral training is that regaining functionality of the 
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paretic arm can be facilitated through these neural coupling effects by simultaneous 

practice of both paretic and non-paretic arms, and that recruitment of the non-injured 

cortex may be advantageous for facilitating arm recovery potentially for individuals 

with greater residual impairments.30-34  

Based on this premise, an increasing number of interventions have incorporated 

repetitive practice of both upper limbs into their regimens either in a therapist-guided 

exercise 35,36 or with assistance from trainers such as BATRAC 37 (Bilateral Arm 

Training with Rhythmic Auditory Cueing) or robotic devices such as Bi-Manu-

Track.38,39 The effects of bilateral training have been promising, though 

heterogeneous among individuals with stroke, as some patients improved their overall 

function only to a limited degree.40-43 The key factor to reverse this limited recovery 

might be found within the recovery potentials of surviving brain networks. Research 

has shown that motor training alone might not be sufficient to facilitate arm recovery 

particularly for patients suffering severe impairments.44 The CVA-induced lesions 

disrupt overall brain function and reduce the adaptive potentials of the injured and 

non-injured cortex.45-47  

In summary, in addition to bilateral training, there is a need to develop strategies 

that can further maximize the recovery potentials of the brain and enhance its 

responsiveness to motor training.  
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Priming the brain to augment training success in stroke rehabilitation 

Priming the brain has emerged as a promising strategy to enhance cortical 

recovery. The basic concept of priming is to condition the brain first, making it more 

sensitive and receptive to external modulation, and then to optimize plastic changes in 

subsequent behavioral therapies. A popular method to prime the brain is through non-

invasive brain stimulation such as repetitive transcranial magnetic stimulation 

(rTMS). rTMS is a technique that provides continuous electric pulses to the brain via 

a varying magnetic field induced by the TMS coil. The neural mechanism induced by 

rTMS is similar to the phenomenon of long-term potentiation/depression (LTP/LTD) 

at the cellular level.48 When applied in low frequency or continuous patterns, rTMS 

can decrease cortical excitability in a manner similar to LTD; whereas, when 

delivered in high frequency or intermittent patterns, rTMS can increase cortical 

excitability in a way resembling LTP.49-51  LTP/LTD is crucial for motor learning and 

memory, and is likely to be involved in the reacquisition of motor skills after stroke. 

Therefore, priming the correct cortical areas using rTMS should promote learning and 

augment training success.  

Indeed, several studies have shown beneficial effects of combining motor 

training with conventional and patterned rTMS in stroke rehabilitation. Khedr et al. 
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(2005)52 explored the effects of conventional rTMS as an add-on treatment in patients 

with acute ischemic stroke. rTMS was applied at 3 Hz on the lesioned primary motor 

cortex (M1) in 10 consecutive sessions in addition to standard physical and medical 

therapy. The improvement of Barthel index was greater in the real rTMS group as 

compared to that in the sham rTMS group, and a large number of patients recovered 

their motor evoked potentials (MEPs) after receiving rTMS. Another study with 

subacute stroke patients also demonstrated augmentative effects of both 1 Hz and 5 

Hz rTMS on standard physical therapy.53 The effect was sustained over a 12 week 

observation period following the intervention. Kakuda et al. (2012)54 examined the 

effects of combined low-frequency rTMS with intensive occupational therapy in a 

large multicenter group of patients with chronic hemiparesis. Each patient received 15 

daily sessions of intensive arm training primed with 1 Hz rTMS. Significant 

improvements were shown in Fugl-Meyer assessment and Wolf Motor Function Test 

scores, indicating reduced impairments and increased functional ability.  

Other studies have applied a biomimetic patterned form of rTMS, called theta 

burst stimulation (TBS), in intermittent (iTBS) or continuous (cTBS) forms, and 

combined it with single or multiple sessions of motor training.50 Ackerley et al. 

(2010)55 investigated the effects of combining theta burst stimulation with a single 

session of hand-grip training in patients with moderate to severe hemiparesis. Patients 
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received iTBS on lesioned M1, cTBS on non-lesioned M1 or sham stimulation in 

randomized orders. Grip-lift kinetics and cortical excitability were improved after 

iTBS and worsened after cTBS. Similarly, another study found an enhancing effect of 

iTBS but a variable response to cTBS in patients with more severe impairments.56 

This variable response could be due to the levels of severity after stroke. Patients with 

more severe impairments tend to have persistent activation in the non-injured cortex 

that may represent an alternate network due to the extensive damage to the injured 

cortex.57-60 Suppression of the non-injured hemisphere could result in deterioration of 

movements. As a result, selection of the correct cortical target according to patient 

population and corresponding motor function is important when considering using 

rTMS as an augmentation to stroke rehabilitation.                 

Given all this success, however, no studies have investigated the effects of rTMS 

priming on augmenting bimanual, whole arm coordination in stroke rehabilitation. 

Current priming strategies were developed based on evidence tested in the recovery of 

single arm movements.61 Most of them have only focused on the lesioned and non-

lesioned primary motor cortex (M1) and their mutual interaction. It is assumed that 

interhemispheric balance is disrupted due to CVA-induced lesions and that inhibition 

of the non-lesioned M1 is necessary for restoring this balance.62,63 Nevertheless, 

research has shown that the control mechanism of bilateral movements may be 
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different from those of unilateral actions. That is, bilateral movements engage a more 

distributed neural network including bilateral premotor cortex, supplementary motor 

area, cingulate motor area and cerebellum as compared to that of unimanual 

actions.64,65 Interhemispheric synchronization has also been shown to be actively 

involved in control of bimanual compared to unimanual tasks.65,66 As a result, the 

current standard priming protocols, such as inhibition of contralesional M1, may not 

be appropriate when targeting bimanual coordination.  

Although evidence has shown that there is a difference in neural mechanisms 

between unimanual and bimanual tasks,64-66 it remains largely unknown if there are 

also differences between bimanual tasks. For example, one type of bimanual task, 

known as the common-goal task, requires that the two arms work on a united goal. 

The other type of bimanual task is dual-goal task, where the two arms correspond to 

two separate goals. Understanding the neural mechanisms underlying these two 

common types of bimanual tasks can provide us with information of how cortical 

priming protocols should be adjusted for improving bimanual coordination. 

Therefore, in chapter 3 we performed a study examining the neural mechanism, 

particularly intracortical inhibition, utilized during bimanual common- and dual-goal 

tasks and compared it to that of unimanual tasks in non-disabled individuals. We 

found that dis-inhibition was required for both types of bimanual tasks compared to 
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unimanual tasks. There was greater disinhibition in both hemispheres in the dual-goal 

compared to common-goal and unimanual tasks. In addition, the degree of 

disinhibition was also greater in the bimanual common-goal compared to unimanual 

tasks for the dominant hemisphere. These results of chapter 3 indicated that 

disinhibition within hemispheres may be critical for coordinating bimanual 

movements. Therefore, cortical priming strategies that can promote disinhibition 

within hemispheres, such as facilitatory type of cortical stimulation, may be required 

for enhancing bimanual coordination. Based on the findings of chapter 3, we 

delivered facilitatory rTMS to promote disinhibition of ipsilesional and contralesional 

hemispheres in chapter 4 and 5 

 

Contralesional dorsal premotor cortex as a potential neural modulation target 

for improving bimanual coordination for individuals with severe impairments 

Cortical regions in the non-injured hemisphere have been associated with 

recovery of motor function after stroke.67 Evidence suggests that intact cortical areas 

in the non-injured hemisphere may adaptively compensate for the loss of function in 

damaged areas, particularly in persons with more severe impairments.68,69 Among all 

these non-injured cortical areas, contralesional non-injured dorsal premotor cortex 

(cPMd) has received the most attention.70-73 Recruitment of cPMd has been associated 
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with recovery of paretic arm function. Johansen-Berg et al. (2002)70 found that 

disruption of cPMd activities resulted in a delay of reaction time and an increase in 

temporal errors during paretic hand movements. Moreover, this reaction time delay 

was greater during the disruption of cPMd compared to the disruption of 

contralesional non-injured primary motor cortex (cM1), which indicated a more 

critical role of cPMd in facilitating initiation of movements than cM1.  

There are two advantages that make cPMd a promising modulation target to 

enhance the recovery of bimanual coordination. First, PMd activity is associated with 

coordination of bimanual movements in a healthy population. It has been 

demonstrated that the functional connectivity between PMd and SMA is significantly 

increased during bimanual symmetrical finger movements, with more inputs shown 

from PMd to SMA and M1 both ipsilaterally and bilaterally.64,74-76 PMd activity is 

also involved in coordinating different phases of bimanual actions. Evidence suggests 

that left PMd is responsible for controlling in-phase bimanual movements whereas 

right PMd is in charge of stabilizing complex bimanual movements such as antiphase 

actions.77,78 Given its ability to coordinate and stabilize bimanual movements, PMd 

could be a potential modulation target for enhancing bimanual function. Second, the 

interaction between PMd and the opposite M1 is dynamic based on current states of 

movements. In healthy subjects, this interhemispheric interaction is inhibitory when 
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both arms are at rest. However, it switches to facilitatory just before movement onset, 

in order to prompt intended actions.79,80 In stroke patients, cPMd produces even 

greater facilitatory influence towards the opposite sensorimotor cortex. This 

facilitatory influence becomes stronger during active motor tasks, and more 

prominent in persons with severe impairments.73 These findings suggest that 

interhemispheric connectivity between cPMd and the opposite lesioned cortex is still 

active after stroke, and more importantly, there is a shift toward facilitation in these 

transcallosal connections in order to trigger intended actions. It is possible that 

upregulation of cPMd activity would enhance this facilitatory interhemispheric 

interaction, increase cortical excitability of injured hemispheres and therefore 

reinforce motor output of both arms, particularly for individuals with severe 

impairments.  

Based on these two advantages, we proposed that contralesional dorsal premotor 

cortex (cPMd) could serve as a modulation target specifically for improving bimanual 

coordination in individuals with severe impairments. Priming cPMd may maximize 

the adaptive potentials of the surviving neural network, and together with bilateral 

arm training, it would optimize relearning of interlimb coordination for individuals 

with severe impairments.  
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In study 1, we primed the cPMd using facilitatory rTMS and compared its effects 

to those of the most common target, iM1, on improving bimanual coordination. Our 

major outcome was temporal coordination of the arms during the bimanual isometric 

force task. We hypothesized that participants with greater arm impairments would 

demonstrate improved bimanual coordination after receiving facilitation of cPMd 

rather than facilitation of iM1. In contrast, participants whom had fewer arm 

impairments would respond differentially to facilitation of iM1.  

In study 2, we stimulated the more responsive region between cPMd and iM1 for 

each participant and combined it with short-term bilateral arm training. We sought to 

determine if this individualized cortical priming approach could enhance bimanual 

performance more than that of sham stimulation. Our major outcome was bimanual 

performance with a focus on temporal and spatial control of each arm during bilateral 

robotic tasks. This was different from the outcome of bimanual coordination that was 

examined in study 1 because we did not directly assess correlation of the arms. 

Instead, we evaluated the kinematic control of movements of each arm with respect to 

the goal of bimanual tasks.   

 

Significance of the dissertation study 
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Stroke is a global epidemic disease that causes long-term disability and brings 

huge economic costs to the patients, family, as well as society. Persistent upper 

extremity dysfunction due to stroke impairs motor performance and reduces 

participation in daily activities. As most tasks involve the use of both arms, restoring 

bimanual arm coordination is crucial for individuals to regain functional 

independence, and it has gradually become an important consideration when 

designing rehabilitation interventions. One current approach that emphasizes 

repetitive, simultaneous practice of both paretic and non-paretic arms is bilateral 

training. The effects of bilateral training are promising, but still, patients suffering 

from greater brain damage did not benefit as much as those with milder injures. As a 

result, new strategies are needed to further promote neuronal recovery at the cortical 

level.     

Recent developments of non-invasive brain stimulation techniques such as 

repetitive TMS have made it possible for researchers to directly modulate the brain. 

Current protocols are developed based on the recovery of single, paretic arm 

movements that favor inhibition of the non-injured cortex.61-63 Nevertheless, neural 

control mechanisms are different between unilateral and bilateral movements, with 

higher interhemispheric integration and greater disinhibition required for bimanual 

movements.64-66 No studies have developed a neuromodulation protocol specifically 
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focused on improving bimanual arm function. Our study is the first to design and test 

a neural priming protocol specifically to enhance bimanual coordination in individuals 

with chronic hemiparesis. We compared effects of facilitation of cPMd to those of 

iM1 to determine a better neuromodulation target for each participant. Then, we 

enhanced activity of the more responsive region (cPMd vs. iM1) for each participant 

and coupled it with short-term bilateral arm training. Our results can guide future 

development of individualized cortical stimulation approaches specifically for 

augmenting bimanual arm function in individuals with stroke.  
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CHAPTER III. Neural Motor Control Differs between Bimanual Common-goal 

vs. Bimanual Dual-goal Tasks1 

Abstract 

Coordinating bimanual movements is essential for everyday activities. Two 

common types of bimanual tasks are common goal, where two arms share a united 

goal, and dual-goal, which involves independent goals for each arm. Here we examine 

how the neural control mechanisms differ between these two types of bimanual tasks. 

Ten non-disabled individuals performed isometric force tasks of the elbow at 10% of 

their maximal voluntary force in both bimanual common and dual-goal as well as 

unimanual conditions. Using transcranial magnetic stimulation, we concurrently 

examined the intracortical inhibitory modulation (short-interval intracortical 

inhibition, SICI) as well as the interlimb coordination strategies utilized between 

common- vs. dual-goal tasks. Results showed a reduction of SICI in both hemispheres 

during dual-goal compared to common-goal (dominant hemisphere: P=0.04, non-

dominant hemisphere: P=0.03) and unimanual tasks (dominant hemisphere: P=0.001, 

non-dominant hemisphere: P=0.001). For the common-goal task, a reduction of SICI 

was only seen in the dominant hemisphere compared to unimanual tasks (P=0.03). 

Behaviorally, two interlimb coordination patterns were identified. For the common-

                                                
1 Liao, W., Whitall, J., Barton, J.E.& McCombe Waller, S. Exp Brain Res (2018). 

https://doi.org/10.1007/s00221-018-5261-z 
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goal task, both arms were organized into a cooperative “give and take” movement 

patterns. Control of the non-dominant arm affected stabilization of bimanual force 

(R2=0.74, P=0.001). In contrast, for the dual-goal task, both arms were coupled 

together in a positive fashion and neither arm affected stabilization of bimanual force 

(R2=0.31, P=0.1). The finding that intracortical inhibition and interlimb coordination 

patterns were different based on the goal-conceptualization of bimanual tasks has 

implications for future research.  

 

Keywords: Bimanual coordination, Task Goal, Short-interval intracortical inhibition 

(SICI), Interlimb force coordination, motor control 
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Introduction  

The majority of our daily activities involve use of two arms.81 Tasks such as 

dressing and grooming all require one arm to work simultaneously with the other arm 

in order to complete the tasks. However, depending on the goal of a bimanual task, 

each arm may have different roles in coordinating the interlimb actions. For example, 

one type of bimanual tasks is where two arms are required to achieve a single and 

united functional goal (common-goal) either with similar movements from each arm, 

such as holding a food tray or pulling out a drawer, or with complementary 

movements from each arm, such as holding a bottle of water with one arm and 

opening the cap with the other arm. Regardless of differences of movements involved 

in the arms, during this type of bimanual task, both arms share a single focus, and 

they are temporally and spatially constrained to a specific common-goal. The two 

arms have to coordinate with each other with respect to the timing and sequences of 

movements in order to accomplish these task.82-84 and the success of this type of 

bimanual task is highly dependent on the cooperation between the two arms. In 

contrast, other types of bimanual tasks involve independent goals (dual-goal) for each 

arm either with similar movements, such as holding a glass of water with one arm and 

a bottle with the other arm, or with distinct movements, such as using a computer 

mouse with one arm and typing with the other arm. During this type of bimanual 
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tasks, each arm is assigned with an independent goal, and the successful performance 

of one arm is not necessarily affected by the performance of the other arm.  

Most research to date has focused on bimanual dual-goal tasks to understand how 

one arm influences the other while pursues independent goals. It is well-known that 

there is a “interlimb coupling” effect prevailing during bimanual dual-goal tasks.85-89 

Studies have demonstrated that both arms tend to produce similar forces,90, 91 

directions,92 and frequencies93 even when disparate movements were required for 

each arm. These coupling effects were not only demonstrated in behavioral 

movements, but also reflected in cortical control mechanisms.94, 95 For example, one 

study have found an enhancement of cortical excitability and decrement of short-

interval intracortical inhibition (SICI) of the primary motor cortex of the moving arm 

during active-passive bimanual mirror movement tasks.96 Moreover, study 

participants with greater interhemispheric inhibition (IHI) capacity demonstrated 

poorer motor performance during bimanual independent tasks with separate goals 

compared to those with less IHI capacity.97 These results suggest that cortical 

inhibitory modulatory circuits, either within or between hemispheres, may be 

involved in coordination of bimanual actions, and provide insights about the 

underlying neural control mechanism related to dual-goal tasks.    

Nevertheless, in real life, most of our daily activities require two arms to 
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cooperate with each other to accomplish a shared common-goal. It remains uncertain 

whether the experimental findings of neural control mechanisms, for example, the 

intracortical inhibitory modulation from dual-goal tasks could transfer to those of 

common-goal tasks. Previous studies have primarily focused on movement control of 

two arms when they are constrained by a common-goal using kinematic or kinetic 

analysis. Moreover, a variety of common-goal tasks including symmetrical and 

asymmetrical movement tasks or different movement speed ratio of the two arms 

were examined in those previous studies.82, 83, 98-100 These studies have characterized 

the movement profiles of the two arms when they share a single goal. However, the 

basis of neural mechanisms, particularly the intracortical inhibitory circuit associated 

with control of common-goal tasks, has largely been unexplored, even for simple 

movements. To address this issue, we examined the levels of intracortical inhibition 

involving common-vs. dual-goal tasks and compared them to those of unimanual 

tasks using movements that were simple and identical for both arms.  

The purpose of this study was to investigate the neuro-motor control of bimanual 

actions constrained by a common goal compared to bimanual actions that were driven 

by independent goals (dual-goal) and also unimanual goals. In particular, we 

examined the intracortical inhibitory modulation (short-latency intracortical 

inhibition, SICI) involved in these two bimanual tasks and compared them to 
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unimanual tasks. Participants performed bimanual isometric force contraction tasks by 

flexing their elbows to match to a single target line (common-goal) or two separate 

lines (dual-goal). This simulates gross-motor bimanual daily activities, such as, 

holding up a food tray using both arms (common-goal) or lifting water bottles with 

each arm (dual-goal). We also assessed task performance with a focus on force 

coordination and force variability in bimanual conditions. Based on previous 

literature, we hypothesized that SICI would decrease in both common-and dual-goal 

tasks compared to unimanual tasks. Furthermore, there would be greater reduction of 

SICI in both hemispheres in common-rather than dual-goal tasks when compared to 

unimanual tasks. In addition, stronger interlimb force coordination and less force 

variability would be seen in bimanual force during common-versus dual-goal tasks 

suggesting that the two arms were organized into a functional unit when sharing a 

united focus. 

