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Abstract

Objective—The objective was to determine how stimulation timing applied during reaching 

influenced neuroplasticity related to practice. Older adult participants were studied to increase 

relevance for stroke rehabilitation and aging.

Methods—Sixteen participants completed 3 sessions of a reaching intervention with 480 planar 

robotic movement trials. Sub-threshold, single-pulse transcranial magnetic stimulations (TMS) 

were delivered during the late reaction time (LRT) period, when muscle activity exceeded a 

threshold (EMG-triggered), or randomly. Assessments included motor evoked potentials (MEP), 

amplitude, and direction of supra-threshold TMS-evoked movements and were calculated as 

change scores from baseline.

Results—The direction of TMS-evoked movements significantly changed after reaching practice 

(p < 0.05), but was not significantly different between conditions. Movement amplitude changes 

were significantly different between conditions (p < 0.05), with significant increases following the 

LRT and random conditions. MEP for elbow extensors and flexors, and the shoulder muscle that 

opposed the practice movement were significantly different between conditions with positive 

changes following LRT, negative changes following EMG-triggered, and no changes following 

the random condition. Motor performance including movement time and peak velocity 

significantly improved following the training but did not differ between conditions.
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Conclusions—The responsiveness of the motor cortex to stimulation was affected positively by 

stimulation during the late motor response period and negatively during the early movement 

period, when stimulation was combined with robotic reach practice.

Significance—The sensitivity of the activated motor cortex to additional stimulation is highly 

dynamic.
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Introduction

Neurorehabilitation efforts have focused on intense structured interventions to promote 

neuroplasticity because stroke is a leading cause of long-term disability worldwide. Robotic 

rehabilitation devices assist massed practice of upper extremity movement at high repetition 

rates (Lo et al., 2010, Conroy et al., 2011). They can also be used to change the learning 

environment, e.g., provide assistance or resistance to the motor task or train new mappings 

for movement to environmental effect (Krebs et al., 1998, Stein et al., 2004, MacClellan et 

al., 2005). Non-invasive brain stimulation such as transcranial magnetic stimulation (TMS) 

has been used to enhance neuroplasticity by modulating the neurophysiologic state and/or 

motor output (Cohen et al., 1998, Bütefisch et al., 2004, Kluger et al., 2007, Chen et al., 

2009). There is an obvious potential synergy in combining TMS and repetitive motor 

practice using a robotic rehabilitation device.

A number of studies have demonstrated the potential to facilitate neuroplasticity with 

intense, repetitive training paradigms (Classen et al., 1998, Giacobbe et al., 2011). Classen 

et al., (1998) established that 30 minutes of brisk, repetitive practice of thumb movements in 

the direction opposite of the TMS-evoked movements changed the direction of the evoked 

movement. Similar work has been done at the wrist and elbow, but the greatest effects 

appear to be more distal (Krutky et al., 2007, Giacobbe et al., 2011). While these studies 

contributed to unveiling the principles of use-dependent plasticity for neurohabilitation, 

TMS also has been considered as a method to enhance neuroplasticity. Bütefisch et al., 

(2004) demonstrated the potential to increase training-dependent effects when TMS was 

applied to the motor cortex synchronously with some of the practiced thumb movements. 

This is therefore a proof-of-principle for facilitating neuroplasticity with intense motor 

training and TMS; however, this work has been largely isolated to a single degree-of-

freedom in the distal upper extremity and the influence of the precise timing of stimulation 

has not been systematically investigated.

Extending this line of work to the upper extremity has begun through systematic steps to 

address important questions and has relied heavily on robotic training devices. First, TMS-

evoked movements in the upper extremity as an outcome measure for neuroplasticity has 

been established (Jones-Lush et al., 2010, Lewis et al., 2012). Intense robotic reaching 

training facilitated plasticity in TMS-evoked upper extremity movements when reaches were 

practiced in a direction opposite of the initial evoked movement (Kantak et al., 2013). 

Further, TMS delivered at different times during practiced reaches modulated motor 
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performance with improvements observed when TMS was delivered during the late reaction 

time (LRT) period (Massie et al., 2013b). A remaining question is how the timing of 

stimulation during intense reaching practice impacts the extent and type of neuroplasticity.

Applications of TMS could improve the efficacy of robotic reaching interventions, based on 

the rationale that a single TMS pulse delivered with precise timing in relation to the reaching 

movement will modulate the degree of neuroplasticity. We hypothesized that stimulation 

delivered during the LRT period would facilitate plasticity when compared to stimulation 

synchronized with muscle activity onset. The rationale was that spike-timing dependent 

plasticity is positive when presynaptic activity precedes postsynaptic (Stefan et al., 2000), 

while presynaptic activity following postsynaptic activity can result in long-term depression. 