 

Materials and Methods 

Participants 

A convenience sample of ten non-disabled individuals (mean age: 30.82±5.84 

years; 5 female) was recruited from the local universities. They were graduate 

students and/or research assistants working in the local universities but were not 
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informed of the hypotheses or purpose behind the study. All participants were right 

handed as indicated by the Edinburgh Handedness Inventory (EDH) Scale (mean 

EDH scores: 88.62 ±12.02%).101 None of the participants had any medical or 

psychiatric history, nor any contraindications to TMS.102, 103 All participants signed 

informed consent and all study procedures were approved by the Institutional Review 

Board (IRB) of School of Medicine at the University of Maryland Baltimore, and 

followed the 1964 Helsinki Declaration and its later amendments.  

 

Experimental Tasks 

Participants were seated in a cushioned reclining chair with elbows positioned at 

90° flexion and forearms in neutral position, and stabilized in arm cuffs. They 

performed isometric elbow flexion tasks in three conditions: (1) unimanual condition 

using the right or left arm independently to match to a single target line, (2) bimanual 

condition with independent goals for each arm (dual-goal, two distinct target lines 

corresponding to the right and left arm), and (3) bimanual condition with a common-

goal for both arms (a single target line corresponding to the total force of both arms). 

Prior to testing, participants performed a maximal voluntary contraction (MVC) in 

each of these three tasks. Ten percent of the MVC for each condition was set as the 

target level to match for testing based on evidence of SICI in the previous study and 
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to minimize fatigue during tests.104 Participants were instructed to isometrically flex 

their elbows to match the target level as closely as they could and hold this 

continuously for at least 10 seconds with an inter-stimulus interval≧10 seconds to 

minimize fatigue during TMS data collection. Rest break was also provided in 

between if needed. A computer monitor was placed 1 meter away from participants to 

provide real-time visual feedback of the force with respect to each condition. 

  

Paired-pulse Transcranial Magnetic Stimulation (pp-TMS) paradigm for short-interval 

intracortical inhibition (SICI) 

TMS pulses were applied using two Magstim 200 stimulators through a single 

figure-of-eight coil (70 mm diameter of each wing) attached to a BiStim module 

(Magstim Company, Dyfed, UK). The coil was held tangentially to the scalp with the 

handle pointing backward and laterally at an angle of 45 degrees in the sagittal plane. 

Motor evoked potentials (MEPs) were recorded from biceps brachii muscles of both 

arms. Two bipolar Ag-AgCL surface electrodes were placed on the belly of each 

biceps brachii muscle and muscle activities were recorded by a wireless EMG system 

(TeleMyo Direct Transmission System (DTS), Noraxon, USA, Inc.). EMG signals 

were sampled at 1000 Hz with a low-pass filter at 450 Hz. The optimal site for 

stimulation (hotspot) and the active motor threshold (AMT) were determined 
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according to guidelines in the literature.105, 106 The active motor threshold (AMT) was 

defined as the lowest intensity producing MEP amplitudes exceeding 200 μV in > 5 of 

10 consecutive stimulations while subjects performed isometric elbow flexion tasks at 

10% MVC. 

A paired-pulse TMS paradigm was used to examine short-interval intracortical 

inhibition (SICI) of both dominant and non-dominant hemispheres during three 

conditions. In this paradigm a sub-threshold conditioning stimulus (CS) was followed 

by a supra-threshold test–stimulus (TS) at different inter-stimulus intervals (ISI).107 

The resulting paired-pulse conditioned MEPs were compared to the single-pulse non-

conditioned test MEPs and expressed as a MEP ratio. SICI should decrease with 

increasing MEP ratio.  

The ideal intensity for assessing SICI has not been determined in bimanual 

conditions with active contraction. Consistent with protocols adopted in the literature, 

we performed pilot tests using CS intensity ranged from 50-80% AMT and TS 

intensity of 120% AMT at ISI of 2 ms.108 We found that 50% AMT demonstrated the 

greatest inhibition during bimanual isometric elbow flexion conditions.109-111 Thus, 

the CS was applied at 50% AMT and the TS was applied at 120% AMT with ISI at 2 

ms. 

To allow for equal comparison between unimanual and bimanual conditions, the 



36 
 

intensity of single pulse TMS (TS intensity) in bimanual conditions was individually 

adjusted until the averaged single-pulse test MEP was within one standard deviation 

of the averaged single-pulse test MEP obtained in the unimanual condition. Thus, the 

testing orders of experimental conditions were unimanual conditions first followed by 

dual-goal and then common-goal conditions. A total of 20 TMS pulses, 10 single-

pulse followed by 10 paired-pulse was delivered in each condition for both dominant 

and non-dominant hemispheres. MEP data was analyzed offline using a customized 

MATLAB program (Math WorksTM Inc., Natick, USA).  

 

Force measurement 

The force produced by each arm was recorded by two force transducers 

(Transducer Techniques, CA) mounted under the armrests. The force signal was 

sampled at 1000 Hz and filtered by a zero-phase low pass filter with a cutoff 

frequency of 10 Hz. Data acquisition was controlled using a customized MATLAB 

program (Math WorksTM Inc., Natick, USA). The force signal from 2 seconds to 750 

milliseconds before a TMS pulse was visually inspected to ensure no TMS artifact 

effects and was used for analysis of force outcomes (interlimb force correlation and 

force variability). A total of 10 trials were collected for each subject under each 

experimental condition. Pearson’s correlation was used to assess the correlation of 
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force signal between the arms during bimanual common-and dual-goal tasks. A 

positive Pearson’s correlation coefficient would suggest that two arms move in the 

same direction; whereas a negative correlation would indicate that two arms 

coordinate but move in the opposite directions. 

 

Outcome variables 

The outcomes of this study were short-interval intracortical inhibition (SICI) 

involving three experimental conditions and force variables including interlimb force 

correlation and force variability in bimanual common-and dual-goal tasks. SICI was 

expressed as a percentage of the paired-pulse conditioned MEPs relative to the 

averaged single-pulse test MEPs for each condition (MEP ratios). For the force 

measurement, we included two major outcome variables, interlimb force correlation 

and force variability, to describe motor control patterns between the arms. Interlimb 

force correlation refers to the coordination of force between two arms during dual-and 

common-goal tasks. Force variability refers to the ability to control and stabilize force 

under the constraint of the task. Force variability was calculated using the coefficient 

of variation (CV) around the mean and reported as a percent (%). We assessed force 

variability of each arm (CVDom= CV of the dominant arm and CVNon-dom= CV of the 

non-dominant arm) as well as force variability of both arms (bimanual force 
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variability, CVSum= the CV of total force produced by both arms) during bimanual 

conditions to determine whether the task goal (dual-goal vs. common-goal) would 

affect the motor control strategies of the arms.   

 

Statistical Analysis 

The Shapiro-Wilk test was used to examine the distribution of the data. Repeated 

Measures ANOVA were used to compare MEP ratios (SICI) within subjects between 

three conditions. The Mauchly's test was implemented to assess the assumption of 

sphericity. If the assumption of sphericity was violated, we used the Greenhouse-

Geisser method to correct the violation. The Bonferroni correction procedure was 

used for post-hoc multiple comparisons analysis. The same repeated measures 

ANOVA procedures were also used to compare the intensity of TS and CS between 

three conditions. 

For the force data, trials with positive correlation or trials with negative 

correlation were grouped together and analyzed separately for each subject and were 

used to determine the strength of interlimb coupling in the same direction (positive 

correlation) or opposite direction (negative correlation) during the common-and dual-

goal tasks. The McNemar Chi-square Test was used to compare the changes in the 

proportions of negative correlation coefficient trials between the common-and dual-



39 
 

goal tasks.112, 113 The Pearson’s correlation coefficient of all force trials was converted 

into normally distributed data using the Fisher r-to z transformation, averaged within 

each subject and compared between common-and dual-goal conditions using the 

paired t-test.114, 115  

The paired t-test was used to compare force variability of each arm (CVDom and 

CVNon-dom) and both arms (CVSum) between common-and dual-goal conditions. We 

also performed a linear regression analysis to compare the force variability 

contributed by each arm to the force variability produced by both arms in bimanual 

tasks. The explanatory variable was interlimb force variability (CVNon-dom minus 

CVDom). The dependent variable was bimanual force variability (the variability of 

total force produced by both arms, CVSum).116 A positive relationship between the 

explanatory and dependent variables would suggest that greater force variability 

produced by the non-dominant than dominant arm was associated with increased 

bimanual force variability and vice versa for a negative relationship. A significant 

relationship would also indicate that interlimb force control was associated with 

bimanual force stabilization. R2 measured the goodness-of-fit for this model. For all 

statistical tests, alpha level was set as 0.05.  
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Results 

Short-interval intracortical inhibition (SICI) 

Figure 3.1 illustrates an example of the paired-pulse MEP in one subject in the 

bimanual common-goal, dual-goal and unimanual conditions. For the dominant 

hemisphere, SICI was obtained from all participants (N=10). For the non-dominant 

hemisphere, SICI was collected from seven participants due to the higher motor 

threshold presented in the other three individuals. The averaged AMT was 

60.8±12.24% for the dominant hemisphere (range:32-78%) and 56.5±11.9% for the 

non-dominant hemisphere (range: 32-74%). The intensities of TS and CS were 

comparable between unimanual, common-and dual-goal conditions for the dominant 

(TS: F(2,18)=0.89, P=0.43; CS: F(2,18)=0.73, P=0.49) as well as the non-dominant 

hemisphere (TS: F(2,12)=2.59, P=0.12; CS: F(2,12)=3, P=0.09).  

 

Figure 3. 1. Paired-pulse motor evoked potentials (MEPs) recorded from the 
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dominant BB muscle from a representative participant during the bimanual 

common-goal, bimanual dual-goal and unimanual tasks.  

The y-axis is showed in volts (V) 

Figure 3.2 shows the mean MEP ratio of the dominant hemisphere in bimanual 

common-goal, dual-goal and unimanual tasks. Significant main effects were found 

between three conditions (F(2,18)=19.39; P<0.001). There was significantly reduced 

intracortical inhibition (SICI) in the common-goal (M=86.8±3.6% of baseline MEP) 

compared to the unimanual tasks (M=73.4±3.8% of baseline MEP) (P=0.03), as well 

as, the dual-goal (M=98.12±1% of baseline MEP) compared to the unimanual tasks 

(P=0.001). Furthermore, significantly reduced SICI was also found in the dual-goal 

compared to the common-goal tasks (P=0.04).  

 

Figure 3. 2. Mean MEP ratio of the dominant hemisphere under three conditions.  
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The data is presented as mean ± standard error. *P<0.05 

 

Figure 3.3 shows the mean MEP ratio of the non-dominant hemisphere in the 

bimanual common-goal, dual-goal and unimanual tasks. Significant main effects were 

found between the three conditions (F(2,12)=16.54, P<0.001). There was significantly 

reduced SICI in the dual-goal (M=98.46±1.14% of baseline MEP) compared to 

unimanual tasks (M=84.91±1.87% of baseline MEP) (P=0.001). In addition, 

significantly reduced SICI was also found in the dual-goal compared to the common-

goal (M=89.95±1.74% of baseline MEP) tasks (P=0.03). However, no differences 

were found between MEP ratios of the common-goal and unimanual tasks (P=0.41) 

even though the mean MEP ratio was greater in the common-goal compared to the 

unimanual tasks.    

Figure 3. 3. Mean MEP ratio of the non-dominant hemisphere under three 

conditions.  
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The data is presented as mean± standard error *P<0.05 

 

Bimanual force coordination. 

Interlimb force correlation. Two patterns of interlimb correlation (positive and 

negative) were identified in both common-and dual-goal tasks (Figure 3.4). There 

were no significant differences in the strength of interlimb coupling between the 

common-and dual-goal conditions based on the positive correlation trials (t(9)=1.68, 

P=0.13). The strength of interlimb positive correlation was moderate and comparable 

between the two conditions (common-goal=0.54±0.12; dual-goal=0.59±0.13). On the 

other hand, for the negative correlation trials, the strength of interlimb coupling was 

significantly higher in the common-goal compared to dual-goal tasks (t(9)=3.78, 

P=0.01; common-goal= –0.4±0.27, dual-goal= –0.13±0.14). Furthermore, 

significantly greater proportions of negative interlimb correlation trials were found in 

the common-than dual-goal tasks indicating that a different interlimb coordination 

strategy was adopted in the common-goal condition (P=0.01). 
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Figure 3. 4. Examples of force profiles in the common-and dual-goal tasks.  

3.4a. A positive interlimb correlation trial with the correlation coefficient of 0.69. 

3.4b. A negative interlimb correlation trial with the correlation coefficient of –0.79. 

The x-axis is the time (milliseconds). The dominant arm force (right arm, solid line) 

and the non-dominant arm forces (left arm, dashed line) are plotted against the left y-

axis (lbs). The overall correlation coefficient ρoverall (dotted line) is plotted against the 

right y-axis. ρoverall= the correlation coefficient for each force trial (from 2000 to 750 

milliseconds before a TMS pulse)    

 

Force variability. Figure 3.5 illustrates the coefficient of variation (CV) of force 

from each arm and from both arms in the common-and dual-goal tasks. The force 

variability of both arms (CVSum) was significantly reduced in the common-goal 

(M=2.4±0.91%) compared to the dual-goal tasks (M=3.29±1.37 %) (t(9)=2.57, 

P=0.03) suggesting that bimanual performance was more stable in the common-rather 

than the dual-goal tasks. In addition, significant differences were also seen in the non-
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dominant arm between the two bimanual conditions (t(9)= –2.74, P=0.02). There was 

higher force variability in the non-dominant arm (CVNon-dom) during the common-goal 

(M=5.48±2.65%) than the dual-goal (M=3.49±1.18%) tasks. Although not reaching 

statistical differences (P=0.14), the force variability of the dominant arm was also 

higher in the common-goal (M=6.1±2.57 %) compared to the dual-goal 

(M=4.23±2.14%) tasks.   

 

Figure 3. 5. Mean coefficient of variation (CV) produced by each arm and both 

arms in bimanual common-and dual-goal tasks.  

The data was presented as mean ± standard errors *P<0.05    

 

Interlimb interaction. Based on the linear regression model, we found a 

significant and positive relationship between interlimb force variability (CVNon-dom – 

CVDom) and bimanual force variability (CVSum) in the common-goal task 
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(F(1,8)=22.29, R2=0.74, P=0.001) (Figure 3.6). Greater force variability of the non-

dominant than the dominant arm was associated with increased bimanual force 

variability in the common-goal task. This result showed that the stabilization of 

bimanual performance was affected more by the control of the non-dominant than the 

dominant arm. However, we did not find this relationship in the dual-goal tasks (F(1,8) 

=3.48, R2=0.31, P=0.1) (Figure 3.7). 

 

 

Figure 3. 6. A positive correlation between interlimb force variability and 

bimanual force variability during the common-goal tasks.  

The x-axis is the differences of force variability between the two arms (CVNon-dom – 

CVDom); the y-axis is the variability of total force from the two arms (CVSum) 

 



47 

 

Figure 3. 7. No correlation between interlimb force variability and bimanual 

force variability during the dual-goal task.  

The x-axis is the differences of force variability between the two arms (CVNon-dom – 

CVDom); the y-axis is the variability of total force from the two arms (CVSum) 

 

Discussion 

In the present study, we examined neuro-motor control of bimanual actions 

constrained by a common goal compared to bimanual actions that were driven by 

independent goals (dual-goal), and also unimanual goals. We found reduced SICI in 

both hemispheres in the dual-goal compared to common-goal, as well as, unimanual 

tasks. In contrast, while we also saw reduced SICI during the common goal task, it 

was only seen in the dominant hemisphere when compared to the unimanual task. The 

two arms were well-coordinated with each other in both bimanual tasks, but they 
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exhibited different coordination patterns based on task goals. During the common 

goal task, we found a larger proportion of negative correlation trials and a stronger 

negative correlation between the arms indicating more of a “give and take” of forces 

during this type of task. This resulted in reduced variability in overall bimanual force 

but greater force variability in each arm, particularly in the non-dominant arm. We 

also found that the greater force variability of the non-dominant than the dominant 

arm was associated with increments of bimanual force variability during the common-

goal task, which emphasizes the relevance of controlling the non-dominant arm when 

both arms were constrained by a united-goal, but not dual-goal task.    

To the best of our knowledge, this is the first study comparing the modulation of 

intra-cortical inhibitory circuits (SICI) of bimanual tasks with a common-goal vs. 

dual-goals. Consistent with our hypothesis, a reduction of SICI was found in the both 

bimanual tasks when compared to the unimanual task. With regard to the dual-goal 

task, cortical disinhibition was shown in both dominant and non-dominant 

hemispheres. This is in contrast to the study by Stinear and Byblow (2004)96 who 

showed a reduction of SICI in the non-dominant hemisphere only when compared to 

unimanual tasks. In their study, subjects performed bimanual symmetrical wrist 

flexion-extension movements in a passive-active mode, with one arm actively moved 

simultaneously with the other arm that was driven passively by a controller. In our 
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study, the two arms are required to move actively and symmetrically together in 

pursuit of independent goals. This active and symmetrical patterns of the two arms 

may potentially enhance bilateral coupling between the arms, which in turn leads to 

disinhibition of both dominant and non-dominant hemispheres during the dual-goal 

task.90, 117, 118  

Counter to our hypothesis, the decrease of SICI we observed was shown in the 

dominant but not the non-dominant hemisphere during the common-goal tasks. This 

result suggests that the dominant primary motor cortex (M1) may play a more critical 

role than the non-dominant M1 in coordinating two arms when they are united by a 

common goal. Indeed, several previous studies have shown that the dominant 

hemisphere, including M1 and other secondary motor areas, produced greater 

influence on the homologous regions of the non-dominant hemisphere than vice versa 

during bimanual movement tasks.119-121 In a fMRI study by Aramaki et al. (2006),122 

they further found a suppression of activations of the non-dominant M1 during 

bimanual mirror movement tasks which suggested that movements of the non-

dominant arm could be partly modulated through uncrossed ipsilateral corticospinal 

pathways from the dominant hemisphere. The motor dominance phenomenon has 

been demonstrated not only in the control of contralateral arm but also in the 

modulation of ipsilateral arm.123, 124 It is possible that inhibitory control mechanisms 
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from the motor dominant M1 have the capacity to coordinate the two arms through 

contralateral, and at least partially through ipsilateral motor pathways during a 

bimanual task where both arms are united by a common-goal.  

Another novel finding of this study is that the levels of intracortical disinhibiton 

were different between the common-vs. dual-goal tasks. We found a greater 

disinhibiton of both hemispheres during the dual-than common-goal tasks suggesting 

that there may be a mutual activation of both hemispheres during the dual-goal tasks. 

This result may indicate that both hemispheres can exhibit similar levels of control 

over each arm when independent goals are the same, and there may be less influence 

of hemispheric dominance during the dual-compared to common-goal tasks. In line 

with our findings, some studies have not found hemispheric differences in cortical 

activation during bimanual tasks with independent goals.125, 126 One study also 

showed that TMS disruption of the right and left hemispheres caused almost equal 

interference effects in bimanual independent and rhythmic in-phase tasks.127 

However, the hemispheric dominance during bimanual tasks has shown equivocal 

results in behavioral and neural studies. Some studies have demonstrated left 

hemisphere supremacy and influence of the dominant to non-dominant arm 120, 128-130 

while the others found no evidence of hemispheric dominance.127, 131 These 

heterogeneous findings may be due to the differences in the tests and tasks adopted in 
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those previous studies. One major strength of our study is that identical movements 

were required for both bimanual dual-and common-goal conditions with the 

differences residing in the type of goal only. In our study, there was a hemispheric 

difference of SICI modulation during the common-goal, but not dual-goal tasks. This 

could be due to the high demands of coordination between the arms when they are 

constrained by a common goal. During the common-goal task, the two arms are 

required to be temporally and spatially coordinated with each other in order to achieve 

the united goal, which makes it a more complex task compared to the dual-goal task 

even though the movements required were the same. Indeed, previous studies have 

reported a high involvement of the left hemisphere during complicated visuomotor 

tasks.132, 133 The greater requirement of visuomotor and interlimb coordination during 

the common-goal condition could be the reason why the hemispheric dominance was 

observed in the common-rather than dual-goal task. However, it should be noted that 

the hemispheric dominance is a complex phenomenon in that brain dominance may 

depend on various characteristics of the tasks including the task goal.       

In addition to SICI, the neural circuits of interhemispheric interaction, which 

includes the dual-pulse measurement of interhemispheric inhibition (IHI) or ipsilateral 

silent period (ISP), have also been reported to be involved in modulating bimanual 

tasks. 134,135 Perez et al. (2014)134 investigated the levels of transcallosal inhibition in 
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the biceps and triceps during bimanual isometric elbow flexion or extension tasks in 

dual-goal conditions. They found that the ISP was greater during the contraction of 

the homologous muscles (flexion-flexion and extension-extension) than that of the 

non-homologous muscle pairs, suggesting that there was an increased 

interhemispheric inhibition when both arms completed two separate goals. Other 

studies have also demonstrated task-dependent effects of IHI on the hand muscles in 

bimanual dual-goal tasks, with greater IHI showing in the symmetrical than 

asymmetrical conditions 135. Specifically, individuals with greater IHI had poorer 

performance when required to perform different movements with each arm.97 

Similarly, in our study, participants performed bimanual tasks with both arms moving 

either symmetrically with two separate goals or symmetrically with a common goal.  

Based on the findings of the above studies, it is possible that the IHI was elevated 

during our dual-goal conditions in order to reduce the extra motor overflow between 

hemispheres, such that each arm could move symmetrically matching the respective 

target force level without interference.136 This increased IHI may reduce the levels of 

SICI, and accompanied by the local activation of each hemisphere during voluntary 

contraction, it may lead to a greater reduction of SICI in both hemispheres in the dual-

compared to the common-goal tasks.137 In contrast, during the common-goal tasks, the 

two arms are required to be tightly coordinated with each other under the constraint of 



53 
 

a united goal. The motor overflow between hemispheres could serve as an adaptive 

strategy to promote flexibility and communication between the arms,136 which in turn 

may lead to a decrement of IHI and cause higher SICI in the common-compared to 

dual-goal conditions.137 Although we did not directly measure IHI in this study, it is 

likely that the SICI could also be affected by interhemispheric interaction with respect 

to the goals of bimanual tasks. Further investigation is needed to reveal the 

relationship of IHI and SICI in the bimanual dual-and common-goal tasks.  

Behaviorally, we found two different interlimb coordination patterns whose 

differences were characterized by interlimb force correlation and force variability of 

the arms. As expected, we found a positive correlation of force between the arms 

during both bimanual common-and dual-goal tasks. This positive interlimb correlation 

indicates that the arms were coupled together, and exerted forces simultaneously in 

the same direction to match to targets.138 We further identified another coordination 

strategy, characterized by negative interlimb correlation between the arms in dual-and 

common-goal conditions. This coordination strategy was stronger and predominantly 

emerged during the common-goal task. This negative interlimb correlation represents 

an alternative motor control strategy in which the two arms coordinated with each 

other, but in a cooperative “give and take” fashion. The force of one arm increased 

while the force of the other arm decreased as long as the final goal, which is the total 
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motor output required for both arms, was maintained for a bimanual common-goal 

task. On the contrary, we did not found this negative interlimb synergy prevailing in 

the dual-goal task where two arms were mostly coupled with each other in a positive 

manner when matching to independent goals. 

As expected, we found a reduced variability of overall force from both arms in 

the common-goal compared to dual-goal tasks. Surprisingly, while the overall force 

variability was reduced, the variability from the non-dominant arm was actually 

higher in the common-compared to the dual-goal tasks. Though not reaching 

statistically differences, the force variability from the dominant arm was also higher 

in the common-compared to the dual-goal tasks. This finding of reduced overall 

variability from both arms accompanied by the freedom of variability allowed for 

each arm was compatible with the concept of a “movement synergy” 139, 140 and it 

agrees with the principle of “motor abundance.” 141, 142 The principle of motor 

abundance states that all degrees of freedoms (DOFs) are required in the control of 

movements in order to assure the stability as well as the flexibility of the motor 

performance. The central controller allows high variability of each element if it does 

not affect the stability of the desired actions.143 In our study, for the common-goal 

task, the flexibility was allowed for each arm, and particularly the non-dominant arm, 

as long as the overall stability of task performance was maintained for both arms. 
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However, we did not find this particular bilateral synergy generated during the dual-

goal task. For the dual-goal task, it is possible that stabilization of force of each arm is 

also as critical as the stabilization of total force when there are two independent goals 

for each arm.144 

In addition to the direct comparison of force variability between common- and 

dual-goal conditions, we examined whether the variability differences between the 

arms would affect the overall bimanual force performance. We found that the greater 

force variability of the non-dominant than the dominant arm was associated with 

increments of bimanual force variability in the common-goal, but not dual-goal task. 

This novel finding suggests that the control of the non-dominant, rather than the 

dominant arm was critical to bimanual force performance when both arms are 

constrained by a united goal. Two potential explanations could account for this 

finding. First, the higher variability of the non-dominant than the dominant arm could 

reflect a sign of a less efficient control of the non-dominant arm and/or noise coming 

from the non-dominant arm during the bimanual task.145-148 This lack of control of the 

non-dominant arm caused a de-stabilization of the bimanual force performance, and 

therefore resulted in the increment of variability in the overall force performance of 

two arms. This would indicate that to switch to a more unimanually controlled 

strategy using the dominant arm to compensate for the less efficiently controlled non-
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dominant arm may assist in stabilization of bimanual force performance during a 

common-goal task. On the other hand, one could argue that a more beneficial 

approach would be to train the control of the non-dominant arm in order to improve 

bimanual performance in a common-goal task.  

The second potential explanation is that the non-dominant arm could function as 

the primary adjusting arm when both arms are constrained by a united goal. Given the 

nature of the adjusting arm, the variability of the non-dominant arm would be higher 

and correlated with the overall bimanual force variability. Previous studies have 

shown that there are distinct neural control strategies responsible for the dominant and 

non-dominant arm during unimanual tasks.133, 149 Specifically, the non-dominant 

hemisphere has been shown to be specialized in controlling the accuracy of the final 

position of the arms, again during unimanual movements.150,151 Our study extends 

previous findings and further demonstrates that the non-dominant arm may also be 

capable of controlling and modulating the accuracy of overall bimanual movement 

performance in order to match to a common-goal as precisely as possible. Regardless 

of which explanations is true, both indicate the relevance of controlling the non-

dominant arm during a bimanual common-goal task. On the contrary, there was no 

such relationship found in the dual-goal task. This suggests that the stability of 

bimanual force performance is not affected predominantly by one arm over the other 
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when each arm has its individual goal, and supports a conclusion that different 

coordination strategies were indeed adopted between the common- and dual-goal 

conditions.  

The findings from our study may have clinical implications for arm rehabilitation 

post-stroke. First, our observation of differences in neuro-motor control between the 

common-and dual-goal task indicates that not all bimanual tasks are the same, and 

that specific arm training paradigms should be designed according to the constraints 

of bimanual tasks. Current bilateral arm training approaches are mostly focused on 

practice of bilateral actions involving independent goals.152-154 Our study highlights 

the importance of extending current bilateral arm training protocols to include more 

cooperative tasks that have a united goal for both arms. Second, training of the non-

dominant arm may be beneficial for improving interlimb coordination in the context 

of cooperative tasks. For individuals with dominant hemisphere stroke, practice of the 

non-paretic/non-dominant arm, in addition to the paretic/dominant arm, may be able 

to assist in recovery of bimanual coordination in a cooperative task.     

 

Limitations. There are five limitations should be considered for the present study. 

First, although our paradigm was well controlled using isometric force contraction of 

elbow flexors, the findings of our study may not necessarily translate to other types of 
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bimanual common-goal tasks such as complicated functional movement tasks, or even 

other types of isometric force tasks with different arm postures. Second, we only 

included right-handed participants. Studies have shown that the hemispheric 

asymmetry of cortical output, interhemispheric inhibition,155,156 and hand-control 

characteristics are different between right-and left handed individuals.157 Therefore, 

we cannot generalize the findings of this study to left-handed individuals. Future 

studies could examine neural control mechanisms of the bimanual common-and dual-

goal task in people who are left-hand dominant and using more complex functional 

tasks. Third, the order of the experimental conditions was fixed to enable equal 

comparison of the MEP ratio across conditions. Therefore, we cannot rule out the 

possibility of an order effect, and the findings of this study may not be generalizable 

to other experimental contexts. Fourth, the sample size is small. Caution should be 

taken when transferring the findings of this study to a wider group of individuals. A 

larger experimental trial with a randomized sample of participants would be needed to 

further confirm findings of this study. Fifth, we did not directly measure 

interhemispheric inhibition (IHI) although we provided an explanation of how IHI 

may affect SICI with respect to the task goals. Future studies could examine the role 

of IHI on SICI in modulating bimanual tasks with different goals.  
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Conclusions  

Our study demonstrated that neuro-motor control was different between 

bimanual common-vs. dual-goal tasks even though the movements required were 

identical and well-constrained. The intracortical inhibitory control of the dominant 

hemisphere seemed to be crucial for modulating a common-goal task whereas both 

hemispheres may share similar levels of intracortical inhibitory control during a dual-

goal task. Furthermore, these differences were also reflected in interlimb coordination 

patterns that showed “give and take” vs. “coupling together” and a differential role of 

the non-dominant arm. These findings provide interesting implications to understand 

how conceptualization of task goals (common-vs. dual-goal) influence neural control 

strategies of two arms during bimanual tasks.   
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CHAPTER IV. Not All Brain Regions Are Created Equal for Improving 

Bimanual Coordination in Individuals with Chronic Stroke1 

Abstract 

Objective: The standard cortical stimulation approach of inhibiting contralesional 

primary motor cortex (cM1) has been shown to disrupt bimanual coordination while 

facilitating ipsilesional M1 (iM1) failed to enhance paretic arm function in severely 

impaired individuals. We proposed an alternative target, the contralesional dorsal 

premotor cortex (cPMd) for improving bimanual coordination and compared its 

effects to stimulation of iM1. 

Methods: Fourteen participants with stroke received 5-Hz repetitive transcranial 

magnetic stimulation (rTMS) on cPMd or iM1 in a repeated cross-over design. 

Bimanual force/neuromuscular coordination and cortical excitability were assessed. 

We examined the relationship of baseline motor function/interhemispheric inhibition 

(IHI) to participant’s responses to each stimulation target. 

Results: We identified two patterns of responses. Participants with more severe 

impairments and weaker IHI improved bimanual force/neuromuscular coordination, 

ipsilesional activations and reduced IHI after cPMd-rTMS; whereas, those who with 

higher function and stronger IHI improved only after iM1-rTMS.  

                                                
1 Wan-wen Liao, Jill Whitall, Joseph E. Barton, Sandy McCombe Waller. In preparation for 

submission to Clinical Neurophysiology 
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Conclusions: Cortical stimulation protocols should be tailored to the types of tasks 

and designed based on individuals’ severity. Facilitation of cPMd may improve 

bimanual coordination especially for individuals with limited arms/hands function.  

Significance: Our study is the first to identify cortical stimulation strategies for 

improving bimanual coordination for individuals with different levels of severity of 

stroke.   

 

Keywords: stroke, repetitive transcranial magnetic stimulation, bimanual 

coordination, contralesional premotor cortex, rehabilitation, cluster analysis 

 

Highlights: 

� Participants with greater arm/hand impairment improved bimanual coordination 

and ipsilesional cortical activations with facilitation of their contralesional dorsal 

premotor cortex (cPMd)  

� Participants with lesser arm/hand impairment demonstrated improvements with 

facilitation of their ipsilesional primary motor cortex (iM1).   

� Wrist/hand function assessed by the Fugl-Meyer assessment scale of upper 

extremity and the baseline degrees of interhemispheric inhibition seem to be key 

factors determining responders to facilitation of cPMd or iM1. 
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Introduction 

Each year over 795,000 people suffer from stroke resulting in the primary cause 

of long-term disability in the United States.158 Despite undergoing interventions after 

stroke, the majority of people experience residual arm deficits in the chronic phase, 

which greatly affects their ability to accomplish activities of daily living.159,160 In 

recent decades, one promising approach to enhancing arm recovery post-stroke has 

been to directly modulate the cortical excitability in the brain using non-invasive brain 

stimulation (NIBS), such repetitive transcranial magnetic stimulation (rTMS). The 

premise of NIBS is that cortical plasticity can be induced through repetitive and 

continuous stimulation of the underlying neuron pools and therefore enhance 

functional reorganization of the brain after stroke.161 Current standard NIBS 

approaches were mostly developed based on the interhemispheric competition model 

which emphasizes facilitation of ipsilesional primary motor cortex (iM1) and/or 

inhibition of the contralesional M1 (cM1), with the goal to rebalance the 

interhemispheric inhibition (IHI) between hemispheres.162,163 

Although this standard approach of facilitation of iM1/ inhibition of cM1 has 

shown effectiveness in improving arm function in mildly-impaired individuals, it fails 

to generate the same level of improvement in individuals with more severe arm 

impairments.164-168 These severely impaired individuals tend to suffer from extensive 
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damage in the ipsilesional cortex, leaving them limited neural resources for activation 

by stimulating iM1.167,169-172 Alternately, the contralesional hemisphere, especially the 

contralesional dorsal premotor cortex (cPMd), has been shown to facilitate 

interhemispheric communication and support paretic arm movements in individuals 

with moderate to severe impairments.173,174 Disruption of the cPMd resulted in 

delayed reaction time and increased temporal errors greater than that of other 

contralesional areas such as cM1, indicating a more likely causal role of cPMd than 

the other contralesional areas, in controlling paretic arm movements.175-179 In addition, 

one recent study examined the effects of facilitation of cPMd compared to inhibition 

of cM1 on single, paretic arm reaching and revealed that facilitation of cPMd 

improved the reaction time to reach for individuals with severe hemiparesis.176 

Therefore, facilitation of cPMd may serve as a plausible alternative approach, in 

addition to facilitation of iM1, to improve recovery of paretic arm movements. To our 

knowledge, the direct comparison of neuromodulation using rTMS on these two 

regions has not been conducted in individuals with stroke. Furthermore, it is not 

known if individuals with varying levels of severity would differentially respond to 

one approach over the other. 

Another potential caveat of current neuromodulation protocols is that they are 

predominantly designed for improving unimanual arm function. Given the high 
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involvement of both arms in daily activities, interventions aimed at improving 

coordination of the two arms is equally, if not more, important as those that facilitate 

recovery of solely paretic arm function. For individuals with severe impairments, 

training the coordination of the two arms may be even more critical for enhancing 

activities of daily living. At this point, there is only one study that has examined the 

effects of current standard NIBS approaches on bimanual coordination for individuals 

with stroke and it reported a negative impact on bimanual finger coordination after 

using the standard approach of inhibiting cM1.179 This may indicate that current NIBS 

protocols are not necessarily applicable for enhancing bimanual coordination.  

Indeed, studies have shown a more distributed neural network including motor, 

premotor regions and cerebellum is involved in control of bimanual arm movements 

compared to that of unimanual movements.180-183 Premotor regions of both 

hemispheres in particular, such as PMd, are associated with coordinating and 

stabilizing bimanual simple and complex hand movements.184-186 Furthermore, a 

positive modulation has been found between both PMd and other brain regions within 

and between hemispheres.180 The above suggests that PMd could be a potential 

neuromodulation target for enhancing bimanual coordination. For individuals with 

more severe arm impairments, cPMd may be even more critical for bimanual as well 

as paretic arm function. As far as we know, no studies have examined the 
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neuromodulation effects of cPMd as compared to iM1, in enhancing bimanual 

coordination for individuals with chronic stroke. The treatment effects of NIBS on 

bimanual coordination remains unclear. 