The importance of stimulation timing delivered within 100 ms of movement onset has been 

demonstrated by Thabit et al., (2010), showing that pre-movement stimulation resulted in 

positive plasticity whereas stimulations that followed the activation of muscles had less 

effect. This time period (within 100 ms of movement onset) is a critical window of 

opportunity for cortical stimulation to influence voluntary movement, and comparing the 

pairing of stimulation with the onset of muscle activation (EMG triggered) with a late pre-

movement period (150 ms prior to movement onset) has not been systematically studied. 

Because the optimization of timing applies to many types of motor rehabilitation, the results 

of this study will aid clinical researchers in the development of better therapeutic 

interventions that couple repetitive practice and other methods that affect brain activity, 

including non-invasive brain stimulation, virtual reality or other methods, with a goal of 

enhancing useful neuroplasticity for survivors of stroke.

Methods

Participants

Sixteen neurologically-intact participants (9 female; 7 male) were recruited for this study 

and provided informed consent in a protocol approved by the University of Maryland 

Institutional Review Board and the local Veterans Administration Research Committee. 

Participants ranged in age from 47–75 (mean 64.7 ± 8.7) years and were not taking 

medications known to affect cortical excitability. Further, they had no history of seizures, 

treatment with antiepileptic medication, implanted electronic devices, implanted metal in the 

head, or any other contraindications to TMS.

Experimental Setup

Participants completed 3 separate sessions with a minimum of 24 hours between sessions. 

The order of the visits was determined using a Latin square approach. The experimental 

protocol was the same for each visit except the timing of stimulation delivery during the 

training as described below. Surface electromyography (EMG) electrodes (B+L 

Engineering) were applied in bipolar montage to the muscle belly of biceps, triceps, anterior 

deltoid, and posterior deltoid muscles. Electrode placement was verified by confirming 

specificity of the EMG signal during voluntary contractions, and data were collected at 2000 

Hz with a custom LabView program. Participants were comfortably seated at a planar 

rehabilitation robotic device (Interactive Motion Technologies, Inc., Cambridge, MA, USA) 
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as depicted in Figure 1.A. The dominant hand and forearm rested in the cradle of the robot 

with the starting position of the hand at midline approximately 20cm from the edge of the 

table. This ensured consistent arm configuration within sessions and minimized differences 

between subjects. TMS coil placement over the contralateral primary motor cortex was 

guided with a stereotaxic device (Brainsight, Rogue Research, Montréal, Canada). We 

determined the movement hotspot as the location that elicited the largest TMS-evoked 

movements of the arm and hand as recorded by the movement of the robotic handle. The 

threshold was determined as the lowest intensity to elicit TMS-evoked movements of at least 

1 mm in 5 of 10 consecutive stimulations. For participants whose threshold was above 100% 

of maximal stimulator output but in whom movements could be elicited at lower intensities, 

a movement threshold of 100% was used.

Assessments were completed at 5 time points during each session (see initial, post 1, post 2, 

etc. in Figure 1.B). TMS was used to elicit movements and corresponding motor evoked 

potentials (MEP) as outcome measures using a stimulation intensity of 120% of the 

movement threshold. Ten stimuli were delivered at rest to record the movement amplitude 

and direction evoked by TMS stimulation (Magstim 200, Oxford, UK). The direction angle 

was calculated as a vector to the endpoint of the robot handle at the point of peak velocity 

(PV) (see Figure 1.A). The distance of the handle from the origin at that time point was 

calculated as a measure of the amplitude of the evoked movement. MEP data from the four 

muscles of interest were simultaneously collected with peak-to-peak amplitudes measured, 

then averaged across 10 trials. The muscles were grouped as agonists/antagonists based on 

the training direction (forward reaching had triceps and anterior deltoid as agonists and 

biceps and posterior deltoid as antagonists; vice versa for reaching backwards).

Reach Task

Participants performed a reaching task of 10 reaches in 180 degrees opposite to the TMS-

evoked direction, which corresponded to the direction used for the training. The target was 

10 cm from the home target (origin) and participants were instructed to reach as quickly as 

possible when the go cue turned green from red. The onset of the trials was the go cue and 

ended when the cursor arrived within a 1 cm radius of the target. Data collected from the 

robot were x, y coordinates of movement and the absolute velocity. Outcome variables 

included movement time (s), peak velocity (m/s), and time to peak velocity (s).