The aim of this study was to investigate the comparative effects of facilitation of 

cPMd and iM1 on bimanual coordination and cortical function in individuals with 

chronic hemiparesis. We selected the cPMd as the neuro-modulation target based on 

its high relevance to stroke recovery and its critical involvement in bimanual 

coordination, and we compared its stimulation effect to that of the most common 

neuro-modulation target, iM1. Based on evidence in previous studies, we 

hypothesized that the beneficial effects of facilitation of the cPMd would depend on 

baseline impairments. Participants with greater baseline impairments would 

demonstrate greater improvements in interlimb force and neuromuscular coordination 

as well as cortical excitability measures after facilitation of the cPMd. Conversely, 

participants with fewer baseline impairments would differentially respond to 

facilitation of iM1. The overall goal of this study was to provide insights for 

developing individually tailored and task-based neuro-modulation interventions to 

assist in recovery of bimanual function post stroke.           
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Methods 

Participants 

Fourteen individuals (10 males, mean age 65±9.89 years, range 43-79 years) 

were enrolled (Table 4.1). All participants demonstrated hemiparesis with residual 

upper limb deficits and experienced a first-ever stroke. Inclusion criteria were (1) 

greater than 40 years of age, (2) unilateral ischemic (≧6 months post-stroke) or 

hemorrhagic (≧12 months post-stroke) stroke, (3) able to demonstrate motor evoked 

potentials (MEPs) during active muscle contraction of the paretic arm, (4) Fugl-Meyer 

assessment of upper extremity (FM-UE) scores between 20 and 65, and (5) able to 

perform experimental protocols with both arms. Individuals were excluded if they had 

(1) stroke involving cerebellum, (2) other concomitant neurological or psychiatric 

disorders such as brain tumor and dementia (3) any contradictions to TMS (e.g. 

history of epilepsy, metallic implants in the head or chest, or implanted 

shunts/simulators/cardiac pacemakers),187 and (4) concurrent use of CNS affecting 

medications including anti-depressant medications.188 All participants signed written 

informed consent, and all study procedures were approved by the Institutional Review 

Board (IRB) of School of Medicine at the University of Maryland Baltimore, and 

performed in accordance with the Declaration of Helsinki. 
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Table 4. 1. Demographics and clinical characteristics of study participants 

Experimental Design 

This study employed a single-blind repeated measures crossover design. None of 

the participants had experience with rTMS before this study. Participants underwent 

two experimental conditions, one for stimulation of cPMd and the other for 

stimulation of iM1, in a systematic order. Each experimental condition (cPMd or iM1) 

consisted of two visits, one for assessing intracortical and interhemispheric 

excitability and the other for assessing interlimb force and neuromuscular 

coordination during a bimanual isometric force task. Within each session, participants 

received baseline assessments followed by repetitive stimulation of cPMd or iM1 and 

then post-stimulation assessments (Figure 4.1). Thus, a total of four sessions were 

required for each participant, and each separated by at least 48 hours to minimize 
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carryover effects. The Fugl-Meyer assessment scale of upper extremity (FM-UE) was 

used at the first visit to evaluate the motor function of the paretic arm. 

 

Figure 4. 1. The flow chart of the experiment.  

There were a total of four visits for each participant. Two visits for assessments of 

interlimb force and neuromuscular coordination during bimanual tasks and the other 

two visits for evaluation of cortical excitability.  

 

Electromyography (EMG) 

 Two bipolar Ag-AgCL surface electrodes were placed on the belly of biceps 

brachii (BB) muscle of each arm. Muscle activation was recorded using a wireless 

EMG system (TeleMyo Direct Transmission System (DTS), Noraxon, USA, Inc.). 

EMG signals was bandpass filtered between 5 to 400 Hz using a zero-phase 

Butterworth filter and sampled at 1000 Hz, and stored on a PC for offline analysis 

using customized Matlab program (Math WorksTM Inc., Natick, USA). 

 

Motor Task: Bimanual Isometric Elbow Flexion Task 
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Participants were seated in a cushioned reclining chair with elbows positioned at 

90° flexion and forearms in neutral position, stabilized in arm cuffs. Participants 

performed bimanual isometric elbow flexion tasks matching to a single target line 

corresponding to 20% of their maximal voluntary contraction (MVC) during bimanual 

isometric elbow flexion condition. This simulated a bimanual common-goal condition 

that required cooperation and coordination between the arms. Participants were 

instructed to isometrically flex their elbows at the same time to match the target force 

level as closely as they could and hold stable for ten seconds. The force performance 

during this 10-second duration was used for analyses of interlimb force and 

neuromuscular coordination. Real-time visual feedback of their force was provided by 

a computer monitor placed 1 meter in front of participants. There were three to five 

practice trials to ensure that participants performed the correct movements. A total of 

three trials were collected for baseline and post-stimulation evaluation, respectively. A 

rest break was provided in between trials or as needed to minimize onset of fatigue.  

 

Repetitive Transcranial Magnetic Stimulation (rTMS) 

Repetitive TMS was delivered to cPMd or iM1 using a Magstim 70-mm Double 

Air Film Coil connected to a biphasic rapid stimulator (MagstimRapid2, Magstim Co, 

UK). The coil was held tangentially to the scalp with the handle pointing backward 
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and laterally at an angle of 45 degrees in the sagittal plane. The rTMS involved a train 

of 50 pulses (10 seconds) at 5 Hz with an inter-train interval of 30 seconds and 

repeated 24 times.189 The total numbers of stimulation were 1200 pulses and the 

duration of intervention was 930 seconds. The optimal site for stimulation (hotspots) 

and the active motor threshold (AMT) were determined according to guidelines in the 

literature.190,191 The active motor threshold (AMT) was defined as the lowest intensity 

producing MEP amplitudes exceeding 200μV in≧5 of 10 consecutive stimulations 

while participants performed the isometric elbow flexion task using a single arm at 

20% MVC. The Brainsight Neuronavigation system (Rouge Research, Canada) was 

used to ensure accurate coil placement throughout the experiment. 

The location of cPMd was defined as 2.5 cm anterior to the hotspot of the non-

paretic BB muscle.192,193 To further isolate cPMd from the non-ipsilesional M1, we 

applied a single-pulse TMS on the location of cPMd to ensure that (1) there was no 

motor evoked potential (MEP) activity recorded over the BB muscle, and (2) there 

were no visually apparent muscle twitches in the forearm or hand. EMG activity of 

the non-paretic arm was also monitored during rTMS to ensure the stimulation effects 

were focused on cPMd and did not spread to the non-ipsilesional M1.194  

To determine the ideal rTMS intensity for stimulation of cPMd, we performed 

pilot tests using intensity from 70-90% AMT of the non-paretic BB muscle in non-
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disabled individuals. We found that 70% AMT could increase MEP amplitudes and it 

was the most tolerable intensity among all individuals given that the premotor cortex 

is on the crown of the precentral gyrus, which is closer to the stimulating coil than the 

motor cortex and more sensitive to stimulation.195 Thus, the stimulation intensity for 

cPMd was set as 70% AMT of the non-paretic BB muscle. For iM1 stimulation 

condition, the rTMS was applied to the hotspot of the paretic BB muscle. To allow 

equal comparison between two experimental conditions (cPMd and iM1), the rTMS 

intensity of iM1 was also based on the AMT of the non-paretic BB muscle and set as 

90% AMT followed the safety guideline for high-frequency rTMS.196 EMG signals 

were monitored continuously on-line to ensure no muscle activity was evoked during 

rTMS. 

There was a five-minute rest period before and after rTMS intervention to allow 

for consolidation of stimulation effects after the rTMS intervention.197-200 Participants 

were seated comfortably in a cushioned reclining chair with their necks supported in 

the neck rest and their arms rested in arm troughs during this 5-minute period and the 

whole rTMS intervention. 

 

Behavioral measurement: Interlimb force coordination 

The force produced by each arm was recorded by two force transducers 
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(Transducer Techniques, CA) mounted under the armrests. The force signal was 

sampled at 1000 Hz and filtered by a zero-phase low pass filter with a cutoff 

frequency of 10 Hz. Data acquisition was controlled using a customized MATLAB 

program (MathWorksTM Inc., Natick, USA). As described in the “Motor task”, 

participants isometrically flexed their elbow to match the target force line for 10 

seconds in a total of three trials. The initial two seconds and the last three seconds of 

each trial were removed from analyses in order to account for initial adjustments and 

potential early force termination. Interlimb force coordination was quantified by 

assessing the correlation of force between the arms during the bimanual task using the 

Pearson’s correlation coefficient function. A moving window correlation method with 

a window length of 200 ms and moving one sample at a time was used to calculate the 

correlation of force between the arms across time. This method was selected because 

it could account for variances over time for non-stationary time-series data.201 The 

resulting Pearson’s correlation coefficient therefore represented the degrees of 

interlimb force coordination of each trial.  

 

Neuromuscular coordination measurement: Intermuscular coherence 

 In addition to interlimb force coordination, we also assessed the neuromuscular 

coordination of the arms during bimanual tasks. Neuromuscular coordination between 
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the arms was defined as the synchronization of electromyography (EMG) signals of 

BB muscles of the two arms in the frequency domain, and assessed by the coherence 

between the two EMG signals. This intermuscular EMG-EMG coherence can provide 

information on the degree of common neural drive from the cortex to pairs of 

muscles, which represents the motor synchrony/binding between muscles during a 

specific motor task.202,203 It has also been used to characterize functional coordination 

between muscles in non-disabled and individuals with stroke.204-207    

 To calculate the intermuscular coherence during the bimanual task, the raw EMG 

signals were first extracted from the same trials used for analyses of interlimb force 

coordination, and then high-pass filtered at 250 Hz and full-wave rectified followed 

published recommendations.208-210 The magnitude squared of coherence (C) was 

estimated by using the mscohere function of MATLAB (MathWorksTM Inc., Natick, 

USA) with a Hanning window of 2048 samples per segment and an overlap of 75% 

(Frequency resolution = 0.49 Hz), and converted to Fisher’s values using the 

following formula.                              

FZ =arctanh(√C) 

The Fisher’s Z transformation was used as a normalization procedure to stabilize 

the variance of the coherence distribution,211 and has been used in several previous 

studies.212-214 This z-transformed intermuscular coherence represented the strength of 
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neuromuscular coupling between two arms. The increment of this value after rTMS 

intervention indicates an enhanced neural drive from the cortex to both BB muscles 

leading to a stronger neuromuscular synchronization of the arms during bimanual 

tasks. In our study, we calculated the z-transformed coherence within the β band (15-

30 Hz) because changes in the β band were found to originate primarily from the 

cortex and associated with promotion of stable motor output.215-219 The z-transformed 

coherence in the β band was averaged across trials for each participant that 

represented the strength of neuromuscular coordination of both arms during bimanual 

tasks. 

 In addition to evaluating the strength of intermuscular coherence, we also 

evaluated the quality of intermuscular coherence by calculating the rate of significant 

intermuscular coherence above 95% confidence interval (CL) in the β band following 

the formula below.220-223  

L=numbers of segments. α= 0.05. 

                          CL= 1 − α1/(L − 1) 

The rate of significant intermuscular coherence was defined as the numbers of 

coherence above CL divided by the total numbers of coherence in the β band and 

expressed as a percentage (%). The rate of significant intermuscular coherence was 
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averaged across trials for each subject and compared between experimental 

conditions. 

 

Measurements of Corticospinal Excitability, Intracortical and Interhemispheric 

Inhibition  

MEP amplitude of the ipsilesional and contralesional M1. MEP amplitude was 

assessed using a 70-mm figure of eight coil attached to a Magstim stimulator 

(MagstimRapid2, Magstim Co, UK). The coil was held tangentially to the scalp with 

the handle pointing backward and laterally at an angle of 45 degrees in the sagittal 

plane. The Brainsight Neuronavigation System (Rouge Research, Canada) was used 

to ensure accuracy of coil placement during experiments. A single-pulse TMS was 

applied to the hotpots of the paretic and non-paretic BB muscles at 120% AMT while 

participants performed isometric elbow flexion tasks using a single arm at 20% MVC. 

A total of twelve trials were collected for each hemisphere at the baseline and after 

rTMS. The post-rTMS MEP was standardized by dividing it into the baseline MEP 

value (mean MEP amplitude at the baseline) and expressed as an MEP ratio. A higher 

value (>1) would indicate an increase of corticospinal excitability after rTMS and vice 

versa.   



82 
 

Contralateral Silent Period (CSP) of the ipsilesional and contralesional M1. To 

quantify CSP, the EMG was full-wave rectified. The onset of CSP was defined as the 

point where the rectified EMG dropped and stayed below the pre-stimulus EMG level 

(defined as the averaged EMG activity of 100-ms window, from 150 to 50 ms prior to 

TMS onset) for at least 10 ms.224 The offset of CSP was defined as the point where 

rectified EMG returned and stayed above the pre-stimulus level for at least 10 ms. 

The CSP duration was defined as the onset of MEP to the offset of CSP.225 The CSP 

duration was standardized by dividing it into MEP size in order to reduce between-

subject variability.226,227 The value of CSP ratio indicates the degree of intracortical 

inhibition.  

 Ipsilateral Silent Period (ISP). To evoke ISP, a single-pulse TMS was applied to 

the hotspot of the paretic BB muscle at 150% AMT while participants performed 

isometric elbow flexion tasks using their paretic arms at 30% MVC. The onset of ISP 

was defined as the point when the rectified EMG dropped and stayed below the pre-

stimulus level for at least 5 ms. The offset of ISP was defined as the point when the 

rectified EMG returned and stayed above the pre-stimulus level for at least 5 ms.228 

We calculated the ISP inhibition based on the formula below.228  

% Inhibition = [1– (mean EMG during ISP / mean EMG pre-stimulus)] *100 
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A higher value indicates a stronger inhibition from the contralesional to ipsilesional 

hemisphere and vice versa. The EMG signals were monitored continuously on-line to 

ensure that there was no voluntary activity of the non-paretic arm. A total of ten trials 

were collected for evaluation of ISP at baseline and after rTMS. The ISP inhibition 

indicates the percentage of interhemispheric inhibition (IHI) from the contralesional 

to the ipsilesional hemisphere.  

 

Statistical Analysis  

To identify responders to each type of stimulation (cPMd or iM1), we first used a 

hypothesis-driven hierarchical cluster analysis to group participants into two, three 

and four clusters according to 1) baseline motor impairments using FM-UE 

shoulders/elbows, FM-UE wrists/hands and FM-UE total scores, 2) baseline ISP 

inhibition, and 3) the responsiveness to cPMd- and iM1-rTMS defined as the MEP 

ratio of the ipsilesional hemisphere after cPMd- and iM1-rTMS.229 The squared 

Euclidean distance was used as the distance measure, and the averaged linkage 

method was used to classify clusters.230 The raw scores of the above outcomes were 

standardized to Z scores. Then, we inspected the results to determine the optimal 

clusters that could distinguish between responders to cPMd-rTMS and responders to 

iM1-rTMS. A one-way analysis of variance, with Bonferroni corrected post hoc 



84 
 

comparisons in cases of significance, was used to further examine whether clusters 

significantly differed from each other in terms of the responsiveness to cPMd-and 

iM1-rTMS (the ipsilesional MEP ratio of cPMd- and iM1-rTMS). Participants 

constantly classified into the same cluster were seen as the same group of responders 

and their results of behavioral, neuromuscular and corticospinal excitability 

measurements were analyzed together as a group (cPMd-responders or iM1-

responders) and compared between cPMd- and iM1-rTMS conditions.  

In addition to cluster analysis, we also performed a linear regression analysis to 

examine the relationship between baseline motor impairments and interhemispheric 

interaction to the responsiveness to cPMd- and iM1-rTMS. The explanatory variables 

were FM-UE shoulders/elbows, FM-UE wrists/hands and FM-UE total scores, as well 

as ISP inhibition. The dependent variables were the ipsilesional MEP ratio of cPMd- 

and iM1-rTMS. R2 measured the goodness-of-fit for this model. 

The Shapiro-Wilk test was used to examine the distribution of all data and a 

natural log transformation was used to transform data that was not normally 

distributed into normal distributed data. In addition, the paired t-test was used to 

examine differences of all outcomes at the baseline between cPMd- and iM1-rTMS 

conditions. Two-way repeated measures analysis of variances (ANOVA) with factors 

of conditions (cPMd-rTMS vs. iM1-rTMS) and side of hemisphere (ipsilesional vs. 
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contralesional) was used to evaluate the MEP ratio. Two way repeated measures 

ANOVA with factors of time (baseline vs. post-stimulation) and conditions (cPMd-

rTMS vs. iM1-rTMS) was also used to evaluate the CSP ratio of each hemisphere, 

and ISP inhibition. 

For the behavioral and neuromuscular measurements, the Pearson’s correlation 

coefficient was converted into normally distributed data using the Fisher r-to z 

transformation following recommendations from the literature and averaged within 

each subject.231,232 Two-way repeated measures ANOVA with factors of time (baseline 

vs. post-stimulation) and conditions (cPMd-rTMS vs. iM1-rTMS) was used to 

examine interlimb force correlation (z-transformed correlation of coefficient) and 

intermuscular coherence (the strength of intermuscular coherence and the rate of 

significant intermuscular coherence). In the case of significant interaction effects, the 

paired t test with the Bonferroni correction procedure was used for post hoc analysis 

to evaluate directional changes of outcomes in terms of time (baseline vs. post-

stimulation) or side of hemispheres (ipsilesional vs. contralesional) for each condition. 

Figures are presented using the original, non-transformed data with mean ± standard 

errors of the mean (SEM). For all statistical tests, alpha level was set as 0.05. 
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Results 

Hierarchical Cluster Analysis 

Two, three, and four clusters were generated based on our hypothesis-driven 

cluster analysis models. Four participants were consistently classified into the same 

cluster throughout all models. These participants demonstrated increased corticospinal 

excitability in the ipsilesional hemisphere after cPMd-rTMS (mean MEP ratio 

=1.65±0.1), but nearly no changes of that after iM1-rTMS (mean=1±0.09). Significant 

differences were also found in the ipsilesional MEP ratio between this cluster of four 

participants to other clusters for both cPMd- and iM1-rTMS conditions across all 

models (P<0.05). These participants had limited paretic arm function particularly in 

the distal part of the arm (mean FM-UE total scores=27±1.83; mean FM-UE 

wrists/hands=6.75±2.75) compared to the other ten participants (mean FM-UE total 

scores= 46.3±9.75; mean FM-UE wrists/hands=20.4±3.81). Their ISP inhibition was 

also lower (mean=35±6.15) than that (mean=55.25±6.33) of the other ten participants 

at the baseline. 

The other ten participants were classified into one, two and three clusters. 

However, no significant differences were found in the ipsilesional MEP ratio of 

cPMd- and iM1-rTMS between these clusters across all models (P>0.05), meaning 

that these participants shared similar patterns of responses. These participants 



87 
 

demonstrated increased corticospinal excitability after iM1-rTMS (mean MEP 

ratio=1.60±0.19) but decreased of that after cPMd-rTMS (mean MEP 

ratio=0.73±0.23). Overall, based on hierarchical cluster analysis models, we identified 

two major groups of responders with one showing positive responses to cPMd-rTMS 

(cPMd-responder group: n=4), and the other demonstrating positive responses to iM1-

rTMS (iM1-responder group: n=10). As a result, we divided participants into two 

subgroups and their behavioral, neuromuscular and corticospinal excitability data 

were analyzed as a group together and compared between rTMS conditions. 

 

Regression analysis 

We found a significant and negative relationship between ipsilesional MEP ratio 

of cPMd-rTMS to FM-UE total scores (F(1,13)= 18.44, R2=0.61, P=0.001) (Figure 

4.2a) and to the FM-UE wrist/hand scores (F(1,13)= 27.03, R2=0.69, P<0.001) (Figure 

4.2b). However, no such relationship was found between the ipsilesional MEP ratio of 

cPMd-rTMS to the FM-UE shoulder/elbow scores (F(1,13)=3.5, R2=0.23, P=0.09). 

There was also a significant and negative relationship between the baseline ISP 

inhibition and the ipsilesional MEP ratio of cPMd-rTMS (F(1,13)= 15.24, R2=0.56, 

P=0.002) (Figure 4.2c). On the other hand, a significant but positive relationship was 

found between the ipsilesional MEP ratio of iM1-rTMS to the FM-UE total scores 
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(F(1,13)= 17.65, R2=0.59, P=0.001) (Figure 4.2d) and to the FM-UE wrist/hand scores 

(F(1,13)= 23.31, R2=0.66, P<0.001) (Figure 4.2e). Again, no such relationship was 

found between FM-UE shoulder/elbow scores and the ipsilesional MEP ratio of iM1-

rTMS (F(1,13)= 3.5, R2=0.23, P=0.07). The baseline ISP inhibition were also positively 

correlated with the ipsilesional MEP ratio of iM1-rTMS (F(1,13)= 8.97, R2=0.43, 

P=0.01) (Figure 4.2f).  

Figure 4. 2. Regression plots for Fugl-Meyer assessment scores of upper 

extremity (FM-UE) and interhemispheric inhibition (ISP inhibition) to 

ipsilesional MEP ratio. 

A negative correlation (4.2a-c) was found between FM-UE total, wrist/hand scores 

and ISP inhibition (%) to the ipsilesional MEP ratio for cPMd-rTMS condition. A 

positive correlation (4.2d-f) was found between the same outcome variables for iM1-

rTMS condition. Each circle represents data of a participant (N=14). The filled circles 

are cPMd-responders (n=4) and the open circles are iM1-responders (n=10).  
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Behavioral Data 

Interlimb force coordination. There was a significant interaction effect of time 

and condition for interlimb force correlation for both cPMd- (F(1,3)= 72.98, P=0.003) 

and iM1-responders (F(1,9)=56.7, P<0.001) (Figure 4.3). For iM1-responders, 

interlimb force correlation increased after iM1-rTMS (t(9)=-5.28, P=0.001, Baseline 

ρ= 0.48±0.1; Post-rTMS ρ= 0.79±0.1), but decreased after cPMd-rTMS (t(9)=4.25, 

P=0.002, Baseline ρ= 0.64±0.09; Post-rTMS ρ= 0.38±0.06). In contrast, for cPMd-

responders, interlimb force correlation increased after cPMd-rTMS (t(3)=-3.42, 

P=0.04, Baseline ρ= 0.28±0.04, Post-rTMS ρ= 0.53±0.11), but showed no significant 

changes after iM1-rTMS (t(3)=2.65, P=0.08, Baseline ρ= 0.38±0.06; Post-rTMS ρ= 

0.2±0.01). No differences were found in the baseline interlimb force correlation 

between conditions for either group of responders (cPMd-responders: t(3)=1.08, 

P=0.36; iM1-responders: t(9)=-1.6, P=0.14). 

Figure 4. 3. Interlimb force correlation changes from pre-to post rTMS for iM1- 

and cPMd-responders.  

iM1-responders is gray dashed bar; cPMd-responders is black closed bar. *P≦0.05.   
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Intermuscular coherence. Figure 4.4a illustrates an example of change of 

intermuscular coherence in one representative participant. There was a significant 

interaction effect of time and condition for the strength of intermuscular coherence for 

cPMd- (F(1,3)=637.1, P=0.04) and iM1-responders (F(1,9)=161.225, P<0.001) (Figure 

4.4b). For iM1-respodners, there was a significant increase of strength of 

intermuscular coherence after iM1-rTMS (t(9)=-15.86, P<0.001, Baseline= 0.52±0.01; 

Post-rTMS= 0.63±0.01), but a decrease after cPMd-rTMS (t(9)=5.2, P=0.001, 

Baseline= 0.57±0.01; Post-rTMS= 0.49±0.02). In contrast, for cPMd-responders, 

there was a significant increase of strength of intermuscular coherence after cPMd-

rTMS (t(3)=-14.39, P<0.001, Baseline= 0.46±0.03; Post-rTMS= 0.65±0.03), but no 

significant changes after iM1-rTMS (t(3)=2.75, P=0.07, Baseline= 0.55±0.01; Post-

rTMS= 0.53±0.01). No differences were found in the baseline strength of 

intermuscular coherence between conditions for either group of responders (cPMd-

responders: t(3)=2.41, P=0.1; iM1-respodners: t(9)=-0.14, P=0.7). 

We also found a significant interaction effect of time and condition for the rate of 

significant intermuscular coherence for both groups of responders (cPMd-responders: 

F(1,3)=14.9, P=0.03; iM1-responders: F(1,9)=52.78, P<0.001) (Figure 4.4c). For iM1-

responders, the rate of significant intermuscular coherence increased after iM1-rTMS 

(t(9)=-6.97, P<0.001, Baseline= 0.35±0.02; Post-rTMS ρ= 0.46±0.01), but was 
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reduced after cPMd-rTMS (t(9)=3.61, P=0.006, Baseline= 0.4±0.01; Post-rTMS= 

0.35±0.02). Conversely, for cPMd-responders, the rate of significant intermuscular 

coherence increased after cPMd-rTMS (t(3)=-3.86, P=0.03, Baseline= 0.36±0.01; Post-

rTMS= 0.46±0.01), but remained nearly no changes after iM1-rTMS (t(3)=2.93, 

P=0.07, Baseline= 0.39±0.03; Post-rTMS= 0.35±0.02). No differences were found in 

the baseline rate of significant intermuscular coherence between conditions for either 

group of participants (cPMd-responders: t(3)=1.51, P=0.23; iM1-respodners: t(9)=-1.9, 

P=0.09). 

Figure 4. 4. Intermuscular coherence changes from pre-to post rTMS for iM1- 

and cPMd-responders.   

4.4a shows the raw intermuscular coherence of the β band before (on the left) and 

after (on the right) iM1-rTMS for one representative participant. The dashed line is 

the level of significant coherence; 4.4b shows the changes of strength of 

intermuscular coherence; 4.4c shows the changes of rate of significant intermuscular 

coherence (%). iM1-responders is gray dashed bar; cPMd-responders is black closed 

bar.*P≦0.05. 
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Corticospinal excitability data 

MEP data. For iM1-responders, there was a significant interaction effect of 

condition and hemisphere (F(1,9)=77.78, P<0.001) for MEP ratio (Figure 4.5a). The 

ipsilesional MEP ratio was greater in the iM1- than cPMd-rTMS conditions (t(9)=7.68, 

P<0.001, ipsilesional MEP ratio: iM1-rTMS=1.59±0.06, cPMd-rTMS=0.73±0.07). 

The contralesional MEP ratio was reduced below the pre-stimulus level after iM1-

rTMS more so than cPMd-rTMS (t(9)=-2.59, P=0.03, non-ipsilesional MEP ratio: 

iM1-rTMS=0.71±0.04, cPMd-rTMS=0.91±0.05). In addition, there were significant 

differences in the MEP ratio between hemispheres for both rTMS conditions. For 

iM1-rTMS condition, there was a greater MEP ratio in the ipsilesional than the 

contralesional hemisphere (t(9)=14.2, P<0.001). In particular, the MEP ratio increased 

to above pre-rTMS level in the ipsilesional hemisphere (MEP ratio=1.59±0.06), but it 

decreased and stayed below the pre-rTMS level in the contralesional hemisphere 

(MEP ratio=0.71±0.04). On the other hand, for the cPMd-rTMS condition, the MEP 

ratio reduced to below the pre-rTMS level for both hemispheres, with a significantly 

greater reduction in the ipsilesional (MEP ratio=0.73±0.07) than contralesional (MEP 

ratio=0.91±0.05) hemispheres (t(9)=-3.68, P=0.005). In addition to the interaction 

effect, we also identified a main effect of condition (F(1,9)=40.51, P<0.001) that 

showed a greater MEP ratio in the iM1-rTMS (MEP ratio = 1.29±0.03) than cPMd-



93 
 

rTMS conditions (MEP ratio =0.81±0.06), and a main effect of hemisphere 

(F(1,9)=41.41, P<0.001) with a greater MEP ratio in the ipsilesional (MEP 

ratio=1.16±0.03) than contralesional (MEP ratio=0.95±0.02) hemisphere. 

For cPMd responders, there was a significant interaction effect of condition and 

hemisphere for the MEP ratio (F(1,3)=14.11, P=0.03) (Figure 4.5b). The ipsilesional 

MEP ratio was greater in the cPMd-than iM1-rTMS condition (t(3)=-42.96, P<0.001, 

ipsilesional MEP ratio: cPMd-rTMS=1.65±0.05, iM1-rTMS=1±0.05). However, the 

contralesional MEP ratio was similar between cPMd- and iM1-rTMS conditions 

(t(3)=0.18, P=0.87, contralesional MEP ratio: cPMd-rTMS=1.29±0.07, iM1-

rTMS=1.32±0.12). In addition, there were significant differences in the MEP ratio 

between hemispheres only for the cPMd-rTMS condition (t(3)=4.1, P=0.03). The MEP 

ratio was greater in the ipsilesional (MEP ratio=1.65±0.05) hemisphere relative to the 

contralesional (MEP ratio=1.29±0.07) hemisphere. However, we did not find 

hemispheric differences in the MEP ratio of the iM1-rTMS condition (t(3)=-2.24, 

P=0.11, ipsilesional MEP ratio=1±0.05 , contralesional MEP ratio=1.32±0.12). We 

also identified a significant main effect of condition (F(1,9)=11.64, P=0.04) that 

showed a greater MEP ratio in the cPMd-rTMS (MEP ratio=1.47±0.04) than iM1-

rTMS condition (MEP ratio=1.16±0.05). 
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CSP ratio. For iM1-responders, there was a significant interaction effect of time 

and condition for the ipsilesional hemisphere (F(1,9)=102.15, P<0.001). There was a 

decrease of ipsilesional CSP ratio from baseline to post-rTMS after iM1-rTMS 

(t(9)=5.17, P=0.001, Baseline=0.6±0.09, Post-rTMS=0.4±0.07), but an increase of 

ipsilesional CSP ratio after cPMd-rTMS (Figure 4.5c) (t(9)=-5.94, P<0.001, 

Baseline=0.45±0.04, Post-rTMS=0.68±0.08). In contrast, for the contralesional 

hemisphere, there was a main effect of time (F(1,9)=24.47, P=0.001) that showed an 

increase of contralesional CSP ratio from baseline to post-stimulation for both iM1-

(t(9)=-5.48. P<0.001), and cPMd-rTMS (t(9)=-2.23, P=0.05) conditions (Figure 4.5d). 

No differences were found in the baseline CSP ratio of both hemispheres between 

conditions for iM1-responders (Ipsilesional hemisphere: t(3)=-1.31, P=0.22; 

Contralesional hemisphere: t(3)=-2.08, P=0.07).   

For the cPMd-responders, there was no interaction effect (Ipsilesional 

hemisphere: F(1,3)=7.93, P=0.07; Contralesional hemisphere: F(1,3)=0.41, P=0.35) nor 

main effects of time (Ipsilesional hemisphere: F(1,3)=2.1, P=0.24; Contralesional 

hemisphere: F(1,3)=6.1, P=0.09 ) or condition (Ipsilesional hemisphere: F(1,3)=0.32, 

P=0.61; Contralesional hemisphere: F(1,3)=0.32, P=0.61) for both hemispheres (Figure 

4.5e & 4.55f). No differences were found in the baseline CSP ratio of both 
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hemispheres between conditions for cPMd-responders (Ipsilesional hemisphere: t(3)=-

2.48, P=0.09; Contralesional hemisphere: t(3)=1.18, P=0.32).   

 

Figure 4. 5. MEP and CSP ratio of both hemispheres for iM1- and cPMd-

responders.  

Top: MEP ratio for iM1-responders (4.5a) and cPMd-responders (4.5b). Bottom: the 

CSP ratio of both hemispheres for iM1-respodners (4.5c&4.5d) and cPMd-responders 

(5e&f). The iM1-responders is the gray-dashed bar; the cPMd-responders is the black 

closed bar. *P≦0.05. 
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ISP inhibition. For iM1-responders, there was a significant interaction effect of 

time and condition (F(1,9)=94.03, P<0.001) (Figure 4.6a). ISP inhibition was reduced 

from baseline to post-rTMS after iM1-rTMS (t(9)=14.54, P<0.001, Baseline=55.25±2, 

Post-rTMS=41.45±2.15); however, it increased after cPMd-rTMS (t(9)=-3.39, 

P=0.008, Baseline=54.29±2.02, Post-rTMS=59.67±1.42). There was a significant 

main effect of condition (F(1,9)=14.94, P=0.004) that showed greater ISP inhibition in 

the cPMd-rTMS (ISP inhibition=56.98±1.55) than iM1-rTMS condition (ISP 

inhibition=48.35±2.02), and a significant main effect of time (F(1,9)=24.23, P=0.001) 

that showed greater ISP inhibition before rTMS (ISP inhibition=54.77±1.63).  

For cPMd-responders, there was a significant interaction effect of time and 

condition (F(1,3)=161.83, P=0.001) (Figure 4.6b). ISP inhibition was reduced from 

baseline to post-rTMS (t(3)=6.4, P=0.008, Baseline=44±2.92, Post-rTMS=29.2±2.91) 

after cPMd-rTMS; however, it was similar before and after iM1-rTMS (t(3)=-2.94, 

P=0.06, Baseline=37.5±1.58, Post-rTMS=44.12±1.97). No differences were found in 

the baseline ISP inhibition between conditions for either groups of participants (iM1-

responders: t(9)=0.41, P=0.69; cPMd-responders: t(3)=-2.12, P=0.13).  
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Figure 4. 6. ISP inhibition changes from pre- to post-stimulation for iM1- and 

cPMd-responders.  

4.6a shows an example of raw ISP of one iM1-responder (left) and group data of ISP 

inhibition of the iM1-responders (right, gray dashed bar). 4.6b shows an example of 

raw ISP inhibition of one cPMd-responder (left) and group data of ISP inhibition of 

the cPMd responders (right, black closed bar). *P≦0.05 

 

Discussion 

In this study, we proposed an alternative neuromodulation target, cPMd, to 

facilitate recovery of bimanual coordination post-stroke. We compared its effects to 

the common neuromodulation target, iM1, to determine which one of these two areas 

may be better for enhancing bimanual performance. Consistent with our hypothesis, 

we found that facilitation of these two areas could both enhance temporal 



98 
 

coordination of the two arms during bimanual tasks; however, they appear to work 

differently for participants depending on their baseline levels of arm/hand impairment 

as well as their baseline interhemispheric interaction. We found that facilitation of 

cPMd produced beneficial effects on interlimb force and neuromuscular coordination 

exclusively for participants with greater arm/hand impairments along with weaker 

baseline IHI. Facilitation of iM1 worked better for participants with fewer arm/hand 

impairments along with stronger baseline IHI.  

 To our knowledge, this is the first study to demonstrate that bimanual arm 

coordination can be enhanced through cortical stimulation in individuals with chronic 

stroke. We found improvements not only in cortical excitability levels but also in 

behavioral and neuromuscular control of the arms during bimanual tasks. This result 

indicates that cortical stimulation could strengthen the common neural drive from 

cortex to muscle pairs of both arms, and therefore may assist in functional 

coordination between the arms during bimanual tasks.240,215,216 A similar finding of 

increased neural drive to pairs of muscles has been reported in one previous NIBS 

study that applied anodal transcranial direct current stimulation (tDCS).233 However, 

that study examined stimulation effects of one cortical area only under unimanual 

isometric force contraction conditions for non-disabled individuals and it did not 

assess behavioral changes. Our study extends this previous study by showing that 
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targeted stimulation of two different areas, cPMd and iM1, can enhance both 

behavioral and neuromuscular drive of the two arms during bimanual tasks for 

individuals with stroke.  

The fact that facilitation of cPMd and iM1 both led to improved bimanual 

coordination indicates that potential neuromodulation targets responsible for bimanual 

coordination are not limited to one specific region for individuals with chronic stroke. 

Indeed, studies have shown that multiple brain regions including bilateral motor and 

premotor regions are involved in controlling bimanual tasks, and that these areas were 

organized into a functional neural network in order to coordinate movements of the 

two arms.180-183,186 It is possible that stimulation of one of these involving regions, 

such as cPMd and iM1 in this study, would strengthen intra- and/or inter-hemispheric 

connections of this functional network, and therefore lead to improvements of 

bimanual performance.234 This concept has been demonstrated in studies of non-

disabled individuals in bimanual tasks where bimanual performance was improved 

during sequential sensorimotor tasks and typing tasks after facilitation of both 

M1.235,236 However, no studies have examined the effects of facilitation of PMd alone 

on coordinating bimanual movements in non-disabled and individuals with stroke. 

Our study reveals that both cPMd and iM1 could be potential neuromodulation targets 

for improving bimanual coordination for individuals with stroke.  
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Furthermore, as hypothesized, the effectiveness of facilitation of cPMd and iM1 

on bimanual coordination were associated with participants’ baseline impairments and 

interhemispheric interaction. We found that facilitation of cPMd was beneficial only 

for participants with greater arm/hand impairments along with weaker baseline IHI. 

This finding is in accordance with literature showing that cPMd supports recovery 

particularly for individuals with more severe residual impairments.173,175-178 Rather 

than inhibiting the ipsilesional hemisphere, cPMd may enhance functional 

reorganization of the remaining neural network, and subsequently promote neural 

plasticity in these more-impaired individuals.172,175,176 Our results support this 

phenomenon and show that ipsilesional cortical excitability increases and IHI 

decreases after facilitation of cPMd in these more-impaired participants. Moreover, 

this finding of increased ipsilesional excitability followed by changes of 

interhemispheric, but not intracortical, interactions implicates that cPMd may enhance 

activity of the ipsilesional cortex through transcallosal pathways. The facilitatory 

transcallosal influence from PMd to the opposite cortex has been demonstrated in 

studies of humans and primates during resting, unimanual, as well as bimanual 

tasks.173,181, 237-239 In particular, several studies have shown that PMd facilitated 

contralateral brain regions including M1 and supplementary motor areas during 

preparation phase and performance of various kinds of bimanual tasks.180,181,184, 239 
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This enhanced interhemispheric integration contributed by stimulation of cPMd may 

be one potential key factor that promotes recovery of bimanual coordination in this 

group of participants.  