Training Blocks

Following the initial baseline assessment, participants completed 3 blocks of 160 trials of 

reaches in the direction 180 degrees opposite the TMS-evoked direction at the initial 

assessment. The cues were the same as described above and the robot provided 50 N of 

resistance during the movement and facilitated the passive return to the home circle. 

Subthreshold, single-pulse TMS (70% movement threshold) was delivered during every 2nd 

reach (240 stimulations total). The 3 conditions completed on separate visits were: LRT, 

EMG-triggered, and randomly (see Figure 1.C). The LRT condition delivered the 

stimulation approximately 150 ms prior to movement onset by calculating a fixed delay 

from the visual cue based on the reaction time during practiced movements (reaction time – 

150 ms). Visual inspection of EMG during the training blocks ensured that no muscle 
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activity was present at time of stimulation or the delay was adjusted accordingly. The EMG-

triggered condition delivered stimulation when the root mean square (RMS) level of muscle 

activity exceeded an individually determined threshold that was approximately 0.1–0.2 mV. 

This ensured a sensitive threshold that reliably triggered the stimulation (error rate of less 

than 1%). The agonist muscle having the greatest amplitude change during the reach was 

used as the triggering muscle. The random condition delivered stimulation randomly at 

times between the visual cue and end of movement. A TMS assessment (Post 1 and 2) was 

delivered between each block of training and two, separated by 5 minutes of rest, were 

delivered at the completion of block 3 (Post 3 and 4; see Figure 1.B).

Data Analysis

The 10 TMS-evoked movements and MEP were measured and then averaged at each time-

point. Change scores were calculated from the initial assessment for post-training (Post 1, 

Post 2, Post 3), and retention (Post 4) for outcomes related to TMS-evoked movements 

(direction, amplitude, and MEP). The amplitude data were calculated as a percent change 

from the initial assessment and the direction was the absolute change from initial assessment 

corrected for initial evoked direction such that all changes were between 0–180 degrees. 

MEP data were calculated as the change from initial assessment. Differences at baseline 

between conditions were analyzed using a one-way ANOVA for the movement threshold, 

and the direction and amplitude for the TMS-evoked movements. Mixed-effects models 

were used to compare the change scores with fixed effects of condition (3) and time (4), and 

subjects were entered as a random condition. We elected to not compute the interaction 

effect because data were calculated as change scores from baseline. Further, a priori, post-

hoc analyses were performed to determine changes from baseline within each condition 

using the least-squares mean, i.e., were changes significantly different than zero which 

would indicate no change. Differences between conditions were analyzed with a one-way 

ANOVA corrected for multiple comparisons using Tukey’s adjustment if the condition 

effect was significant. The reaching task data were averaged from the 10 reaching 

movements and were analyzed with a repeated measures ANOVA with time (2) by 

condition (3) effects. Significance was set at p < 0.05.

Results

The movement thresholds at baseline were stable across conditions, F (2,47) = 0.013, p = 

0.99, with an average of 78 ± 13% of maximum stimulator output. Additionally, no 

differences occurred between conditions at baseline for the amplitude, F (2,47) = 0.72, p = 

0.49, and direction, F (2,47) = 0.4, p = 0.71, of the evoked movements. The averaged 

amplitude and directions from the initial assessment for each visit are plotted by subject in 

Figure 2. Four subjects had movement thresholds greater than 100% in at least 1 session, but 

some TMS-evoked movements were elicited at 100% and that stimulation strength was used 

in all measurements.

The mean group changes in direction and amplitude following each block of robotic training 

are depicted in Figure 3. Although there was not a main effect for condition, F(2,28) = 0.97, 

p = 0.39 or time, F(3,42) = 1.05, p =0.4, the TMS-evoked direction was significantly 
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different from baseline following robotic reaching training with stimulation for each 

condition: LRT (t = 5.6, p < 0.0001); EMG-triggered (t = 6.6, p < 0.0001); and random (t = 

5.6, p < 0.0001). The change in amplitude had a significant main effect for condition, 

F(2,30) = 3.75, p = 0.035, but not for time, F (3,45) = 0.68, p = 0.57. The mean amplitude 

change following the training with LRT stimulation was significantly larger than the 

amplitude change following the EMG-triggered condition (t = 2.5, p = 0.042). The 

amplitude changes in the random condition were not significantly different from the LRT (t 

= 0.37, p = 0.93) and the EMG-triggered conditions (t = 2.2, p = 0.093).