In addition to the transcallosal pathways, it is also possible that facilitation of 

cPMd may potentially modulate the ipsilateral pathways since the projections of 

cPMd terminate at the intermediate zone of cervical elements of the spinal cord and 

directly onto propriospinal neurons (PNs).240 A recent study also revealed that these 

PNs were associated with recovery of the hand after CST lesions.241 Furthermore, 

cPMd may produce remote effects onto cM1 that indirectly influence contralesional 

intracortical and interhemispheric interaction, and subsequently lead to the reduction 

of IHI in this study.242 No matter which pathways were involved, our results indicate 

that facilitation of cPMd could be an alternative neuromodulation approach for 

improving bimanual coordination and cortical excitability especially for individuals 

with greater arm/hand impairment. Further investigations may be needed to elucidate 

details of the influences of cPMd on these pathways. 

 On the other hand, we found that facilitation of iM1 was more beneficial for 

participants with fewer arm/hand impairments along with stronger baseline IHI. 

Participants showed improved bimanual coordination, as well as increased ipsilesional 

excitability, decreased ipsilesional intracortical inhibition, and decreased IHI after 
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receiving facilitation on iM1. This finding is in line with the premise of the 

interhemispheric inhibition model showing that facilitation of iM1 could enhance 

ipsilesional output and restore interhemispheric inhibitory balance.162,163 This restored 

balance of IHI may have contributed to recovery of bimanual coordination for these 

participants because the modulation of IHI is critical to the coordination of 

movements between the arms during bimanual tasks.243-245 On the contrary, 

facilitation of cPMd seems to aggravate the already unbalanced IHI from 

contralesional to ipsilesional hemisphere, and therefore deteriorate bimanual 

coordination in these participants. Our findings that facilitation of cPMd and iM1 

worked differentially for individuals with different levels of severity of stroke support 

the bimodal balance-recovery model proposed by Di Pino et al (2014)246, and further 

suggests that cortical stimulation protocols should be individualized to each 

participant with respect to their levels of impairments as well as the targeted motor 

tasks. 

Interestingly, we found that wrist/hand impairments, but not shoulder/elbow 

impairments, were associated with participants’ responses to facilitation of cPMd and 

iM1. Indeed, previous studies have demonstrated that wrist/hand function may reflect 

degrees of integrity/function of corticospinal (CST) and/or M1.247-249 More-impaired 

wrist/hand function may indicate a greater damage of ipsilesional CST and/or iM1 
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and therefore stimulation of iM1 may be less optimal for these individuals.172,247 It 

may be possible that the baseline wrist/hand impairments could function as a potential 

indicator to predict whether individuals respond to iM1- or cPMd-rTMS. Future 

studies could examine if FM-UE wrist/hand scores could be a useful screening tool in 

a larger population of individuals with stroke.  

Another unique feature of this study is that we performed cluster analysis as a 

subgrouping method to categorize participants based on their clinical characteristics 

and their responses to facilitation of cPMd and iM1. Although cluster analysis has 

been used in various kinds of research in multiple fields, only a few NIBS studies to 

date have employed this method to examine individuals’ responses to cortical 

stimulation. Furthermore, these studies were all performed in non-disabled adults.250 

Our study provides an example of how cluster analysis can be used to identify 

responders to different types of cortical stimulation in individuals with stroke. This 

may assist future researchers in designing individually tailored cortical stimulation 

protocols for persons with stroke.  

Three limitations should be considered for this study. First, our bimanual tasks 

were designed to be similar to bimanual cooperative tasks where the two arms were 

required to coordinate with each other to achieve a common-goal for both arms. The 

findings of our study may not necessarily translate to other types of bimanual tasks, 
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for example the dual-goal tasks where each arm corresponds to its own goal, or 

complicated bimanual movement tasks. Second, although we provided 

neurophysiological evidence of changes of cortical excitability after cPMd- and iM1-

rTMS, it may be also beneficial for future studies to incorporate neural imaging 

techniques such as diffusion tensor imaging to examine the connectivity or structural 

differences between responders or non-responders to cPMd-rTMS. Third, based on 

the results of our pilot test, the intensity used for facilitation of cPMd was lower than 

that of iM1-rTMS. This could be because the location of cPMd has been shown to be 

more superficial to the scalp and therefore it may be more sensitive to stimulation.195 

However, we found distinct and opposite patterns of responses between cPMd-and 

iM1-responders where these participants only responded to one type of stimulation 

but not the other. Increasing the intensity of stimulation may potentially strengthen 

these distinct patterns of responses, but probably would not change the directions of 

responses, and may be less likely to affect the interpretation of this study.   

 

Conclusions  

Our study demonstrated that bimanual arm coordination could be enhanced 

through facilitation of two different brain areas, cPMd and iM1, in individuals with 

chronic stroke. Facilitation of cPMd benefits individuals with greater arm/hand 
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impairments whereas facilitation of iM1 works for those with fewer arm/hand 

impairments. These findings provide implications for the future design of individually 

tailored NIBS interventions for enhancing bilateral coordination after stroke. 
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CHAPTER V. Individualized Cortical Priming Enhances Bimanual 

Performance and Cortical Excitability after Short-term Bilateral Arm Training 

in Individuals with Chronic Stroke: A proof-of-concept study1 

Abstract 

Background. The effective cortical priming approach for augmenting bilateral 

performance remains unclear for individuals with stroke. Our previous work showed 

that facilitation of contralesional dorsal premotor cortex (cPMd) improved bilateral 

coordination for individuals with impaired arm function while facilitation of 

ipsilesional primary motor cortex (iM1) was effective for individuals with preserved 

arm function. Therefore, an individualized cortical priming approach may be needed 

to enhance bilateral performance.   

Objective. To examine effects of individualized cortical priming on improving 

bilateral performance and cortical excitability in a short-term bilateral arm training in 

individuals with stroke.    

Methods. This is a sham-controlled cross-over design study. Ten individuals with 

chronic stroke received individualized cortical priming, which was 5-Hz repetitive 

transcranial magnetic stimulation (rTMS) on their more responsive cortical regions 

(cPMd or iM1) or sham stimulation followed by 30-minutes of bilateral arm training 

for 3 sessions in a week. Motor evoked potential (MEP), cortical silent period (CSP) 

                                                
1 Wan-wen Liao, Jill Whitall, Joseph E. Barton, George F. Wittenberg, Sandy 

McCombe Waller. In preparation for submission to Neural Rehabilitation and Neural Repair 



116 
 

and ipsilateral silent period (ISP) were evaluated. Kinematics of the arms during  

simple and complex bilateral cooperative tasks were analyzed using a bilateral 

exoskeleton robot. 

Results. We found a greater increase of ipsilesional MEP amplitudes, decrease of 

ipsilesional CSP and a reduction of ISP with individualized cortical priming versus 

sham stimulation. Performance improvements were seen in interlimb temporal and 

spatial control during simple and complex bilateral tasks in the individualized cortical 

priming but not sham stimulation condition.  

Conclusions. Individualized cortical priming enhanced effects of short-term bilateral 

arm training on bilateral performance and cortical excitability individuals with 

chronic stroke.  

 

Keywords: stroke rehabilitation, bimanual arm coordination, contralesional dorsal 

premotor cortex, repetitive transcranial magnetic stimulation, cortical priming, 

bilateral arm training  
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Introduction 

Most of our daily tasks involve use of the two arms in a collaborative and 

coordinated manner.251 After a stroke, the ability to coordinate the arms is impaired 

due to unilateral deficit of the paretic arm as well as the concomitant deficits of the 

non-paretic arm.252 These bilateral coordination deficits greatly impact a stroke 

survivor’s ability to accomplish activities of daily living and result in a serious decline 

in quality of life.253 In recent decades, one intervention approach called “bilateral arm 

training” has been designed to train the coordination between the arms using task-

oriented,254,255 or modality-assisted simultaneous practice of the arms.256,257 Although 

the effects of bilateral arm training are promising, results are still variable among 

individuals with chronic stroke, and some individuals demonstrate only limited 

improvements. This variable response may be due to differences in residual function 

and/or lesion location.258-261 There is a need to identify strategies to further augment 

recovery potential in individuals following stroke to improve functional gains of both 

arms and to promote independence. 

One potential strategy is to prime the brain before bilateral arm training. The 

basic concept of priming is to condition the brain first, making it more sensitive to 

external modulation, and then optimize plastic changes in subsequent therapies.262 A 

popular method of priming is through stimulation of the brain using non-invasive 
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brain stimulation (NIBS) such as repetitive transcranial magnetic stimulation 

(rTMS).263 Indeed, several studies have shown positive effects of rTMS priming with 

motor training for individuals with chronic stroke; however, the priming strategies 

used in those studies were all focused on improving unilateral, paretic arm 

function.264-269 They either facilitate the ipsilesional primary motor cortex (iM1) or 

inhibit the contralesional M1 (cM1) in an attempt to re-balance interhemispheric 

inhibition (IHI) during a unilateral task.270,271 While these stimulation strategies seem 

to be successful in recovering unilateral, paretic arm function, they might not be 

optimal for enhancing bilateral coordination given the neuro-mechanistic differences 

between bilateral and unilateral actions.272-274 For example, one study demonstrated 

that the standard approach of inhibition of the cM1 deteriorated bilateral coordination 

during bilateral finger-tapping tasks in individuals with stroke.275 To our knowledge, 

no studies have examined the effects of rTMS priming on augmenting of bilateral 

coordination in individuals with chronic stroke, and the most effective cortical 

priming targets for augmenting bilateral arm coordination remain unclear.  

  To maximize the priming effects, the cortical target for priming should be 

functionally involved in the planning and execution of the desired motor tasks. 

Studies have highlighted a broad set of key brain regions including motor and 

premotor regions that are involved in the planning and execution of bilateral tasks.274, 
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276,277 In particular, a positive modulation has been identified between bilateral M1 

and premotor regions, such as the dorsal premotor cortex (PMd),278-280 suggesting that 

these two regions may be crucial for modulating bilateral actions for non-disabled 

individuals, and therefore could be potential priming targets for improving bilateral 

coordination for individuals with stroke. To date, no studies have examined priming 

effects of M1 vs. PMd on improving bilateral arm coordination in individuals with 

stroke. It is not known which site may be more responsive when targeting bilateral 

coordination as a functional outcome. 

Nevertheless, based on evidence from the literature relative to unilateral tasks, 

facilitation of iM1 has failed to improve paretic arm function, especially for 

individuals with greater impairments, possibly due to the severe damage of their 

ipsilesional hemisphere.281-284 For these participants, the PMd of the contralesional 

hemisphere (cPMd) has been found to support paretic arm function and facilitate 

interhemispheric communications.285-288 Facilitation of cPMd has also been shown to 

reduce reaction time of paretic arm reaching for individuals with greater residual 

impairments.289 Therefore, given the important role of cPMd in assisting paretic arm 

recovery and its high involvement in modulating bilateral tasks, facilitation of cPMd 

may serve as an alternative cortical priming target to augment bilateral coordination, 

especially for more impaired individuals.  
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To explore the possibility of cPMd as an alternative stimulation target for 

enhancing bilateral coordination, in our first study we compared neuro-modulatory 

effects of a single-session of facilitation of cPMd vs. iM1 on bilateral force and 

neuromuscular coordination as well as cortical function in individuals with chronic 

stroke. We identified two groups of responders with one showing improved bilateral 

coordination after facilitation of cPMd while the other demonstrated a differentially 

positive response to facilitation of iM1. Furthermore, individuals’ motor impairments 

and baseline IHI were correlated with the responses to stimulation. Individuals with 

impaired wrist/hand function and weaker baseline IHI responded to facilitation of 

cPMd facilitation whereas those with preserved wrist/hand function and stronger 

baseline IHI responded to facilitation of iM1. These findings indicate that cortical 

stimulation may not be a “one-size-fit-all” solution for individuals with stroke, and 

suggests cortical stimulation protocols should be individualized based on participants’ 

impairments and designed according to the requirements of the tasks we wish to 

improve 

In this study, we extend our previous work by combining an individualized 

cortical priming protocol with bilateral arm training to determine whether it could 

further augment recovery of bilateral performance. The purpose of this study was to 

investigate the effects of individualized cortical priming on enhancing bilateral 
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performance and cortical excitability with a short-term bilateral arm training protocol 

in individuals with chronic stroke. Participants received individualized cortical 

priming on their more responsive brain regions (cPMd or iM1) prior to bilateral arm 

training. Sham stimulation with bilateral arm training was used as a control condition 

for each participant. Furthermore, we examined bilateral performance in terms of 

temporal and spatial control of the arms using simple and complex bilateral robotic 

tasks. We hypothesized that participants would demonstrate greater improvements in 

bilateral arm performance during simple and complex bilateral robotic tasks, as well 

as, in cortical excitability measures after receiving individually cortical priming than 

sham stimulation, prior to bilateral arm training.        

 

Methods 

Participants 

A subset of ten individuals with chronic hemiparesis from our first study (8 

males, mean age 64.9±11.83 years, range 43-79 years) participated in this study 

(Table 5.1). Among these 10 participants, three of them showed greater improvements 

in bilateral coordination and cortical excitability after receiving cPMd-than iM1-

rTMS while the other seven individuals demonstrated improvements only after 

stimulation of iM1 in our first study. Therefore, in this study, we primed the more 
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responsive region (cPMd or iM1) for each participant. This study was implemented in 

the same year as our first study with approximately one to three months in between 

the two studies for participants. Participants did not participate in any rehabilitation 

interventions for the upper extremities nor rTMS treatments during this interim 

period. Inclusion criteria were (1) first-ever stroke, (2) greater than 40 years of age, 

(3) unilateral ischemic (≧6 months post stroke) or hemorrhagic (12 months≧post 

stroke) stroke, (4) Fugl-Meyer assessment of upper extremity (FM-UE) scores 

between 20 and 65, (5) able to demonstrate motor evoked potentials (MEPs) during 

active muscle contraction of the paretic arm, and (6) able to perform testing and 

training protocols with both arms. Individuals were excluded if they had (1) stroke 

involving cerebellum, (2) other concomitant neurological or psychiatric conditions 

such as brain tumor and dementia, (3) any medical conditions that could limit physical 

activity levels required for testing and training, such as acute cardiac, 

pulmonary/respiratory conditions, or uncontrolled hypertension (>180/100 mg), (4) 

any contradictions to TMS (e.g. history of epilepsy, metallic implants in the head or 

chest, or implanted shunts/simulators/cardiac pacemakers),290 and (5) concurrent use 

of CNS affecting medications including anti-depressant medications.291 All 

participants signed written informed consent, and all study procedures were approved 

by the Institutional Review Board (IRB) of School of Medicine at the University of 
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Maryland Baltimore, and performed in accordance with the Declaration of Helsinki. 

Table 5. 1. Demographics and clinical characteristics of study participants 

 

Experimental design 

 This study employed a single-blind, sham controlled cross-over design. 

Participants received individualized cortical priming (experimental condition) or sham 

stimulation (control condition) followed by bilateral arm training for three sessions 

within seven days. The order of experimental and control conditions was randomized 

for each participant using a randomization table and were separated by at least three 

weeks to minimize carryover effects. All participants underwent neurophysiological 

and behavioral tests to evaluate cortical excitability as well as control of both arms in 

a single visit within five-days before and five-days after the combined training. Their 

baseline paretic arm function was also assessed using the Fugl-Meyer (FM-UE) 

assessment scale of upper extremity to determine severity of paresis. 
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Repetitive Transcranial Magnetic Stimulation (rTMS) Protocol 

 The rTMS was delivered to the more responsive region between iM1 or cPMd 

based each participant’s response from our first study (Table 1). The rTMS protocol 

was identical to that used in our first study. The rTMS pulses were delivered to iM1, 

which corresponded to the hotspot of the paretic biceps brachii (BB) muscle, or 

cPMd, which was defined as 2.5 cm anterior to the hotspot of non-paretic BB 

muscle,292, 293 at 5 Hz (10-second train, 30-second inter-train interval, 1200 pulses per 

session)294 using a Magstim 70-mm Double Air Film Coil connected to a biphasic 

rapid stimulator (MagstimRapid2, Magstim Co, UK) . The coil was held tangentially 

to the scalp with the handle pointing backward and laterally at an angle of 45 degrees 

in the sagittal plane. The optimal sites for stimulation (hotspots) and the active motor 

threshold (AMT) were determined according to guidelines in the literature.295, 296 The 

AMT was defined as the lowest intensity producing motor evoked potential (MEP) 

amplitudes exceeding 200μV in≧5 of 10 consecutive stimulations while participants 

performed the isometric elbow flexion task using a single arm at 20% MVC. The 

rTMS was applied to iM1 at 90% AMT- and to cPMd at 70% AMT of the 

contralesional primary motor cortex (the non-paretic BB muscle) in accordance with 

the findings from our previous study. The Brainsight Neuronavigation system (Rouge 

Research, Canada) was used to mark the location of hotspots and to ensure accurate 



125 
 

coil placement throughout the experiment. Participants were seated comfortably in a 

cushioned reclining chair with their neck supported and their arms relaxing on padded 

arm troughs throughout the rTMS intervention. 

Sham stimulation was delivered using a Magstim sham coil connected to the 

same biphasic rapid stimulator (MagstimRapid2, Magstim Co, UK), effectively 

delivering only 5% of the stimulator output. A clicking sound similar to that of an 

active coil was produced by the sham coil at each pulse. Sham stimulation was 

applied following the same protocol used in the individualized cortical priming 

condition.  

 

Bilateral Arm Training Protocol 

Repetitive bilateral arm training with rhythmic cueing (BATRAC) was 

implemented immediately following the individualized cortical priming or sham 

stimulation for each training condition and session.297 Participants were seated at a 

table in front of an apparatus that consisted of two T-bar handles attached to nearly 

frictionless linear tracks (Tailwind device, Encore Path Inc.). They performed bilateral 

in-phase movements, with the arms moving simultaneously away and toward the body, 

and bilateral anti-phase movements, with the arms moving alternately, timed to a 

metronome set as an individually-based challenging speed where each participant was 



126 
 

asked to move as quickly as they could while performing correct movements. A chest 

guard attached to the training apparatus was used to prevent trunk compensation during 

training. Training consisted of six bouts of 5-minutes of BATRAC interspersed with 5-

minute rest periods. Participants performed in-phase movements in bout 1, 3 and 5 and 

anti-phase movements in bout 2, 4 and 6. The 1st and 2nd bouts were performed in the 

transverse, flat plane. The 3rd to 6th bouts were performed at a 30-degree height of 

inclined plane. The push/pull distance of the in-phase and anti-phase movements was set 

as the farthest distance that participants could reach at the flat and inclined plane in the 

first session of individualized cortical priming and sham stimulation condition and kept 

constant throughout training sessions. The speed (metronome frequency) was progressed 

throughout training sessions based on individual performance. Participants were 

encouraged to grasp the handles independently. For those who could not do so, an elastic 

bandage was used to secure their hands to the handle at a comfortable position.  

 

Cortical Excitability Measurements: MEP amplitude, cortical and ipsilateral silent 

period  

A 70-mm figure of eight coil attached to a Magstim stimulator (MagstimRapid2, 

Magstim Co, UK) was used to assess the MEP amplitude, cortical and ipsilateral 

silent period. The coil was held tangentially to the scalp with the handle pointing 
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backward and laterally at an angle of 45 degrees in the sagittal plane. The 

electromyography (EMG) activity was collected from the paretic and the non-paretic 

BB muscles via surface bipolar Ag-AgCL electrodes that were placed on the belly of 

these muscles, and recorded by a wireless EMG system (TeleMyo Direct 

Transmission System (DTS), Noraxon, USA, Inc.). The EMG data was bandpass 

filtered between 5 to 400 Hz using a zero-phase Butterworth filter and sampled at 

1000 Hz.  

MEP amplitude of the ipsilesional and contralesional hemispheres. Participants 

were seated in a cushioned reclining chair with elbows positioned at 90° flexion and 

forearms in neutral position, and stabilized in arm cuffs during testing sessions. They 

were instructed to perform isometric elbow flexion tasks corresponding to the 

designated force level for each testing condition (see the below description for each 

test) using their paretic or non-paretic arms. A computer monitor was placed in the 

front to provide real-time visual feedback. In addition, the EMG signal was monitored 

continuously on-line to ensure that there was no voluntary activity of the non-tested 

arm. To collect the MEP, a single-pulse TMS was applied to the hotpots of the paretic 

and non-paretic BB muscles at 120% AMT while participants performed isometric 

elbow flexion tasks with each arm at 30% of the maximal voluntary contraction 

(MVC). A total of twelve trials were collected for each hemisphere.  
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Cortical silent period of the ipsilesional and contralesional hemispheres. In 

addition to MEP amplitude, we also evaluated the changes of intracortical inhibition 

as measured by the cortical silent period (CSP) before and after intervention. The 

onset of CSP was defined as the point when the rectified EMG dropped and stayed 

below the pre-stimulus EMG level (defined as the averaged EMG activity of 100-ms 

window, from 150 to 50 ms prior to TMS onset) for at least 10 ms.298 The offset of 

CSP was defined as the point when the rectified EMG returned or stayed above the 

pre-stimulus level for at least 10 ms.299,300 The CSP duration was standardized by 

dividing the CSP duration into the MEP size in order to reduce between-subject 

variability based on recommendations from the literature.301,302 This CSP ratio is 

thought to represent the degrees of intracortical inhibition.302,303  

Ipsilateral silent period. To evoke an ipsilateral silent period (ISP), a single-pulse 

TMS was applied to the hotspot of the paretic BB muscle at 150% AMT while 

participants performed isometric elbow flexion with the paretic arm at 30% MVC. 

The onset of ISP was defined as the point when the rectified EMG dropped and stayed 

below the pre-stimulus level for at least 5 ms, and the offset of ISP was defined as the 

point when the rectified EMG returned and stayed above the pre-stimulus level for at 

least 5 ms.304 We calculated ISP inhibition, which is the percent of EMG inhibition 

during ISP based on the below equation.304  
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% Inhibition = [1– (mean EMG during ISP / mean EMG pre-stimulus)] *100 

A higher value represents a stronger inhibition from the contralesional to the 

ipsilesional hemisphere and vice versa. A total of ten trials were collected. The ISP 

inhibition indicates the percentage of IHI from the contralesional to the ipsilesional 

hemisphere.305 

 

Behavioral Measurements: Simple and complex bilateral robotic tasks 

Bilateral coordination was assessed using the KINARM, a bilateral robotic 

exoskeleton (BKIN Technologies Ltd, Kingston, ON, Canada). The KINARM robot 

provides gravitational support of the arms and hands, and allows movements in the 

horizontal plane. Participants were seated in an adjustable chair with the feet in an 

adjustable footrest and their hands, forearms and upper arms supported by the 

exoskeleton and hand/arm troughs. Their shoulders and elbows were aligned with the 

linkage of the robot with the shoulder abducted in the horizontal plane at about 85 

degrees. Participants were secured to the chair by shoulder, chest and hip straps in 

order to prevent trunk compensation during assessments. An elastic bandage was also 

used to stabilize the paretic hand onto the hand trough as needed. A virtual reality 

system projected visual targets and visual representation of the hand location on a 

screen in the same plane as the arms, and participants performed tasks in that plane. 
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The arm and hand were occluded from view during the task and the robot did not 

assist the participants in completing the task. Details of set-up procedures and 

KINARM hardware can be found in the literature.306-310  

The bilateral task, called “Ball on Bar” was used to evaluate bilateral 

coordination of the arms.310 In this task, a 30 cm virtual bar was displayed on the 

screen connecting the two hands and a virtual ball (1 cm radius) was rested in the 

middle of the bar (Figure 5.1). The robot produced a repulsive/attractive force aligned 

with the bar to maintain the bar length when the hands move. There were 4 circular 

visual targets (1 cm radius) on the top and bottom and on the left and right side of the 

workspace of the screen, and they were all standardized to be 10 cm away from the 

centrally located origin that was aligned with the central axis of the transvers plane of 

the participants. The four visual targets were presented one at a time in a clockwise 

order. Participants were instructed to move the bar using the two arms to move the 

ball quickly and accurately to match to the visual target once it appeared on the screen 

(Figure 5.1). Participants were required to hold the ball on the visual target for at least 

one second to be counted as successful. If the ball fell off the bar while a participant 

was matching to a current visual target, the ball would reappear again in the center of 

the bar.  
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Figure 5. 1. The visual representation of the ball on bar task.  

The dashed line represents the moving direction of the targets. The target appears one 

at a time starting at the bottom, to the left side, the top and the right side of the 

workspace continuously. (Note: the hands and dashed lines are shown for 

visualization purpose to describe the task. They are not shown during actual tasks. 

Targets appear one at a time). 

 

There were three levels of the “Ball on Bar” task with each level involving an 

increasing degree of coordination between the arms. In this study, we were interested 

in how participants controlled their arms during a simple bilateral task and a complex 

bilateral cooperative task; as a result, our major outcomes were focused on the 

performance of Level 1 and Level 3 of the Ball on Bar task. For “Level 1”, the ball 

was fixed to the center of the bar and it did not move during the entire task. This level 

was similar to a simple rigidly-yoked bilateral reach-to-target task where the success 

of the task relied on tightly coupling between the arms. Therefore, smoother and 

straighter movements of each arm would represent a better performance. For Level 3, 

the ball moved freely on the frictionless bar. This level was similar to a flexibly-yoked 
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bilateral cooperative tasks where the success of the task relied on dynamic 

cooperation between the arms with respect to a common-goal. Compared to Level 1 

task, Level 3 task was a more complicated but functional task since it required the 

ability to adjust movements of one arm relative to the other in order to keep the ball 

balance on the bar. Therefore, greater numbers of corrective and adjusted movements 

of each arm would reflect a better performance. Each level was one-minute in length. 

Participants performed each level five times with five to ten minutes’ rest in between 

to minimize fatigue.  

Task parameters of the Ball on Bar task included 1) numbers of successful target 

completion, 2) time to target: the averaged time from a target being displayed to the 

first time the target is touched by the ball (Response time), 3) ball speed: the mean 

speed of the ball, 4) paretic and non-paretic hand speed: the mean speed of the paretic 

and non-paretic hand , 5) numbers of peaks of the paretic and non-paretic hand speed, 

that represent the amounts of adjusted and corrective movements of each arm, and 6) 

mean bar tilt: the averaged tilting angle of the bar, which represents the degrees of 

symmetry of the arms. A lower value indicates a less tilt of the bar and better 

symmetry between the arms. For Level 1 and Level 3, a lower value of mean bar tilt, 

would be a desirable and successful control patterns. The raw data was digitally 

filtered with a 6th order dual-pass Butterworth low-pass filter with a cut-frequency of 
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10 Hz and analyzed offline using the Matlab program (Math WorksTM Inc., Natick, 

USA). The value of the above task parameters was averaged across all five trials at 

Level 1 and level 3 for each participant and compared from pre-to post training 

between experimental and control conditions.         

 

Statistical Analysis 

The Shapiro-Wilk test was used to evaluate the distribution of all outcome 

variables, and the natural log transformation was conducted to transform variables 

that were not normally distributed into a normal distribution. Two-way repeated 

measures analysis of variance (ANOVA) with factors of “time (pre-training vs. post-

training)” and “conditions (individualized cortical priming vs. sham stimulation)” was 

used to examine cortical excitability of each hemisphere and kinematic variables. In 

the case of significant interaction effects or significant main effects without 

interaction effects, the paired t test with Bonferroni correction procedures was used 

for post hoc analysis to evaluate directional changes of outcomes for each condition. 

The paired t-test was also used to assess baseline differences of cortical excitability 

measures (MEP, CSP ratio and ISP inhibition) between individualized cortical 

priming and sham stimulation conditions. Effect size of two-way repeated measures 

ANOVA was calculated as partial eta squared (η2). An effect was considered to be 
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large at η2  ≥ 0.138, moderate at η2 ≥ 0.059, and small at η2 ≥ .010.311 Tables and 

figures were presented using the original, non-transformed data with mean ± standard 

errors of the mean (SEM). For all tests, significance was set at P<0.05.  

 

Results 

Cortical Excitability 

 MEP amplitude. A significant interaction effect (F(1,9)=20.78, P=0.001, η2=0.7) 

was found for MEP of the ipsilesional hemisphere (Figure 5.2a). There was a 

significant increase in ipsilesional MEP amplitude after individualized cortical 

priming (Pre=0.21±0.05, Post=0.37±0.08, t(1,9)=-5.73, P<0.001), and a decrease in 

ipsilesional MEP amplitude after sham stimulation (Pre=0.23±0.06, Post=0.2±0.06, 

t(1,9)=2.15, P=0.06). In addition, there was a main effect of time (F(1,9)=63.8, P<0.001, 

η2=0.88) showing that MEP amplitude increased from pre-to post-training 

(Pre=0.22±0.04; Post=0.29±0.05) and a main effect of condition (F(1,9)=10.26, 

P=0.01, η2=0.53) showing that MEP amplitude was greater in the individualized 

cortical priming (MEP=0.28±0.05) compared to sham stimulation (MEP=0.21±0.04) 

condition. A significant interaction effect (F(1,9)=4.9, P=0.05, η2=0.35) was also found 

for the MEP of contralesional hemisphere (Figure 5.2b). There was a decrease in 

contralesional MEP amplitude after individualized cortical priming (Pre=1.07±0.24, 
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Post=0.97±0.21, t(1,9)=1.37, P=0.2), but an increase in contralesional MEP amplitude 

after sham stimulation (Pre=0.21±0.2, Post=0.37±0.24, t(1,9)=-1.58, P=0.15). No main 

effect of time and condition were found for the contralesional hemisphere (time: 

F(1,9)=0.53, P=0.49, η2=0.06; condition: F(1,9)=0.06, P=0.81, η2=0.007). The baseline 

MEP amplitude was comparable between conditions for both hemispheres 

(Ipsilesional: t(1,9) =-0.64, P=0.54; Contralesional: t(1,9)=0.91, P=0.39). 

CSP ratio. A significant interaction effect (F(1,9)=49.66, P<0.001, η2=0.85) was 

found for CSP ratio of the ipsilesional hemisphere (Figure 5.2c). There was a decrease 

in ipsilesional CSP ratio in the individualized cortical priming condition 

(Pre=0.65±0.14, Post=0.37±0.09, t(1,9)=6.27, P<0.001), but an increase of that in the 

sham stimulation condition (Pre=0.54±0.13, Post=0.62±0.13, t(1,9)=-4.71, P=0.001). 

There was also a main effect of time (F(1,9)=18.63, P<0.002, η2=0.67), showing that 

ipsilesional CSP ratio was reduced after training (Pre=0.6±0.09, Post=0.5±0.08). In 

contrast, there were no differences in the contralesional CSP ratio in terms of 

interaction or main effect (time: F(1,9)=1.2, P=0.3, η2=0.12, condition: F(1,9)=0.14, 

P=0.71, η2=0.02, interaction: F(1,9)=2.62, P=0.14, η2=0.23) (Figure 5.2d). The baseline 

CSP ratio was comparable between conditions in the ipsilesional (t(1,9)=2.1, P=0.07) 

and contralesional (t(1,9)=-0.72, P=0.49) hemisphere.  

 ISP inhibition. A significant interaction effect was found for ISP inhibition 
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(F(1,9)=20.46, P=0001, η2=0.7), with a greater reduction of ISP inhibition 

demonstrated in the individualized cortical priming (Pre=53.21±1.65, 

Post=41.25±1.44, t(1,9)=8.67, P<0.001) over the sham stimulation (Pre=51.85±1.25, 

Post=48.36±2.07, t(1,9)=1.83, P=0.1) condition (Figure 5.2e). There was a main effect 

of time (F(1,9)=31.41, P<0.001, η2=0.78) showing that ISP inhibition was reduced after 

training (Pre=52.53±1.43, Post=44.81±1.49), and also a main effect of condition 

(F(1,9)=16.89, P=0.003, η2=0.65) showing that ISP inhibition was lower in the 

individualized cortical priming (ISP inhibition=47.23±1.24) than sham stimulation 

(ISP inhibition=50.11±1.43) condition. The baseline ISP inhibition was comparable 

between conditions (t(1,9)=2.18, P=0.06). 
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Figure 5. 2. MEP amplitude (5.2a-b), CSP ratio (5.2c-d) of the ipsilesional and 

contralesional hemispheres, and ISP inhibition (5.2e) for the individualized 

cortical priming and sham stimulation conditions.  

*P<0.05 
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Behavioral Data: Bilateral robotic task 

Level 1: Simple bilateral task (Table 5.2). A significant interaction effect was 

found for time to target (response time) (F(1,9)=5.03, P=0.05, η2=0.36), ball speed 

(F(1,9)=6.75, P=0.03, η2=0.43) and the non-paretic hand speed (F(1,9)=5.12, P=0.05 

η2=0.36). The response time decreased (t(1,9)=2.88, P=0.02) while the ball speed 

(t(1,9)=-2.52, P=0.03) and the non-paretic hand speed (t(1,9)=-2.79, P=0.02) increased in 

the sham stimulation condition. In addition, there was a main effect of time for target 

completion (F(1,9)=5.72, P=0.04, η2=0.39) that showed an increase in target 

completion after training in the sham stimulation condition (t(1,9)=-3.09, P=0.01), and 

a main effect of condition for the numbers of peaks of non-paretic-hand speed 

(F(1,9)=5.28, P=0.05, η2=0.37) that showed decreased numbers of peaks of the non-

paretic hand speed also in the sham stimulation condition. Furthermore, a main effect 

of time was found for mean bar tilt (F(1,9)=8.01, P=0.02, η2=0.47) that showed a 

reduced mean bar tilt only in the individualized cortical priming condition (t(1,9)=2.37, 

P=0.04).  
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Table 5. 2. Kinematic changes at Level 1 of the Ball on Bar task. 
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Level 3: Complex bilateral task (Table 5.3). A significant interaction effect was 

found for ball speed (F(1,9)=7.83, P=0.02, η2=0.47), and the numbers of peaks of the 

paretic (F(1,9)=5.02, P=0.05, η2=0.36) and non-paretic (F(1,9)=5.29, P=0.04, η2=0.37) 

hand speed. The ball speed decreased (t(1,9)=-4.17, P=0.002) while the numbers of 

peaks of the paretic (t(1,9)=2.56, P=0.03) and non-paretic (t(1,9)=2.5, P=0.03) hand 

speed increased in the individualized cortical priming condition. In addition, there 

was a main effect of time for time to target (F(1,9)=11.06, P=0.01, η2=0.58) showing an 

increase in response time (t(1,9)=-2.41, P=0.05) in the individualized cortical priming 

condition. There was also a main effect of time for mean bar tilt (F(1,9)=11.29, 

P=0.008, η2=0.56) that showed a reduced mean bar tilt (t(1,9)=3.47, P=0.007) again, in 

the individualized cortical priming condition. Furthermore, a main effect of condition 

was found in the paretic hand speed (F(1,9)=6.16, P=0.03, η2=0.41) with a slower 

paretic hand speed demonstrated in the individualized cortical priming than sham 

stimulation condition (t(1,9)=2.56, P=0.03). The main effects of condition (F(1,9)=8.9, 

P=0.02, η2=0.5) and time (F(1,9)=5.97, P=0.04, η2=0.4) were also identified in the non-

paretic hand speed. The non-paretic hand speed decreased after training and it was 

lower in the individualized cortical priming than sham stimulation condition 

(t(1,9)=2.5, P=0.03). Figure 5.3 shows the hand and ball path traces at Level 1 and 

Level 3 at the pre-and post-training tests in one representative participant.     
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Table 5. 3. Kinematic changes at Level 3 of the Ball on Bar task.   
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Figure 5. 3. Examples of the hand and ball path traces of one participant with 

right-hand hemiparesis during the Ball on Bar task for the individualized 

cortical priming (5.3a) and sham stimulation (5.3b) conditions.  

The solid line on the left is the trace of the left hand. The dotted line in the center is 

the trace of the ball. The solid line on the right is the trace of the right hand. This 

participant improved the control of both arms with a better movement symmetry in 

the individualized cortical priming condition at both level 1 and level 3. 

 

 

 



143 
 

Discussion  

In this study, we examined the effects of cortical priming on enhancing bilateral 

performance and cortical excitability with a short-term bilateral arm training protocol 

in individuals with chronic stroke. Specifically, we adopted a novel “individualized 

cortical priming” approach that was designed to address bilateral function for each 

participant. We then compared its effects to those of sham stimulation for all 

participants. As hypothesized, individualized cortical priming improved overall brain 

function showing an increase in ipsilesional cortical excitability and reduction of 

intracortical and interhemispheric inhibition. Furthermore, the individualized cortical 

priming improved symmetry of the arms in both simple and complex bilateral tasks. It 

also enhanced the temporal and spatial control of each arm during complex bilateral 

tasks. Participants could adjust and correct movements of each hand by controlling 

their speed in these complex tasks. They also moved their two hands in a better-

symmetrical pattern during both types of tasks. On the contrary, for the sham 

stimulation condition, the improvements were only limited to the non-paretic arm 

during simple bilateral tasks and no positive changes were seen in cortical excitability 

outcomes. 

To our knowledge, this is the first study to demonstrate that cortical priming 

using facilitatory rTMS could enhance bilateral arm control in individuals with stroke. 
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This finding supports current premise of NIBS showing that priming the brain using 

cortical stimulation may create a favorable environment for cortical reorganization 

post-stroke, possibly by promoting long-term potentiation-like plasticity,312,313 and 

may enhance the receptiveness of the overall neural network to motor training.314,315 

In addition, these improvements seen in our study were achieved in through short-

term bilateral arm training. Compared to previous bilateral arm training studies which 

usually attained positive changes by 4-30 sessions in 1-6 weeks without priming,8 our 

study suggests that pre-conditioning the brain may be an effective approach to 

maximize recovery potentials and accelerate motor recovery especially for a lower 

dose of motor training.315-317  

One key difference between ours to previous NIBS studies is the design of 

cortical priming protocol. Our cortical priming protocol was specifically designed to 

address bilateral function. We selected priming targets that were critically involved in 

modulating coordination of the arms during bilateral tasks, and we tested the 

effectiveness of stimulation of these targets in bilateral conditions for each participant 

prior to combining cortical stimulation with bilateral arm training. This individualized 

priming approach for bilateral function was different from the “one-size-fit-all” 

stimulation protocol used in one previous bilateral arm training study in individuals 

with stroke.284 In that study, cortical priming was delivered to M1 for all individuals; 



145 
 

however, there were no differences in changes of paretic arm function between real, 

cortical priming and sham stimulation groups. In contrast, our study found enhanced 

recovery of both arms in the individualized cortical priming, more than sham 

stimulation condition. It is possible that the use of individualized cortical priming 

protocols may be the key to maximize gains from bilateral arm training. 

Another advantage of this individualized cortical priming approach is that it can 

account for inter-individual variability in the responses to cortical stimulation. Indeed, 

there is growing evidence that responses to NIBS are highly variable between 

individuals in non-disabled and persons with stroke.318-320 These inter-individual 

variable responses may affect the effectiveness of cortical priming and consequently 

hinder use of cortical stimulation in individuals with stroke.321 Our study provides an 

example of how priming protocols can be tailored to each participant with respect to 

bilateral tasks. This method may help to improve treatment effects and facilitate 

clinical application of cortical priming approaches in individuals with stroke.  

Our results indicate that cortical priming targets for augmenting bilateral 

performance may not limit to just one brain area, but rather include additional regions 

that are interconnected in the same functional network. Previous studies have 

demonstrated a multiple-region and cross-hemispheric neural network involved in 

control of bilateral coordination tasks.274,276,280 Disrupting one of these involving 
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regions has been shown to deteriorate bilateral performance in non-disabled and 

individuals with stroke.285,288,322-324 It is plausible that one or several regions in this 

network may function as “hubs” to efficiently and flexibly integrate information that 

is essential for bilateral performance.325-329 As a result, priming one of these involving 

regions may strengthen intra- and/or interhemispheric connectivity, thus enhancing 

communication of the completely functional network.330 However, our study also 

showed that not all involved brain regions were equally effective to improve bilateral 

performance for each individual, possibly due to different levels of severity post-

stroke. It may be important to prime the effective “hub” for each individual in order to 

achieve the optimal results. 

To our surprise, we also found improvements in the temporal and spatial control 

of the non-paretic arm in the sham stimulation condition. These improvements could 

solely reflect the treatment effects of BATRAC because participants also underwent 

3-sessions of BATRAC in the sham stimulation condition. Previous studies have 

demonstrated that the function of the non-paretic arm, for example, the isometric 

strength of the elbow and wrist, and control of the non-paretic fingers, were improved 

after BATRAC in individuals with stroke.256,331 The rhythmic auditory cues used in 

BATRAC may guide the movements of each arm and align them with an appropriate 

spatio-temporal structure.332 Along with repetitive practice, BATRAC may assist in 
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restoration of temporal and spatial control of the arms.331-333 Our study further showed 

that short-term BATRAC training alone is sufficient to evoke movement changes of 

the non-paretic arm in the temporal and spatial domain during simple bilateral tasks. 

However, these improvements did not transfer to control of symmetry of both arms in 

either simple or complex bilateral tasks. In contrast, the symmetry between the arms 

was enhanced when participants received individualized cortical priming prior to 

BATRAC. It is possible that pre-conditioning of the brain with an individualized 

priming protocol could facilitate restoration of bilateral performance even when there 

is a short-term bilateral training protocol.281,333 

Five limitations should be considered for interpretation of these data. First, there 

were only two female participants in this study, although studies have shown that 

gender variation may not have a significant effect on responses of corticospinal 

excitability to NIBS, and all of our participants underwent both conditions.318,334 

Future studies could examine whether the effects of individualized cortical priming 

would be different with more female participants. Second, the bilateral tasks used in 

this study were designed to be functional relevance, thus requiring two arms to 

coordinate with each other with respect to a common-goal in a bilateral robotic task. 

The findings of our study may not necessarily generalizable to other types of bilateral 

functional tasks, for example, bilateral dual-goal tasks in which two arms correspond 
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to two separate goals and require less bilateral coordination. Third, there may be a 

carryover effect between experimental and control conditions; however, this is 

unlikely to happen because we did not find differences in baseline cortical excitability 

measures between conditions. Fourth, a relatively short-term bilateral arm training 

period was adopted in this study, although we provided evidence that individualized 

cortical priming could augment effects of this short-term bilateral arm training. Future 

studies could increase the number of training sessions to examine whether this would 

enhance treatment effects and demonstrate retention of gains. Future studies could 

also couple different kinds of bilateral arm training exercises with individualized 

cortical priming to investigate whether they would produce similar effects as those of 

individualized cortical priming with BATRAC. Fifth, we did not assess the degree of 

sensory impairment in our participants. It is still possible that the sensory information, 

for example, proprioception, may affect how participants performed the ball on bar 

task. Future studies could evaluate individuals’ proprioception function using the 

“Arm Position Matching Task” of the KINARM system to determine if it would affect 

participants’ bilateral performance.335 

 

Conclusions 

 Our study demonstrated that individualized cortical priming, when designed to 
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stimulate the more responsive region corresponding to bilateral tasks for each 

participant, could augment effects of a subsequent short-term bilateral arm training 

program, as compared to those of sham stimulation. Participants improved ipsilesional 

cortical excitability as well as temporal and spatial control of each arm along with 

symmetry of both arms during bilateral robotic tasks. These findings provide 

implications for future development of individually tailored NIBS interventions for 

enhancing bilateral performance in individuals with stroke. 
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CHAPTER VI. Discussion, Summary and Future Directions 

Major Findings & Discussion 

The overall goal of this study is to develop a stimulation approach that can 

improve bimanual performance in individuals with chronic stroke. In chapter 3, we 

examined neural control mechanisms, particularly intracortical inhibition (short-

interval intracortical inhibition, SICI), involved in bimanual common- vs. dual-goal 

tasks in non-disabled individuals. We found that SICI decreased in the dominant 

hemisphere only during the common-goal task whereas SICI decreased in both 

hemispheres during the dual-goal tasks. This study indicates that hemispheric control 

is different between these two types of bimanual tasks. The dominant hemisphere 

seems to play a more critical role than the non-dominant hemisphere in coordinating 

two arms with respect to the common-goal task whereas both hemispheres seems to 

produce similar influences on the control of both arms during the dual-goal tasks. 

These findings also suggest that disinhibition within hemispheres may be required 

during bimanual tasks. As a result, to promote intracortical disinhibition using 

facilitatory neuromodulatory, strategies such as repetitive transcranial magnetic 

stimulation (rTMS) may be beneficial for improving bimanual coordination. Based on 

the evidence from this pilot study, in the subsequent two studies, we used rTMS to 

reduce intracortical inhibition and enhance activations of the cortex, and we wanted to 
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determine a responsive neuromodulation target for enhancing bimanual performance 

in individuals with chronic stroke. 

 To determine the better neuromodulation target, in chapter 4, we compared 

effects of facilitation of cPMd to those of iM1 on improving bimanual coordination 

and cortical excitability. As hypothesized, we identified two different groups of 

responders with one showing enhanced interlimb force and neuromuscular 

coordination after facilitation of cPMd whereas the other group demonstrated positive 

responses only after facilitation of iM1. These differential patterns of responses were 

also reflected in cortical excitability outcomes for these two groups of responders. 

cPMd-responders had increased ipsilesional cortical activations, and reduced 

interhemispheric inhibition (IHI) after receiving cPMd-rTMS; while iM1-respodners 

had similar patterns of responses only after receiving iM1-rTMS.  

This study also showed that baseline motor function assessed by Fugl-Meyer 

assessment scale of Upper extremity (FM-UE) and baseline degree of IHI were 

correlated with participants’ responses to cPMd- and iM1-r TMS. Participants with 

greater arm/hand impairments, particularly limited wrist/hand function, as well as 

weaker baseline IHI responded better to cPMd-rTMS. In contrast, those who had 

fewer arm/hand impairments, particularly better wrist/hand function, along with 

stronger IHI, responded only to iM1-rTMS.  
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Our finding of facilitation of both cPMd and iM1 led to improvements of 

bimanual coordination indicates that potential neuromodulation targets responsible for 

improving bimanual performance may not limit to only one specific region. This is in 

line with previous studies showing that a distributed, cross-hemispheric neural 

network including bilateral M1 and premotor regions, such as PMd, was involved in 

control of the two arms during bimanual tasks.336-339 It is plausible that the cPMd and 

iM1 may function as the “hubs” to process and integrate information that necessary 

for control of bimanual actions; therefore, facilitation of either of these two regions 

may enhance intra- and/or interhemispheric connections, potentially strengthen the 

whole neural network, and contribute to recovery of bimanual performance.340-344  

Furthermore, we showed that treatment effects of these two regions were 

dependent on individuals’ baseline arm/hand impairments and interhemispheric 

interaction. This finding is consistent with our hypothesis and supports findings from 

previous studies that cPMd is critical for functional reorganization post-stroke 

especially for individuals with more severe impairments.345-347 More importantly, we 

further show that cPMd can also support recovery of bimanual arm control in these 

more-impaired individuals. On the other hand, for individuals with fewer arm/hand 

impairments, stimulation of iM1 may activate the survived perilesional areas, promote 

ipsilesional output, and potentially lead to improvements of bimanual arm control.348 
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These findings suggest that cortical stimulation strategies for improving bimanual 

coordination should be tailored based on participants’ clinical characteristics such as 

motor impairment and IHI.   

Interestingly, we found that wrist/hand function assessed by FM-UE scale was 

correlated with participants’ responses to facilitation of cPMd and iM1. This aligns 

with the finding of the literature that wrist/hand function reflects the integrity of 

iM1/corticospinal tract (CST); as a result, it may be a potential indicator to determine 

whether stimulation of iM1 would have positive effects on ipsilesional output.349-352 

Our results indicate that the FM-UE wrist/hand scale may be a potential useful 

screening tool to differentiate responders to iM1 and cPMd.   

Overall, we showed that bimanual coordination could be improved through a 

single session of cortical stimulation in individuals with chronic stroke; however, the 

stimulation strategies should be individualized based on participants’ motor 

impairments and designed according to the demands of targeted bimanual tasks. 

In chapter 5, we further examined whether this individualized cortical 

stimulation approach could augment effects of short-term bilateral arm training as 

compared to those of sham stimulation in a subset of individuals with stroke from our 

first study (chapter 4). The rTMS was delivered to the more responsive region (cPMd 

or iM1) for each participant based on their responses in the previous study (chapter 4). 
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The same rTMS protocols used in chapter 4 was performed in this study. Our results 

showed that participants improved temporal and spatial control as well as the 

movement symmetry of the both arms during complex bimanual tasks for the 

individualized cortical priming rather than sham stimulation condition. They could 

adjust movements of each arm using a slower but well-controlled speed and moved 

the two arms in symmetrical yet cooperative patterns. This improved symmetrical 

control of the arms was also demonstrated in the simple bimanual task only for the 

individualized cortical priming, but not sham stimulation condition. On the contrary, 

for the sham stimulation condition, improvements were found in the non-paretic arm 

only and limited to simple bimanual tasks.  

This study demonstrated that bimanual performance could be enhanced by short-

term bilateral arm training when primed with an individualized cortical stimulation 

protocol. This finding agrees with the literature that cortical priming may provide a 

permissive environment for functional reorganization, possibly though promotion of 

long-term potentiation-like plasticity, and therefore enhance acceptability of 

ipsilesional and contralesional hemispheres to subsequent motor training.353-356 In 

addition, we found this enhanced effect on bimanual performance in a relatively short-

term bilateral arm training protocol compared to 4-30 sessions of training in previous 
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bilateral arm training studies. It is possible that cortical priming may be required to 

maximize recovery potential in a low dose of therapy.357  

 One potential reason why our cortical priming approach accelerated recovery of 

bimanual performance is that it was individualized to each participant based on his or 

her responses to cortical stimulation for bimanual tasks. This strategy is different from 

the “one-size-fit-all” stimulation strategy used in one previous bilateral arm training 

study.358 In that study, they either facilitated iM1 or inhibited the cM1 for the same 

group of individuals, and they found no differences in the changes of paretic arm 

function between real stimulation and sham stimulation groups. In contrast, we found 

improved bimanual arm control in individualized cortical priming more than sham 

stimulation condition. It is possible that this individualized priming method may be 

the major contributor for augmenting restoration of bimanual performance      

Another advantage of the individualized approach is that it can account for inter-

individual variability in the responses to cortical stimulation. Indeed, several studies 

have revealed that individuals responded differently even to the same type of cortical 

stimulation; moreover, some individuals did not respond to cortical stimulation at 

all.359-361 This inter-individual variability issue has gradually been recognized as one 

of the critical factors that affects the effectiveness of cortical stimulation in non-

disabled and individuals with stroke.362-364 Our study provides an example of how 
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cortical priming approaches can be tailored to each individual based on their 

behavioral and neural responses. This may assist in development of individually-

based cortical stimulation therapy for enhancing bimanual performance in individual 

with stroke. 

Strengths and Limitations 

 This study is the first to examine the effects of cortical stimulation approaches on 

enhancing bimanual coordination in individuals with chronic stroke. We demonstrated 

for the first time that facilitation of a novel target, cPMd as well as the common-

target, iM1 exhibited differential effects on interlimb coordination and cortical 

recovery among individuals with different levels of stroke severity. Priming the more 

responsive region for each individual prior to a short-term bilateral training 

augmented recovery of bimanual arm control and cortical excitability in individuals 

with stroke. Overall, our study showed that cortical stimulation strategy may not be a 

“one-size-fit-all” approach for individuals with stroke, and it should be individualized 

to each participant and designed based on the targeted tasks.  

 Six limitations should be considered when interpreting results of this work. First, 

our bimanual tasks in both studies were designed to be similar to bimanual 

cooperative tasks where the two arms are required to coordinate with each other to 

achieve a common-goal. The findings of our study may not necessarily translate to 
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other types of bimanual tasks, for example dual-goal tasks where the two arms may be 

controlled separately and match to different targets or complex bimanual functional 

movement tasks. Second, we employed repeated measures crossover design for both 

studies, and there might be a carryover effect between experimental and control 

conditions. However, this is unlikely to happen because we did not find differences in 

baseline cortical excitability measures between conditions for both studies. Third, a 

relatively short-term bilateral arm training program was adopted in the second study 

(Chapter 5), although we provided evidence that individualized cortical priming could 

augment effects of this short-term bilateral arm training. Future studies could increase 

the number of training sessions to examine whether this would enhance treatment 

effects and demonstrate retention of gains. Fourth, the intensity of cPMd-rTMS was 

lower than that of iM1-rTMS possibly because the location of cPMd has been shown 

to be more superficial to the scalp and therefore it may be more sensitive to 

stimulation. However, we found distinct and opposite patterns of responses between 

cPMd-and iM1-responders where these participants only responded to one type of 

stimulation but not the other. Increasing the intensity of stimulation may potentially 

strengthen these distinct patterns of responses, but probably would not change the 

directions of responses, and may be less likely to affect the interpretation of this study. 

Fifth, the sample size of this work is small given that it is a proof-of-concept study. 
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Future studies could recruit more participants and examine whether our findings could 

translate to a larger sample of population. Sixth, we did not directly measure 

interhemispheric interaction from cPMd to iM1 although we provided evidence of 

changes of IHI. Future studies could assess the influence from cPMd to iM1 using 

dual-pulse TMS during bimanual tasks to determine the direct causal relationship 

between these two areas.    

Future Directions 

 Our study showed that cPMd and iM1 could be effective neuromodulation 

targets for improving bimanual performance. More importantly, we found that 

participants with greater arm/hand impairments were responsive to facilitation of 

cPMd whereas those who had fewer arm/hand impairments responded to facilitation 

of iM1. We provided evidence of neurophysiological as well as behavioral changes to 

support our findings. In the future, it may be beneficial to incorporate neural imaging 

techniques such as diffusion tensor imaging to examine the connectivity or structural 

differences between responders and non-responders to cPMd and iM1-rTMS. In 

addition, it may also be beneficial to examine the direct interhemispheric interaction 

between cPMd to iM1 during bimanual tasks. This will help to elucidate the real-time 

communications across hemispheres especially for the cPMd-responders. Therefore, 

my next study will incorporate 1) the dual-pulse TMS measurement to assess the real-
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time interhemispheric interaction from cPMd to iM1 during bimanual isometric force 

tasks, and 2) examine integrity of white matter tracts using diffusion tensor imaging 

for each participant. Incorporating these methods will assist in constructing the 

recovery profile for each participant that may be capable of identifying 

responders/non-responders to cortical stimulation and ultimately lead to design of an 

individually tailored, customized cortical stimulation intervention.     

In study 2, we examined the effects of individualized cortical priming approach 

in a relatively short-term bilateral arm training protocol as a proof-of-concept study. 

Our results showed that the temporal and spatial control of both arms improved after 

individualized priming with this short-term training protocol. My next step will be to 

combine a longer period of bilateral arm training protocol with the individualized 

cortical priming and to examine whether these greater numbers of training sessions 

would promote retention of gains and produce greater beneficial effects than the 

current short-term training protocol.  

In addition, in study 2, we used robotic tasks to evaluate changes of bimanual 

performance. This method provided us with detailed kinematic changes in arm 

performance during bilateral tasks. However, it would also be beneficial to examine 

the movement control of the arms during a functional task without the gravitational 

support of the robotic arm. My future study will incorporate functional tasks as 
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outcome measurements, for example, bilateral reach to grasp objects in different 

heights and planes, and assess the performance of the arms using motion-capture 

systems, such as Vicon or Motion-monitor system. This will inform us if the improved 

performance we have seen in the robotic tasks could generalize to functional 

activities.   
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