The MEP data collected simultaneously with the TMS-evoked movements are depicted in 

Figure 4 with the differences between conditions noted. There was a significant effect for 

condition in the elbow agonists F (2,29) = 12.2, p < 0.001, elbow antagonists, F (2,29) = 

20.2, p < 0.001, shoulder antagonists, F (2,29) = 5.6, p = 0.0087, but not for shoulder 

agonists, F (2,29) = 1.3, p = 0.3. Although there was no significant effect (p > 0.05) for time 

between the change scores for any of the muscle groups, the decrease in the MEP amplitude 

of the elbow agonists following EMG-triggered stimulation/training was significantly 

different than zero (t = 3.53, p = 0.0014). The increase in amplitude following the LRT 

condition was not significant (t = 1.6, p = 0.12) nor was the change following random 

condition (t = 0.22 p = 0.82). The shoulder agonists did not change in amplitude following 

any of the conditions: LRT, (t = 1.2, p = 0.26); EMG-triggered condition, (t = 0.5, p = 0.6); 

random, (t = 0.6, p = 0.6). For the elbow antagonists, there was a significant increase in 

MEP amplitude following the LRT condition (t = 3.1, p = 0.005), and the changes following 

the EMG-triggered and random were not significant (p = 0.2, 0.4, respectively). There was a 

significant increase in MEP amplitude of the shoulder antagonists following training in LRT 

(t = 2.8, p = 0.009), but the changes were not significant following EMG-triggered (t = 1.2, 

p = 0.3), or random (t = 1.1, p = 0.3).

The motor performance on the reaching task completed before and after the reaching 

training are depicted in Figure 5. Participants had significantly decreased movement times 

following the training blocks F (1,13) = 21.1, p = 0.0005, but there was no difference 

between conditions, F (2,26) = 2.1, p = 0.14 and no time by condition interaction, F (2,26) = 

0.57, p = 0.6. The peak velocity significantly increased with time F (1,13) = 7.4, p = 0.02, 

and between conditions, F (2,26) = 3.5, p = 0.047, but the interaction was not significant, F 

(2,26) = 2.4, p = 0.11. The time-to-peak velocity significantly decreased following training, 

F (1,13) = 16.8, p = 0.001, but there was no difference between conditions, F (2,26) = 0.1, p 

= 0.9.

Discussion

This study demonstrated that the timing of stimulation during robotic reaching training 

modulated the type of motor system plasticity. Generally, motor output was greater 

following the LRT condition, while the reverse was true in the EMG-triggered condition. 

For example, antagonist MEP increased following LRT stimulation and the elbow agonist 

MEP amplitudes decreased following the EMG-triggered condition, yet no changes in MEP 

amplitude were observed following the random condition. The LRT condition also had 

larger movement amplitude changes compared to the EMG-triggered condition; however, 
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these changes were not significantly different than the random condition. The random 

condition, serving as a control, likely had a combination of stimulation timing effects such 

that those coinciding with the LRT phase of movement had a stronger impact on evoked 

movement amplitude than those delivered after movement onset. Therefore, in support of 

our hypotheses, adjusting the timing of TMS in relation to movement onset during intense 

robotic reaching training led to distinct modulation of motor system plasticity. These results 

highlight a number of novel and important aspects of the study. First, this study focused on 

upper extremity goal-directed reaching whereas the majority of previous work has used the 

thumb or wrist as training models. Secondly, stimulation timing was precisely adjusted to 

coincide with important aspects of movement preparation and generation. Thirdly, we 

observed rapid changes early within the intervention that were maintained through a brief 

retention phase. Lastly, this study was conducted with older adults to address important 

issues related to developing this type of neurorehabilitation intervention.

Given the importance and potential benefit of exploiting concepts of use-dependent 

plasticity for neurorehabilitation, we focused on extending the early work of the thumb and 

wrist training models (Bütefisch et al., 2004, Krutky et al., 2007, Bütefisch et al., 2011) by 

implementing intense and repetitive goal-directed reaching using a planar robot that 

provided resistive forces. Early work established the rapid plasticity of M1 in response to 

repetitive motor practice with thumb movements (Classen et al., 1998, Bütefisch et al., 

2004). More recently, Krutky and Perreault (2007) demonstrated that plasticity may be 

graded distal to proximal from training using the index finger, wrist, and elbow. No training, 

however, was conducted using the shoulder, which is considered the most proximal joint of 

the upper extremity and the primary driver of reaching in 2D (Karst et al., 1991). Our 

previous study established the rapid plasticity of participants engaged only in upper 

extremity reaching training, with direction changes in evoked movements but less change in 

amplitude (Kantak et al., 2013). This current study directly extends these results by 

combining precisely timed TMS during robotic reaching practice. The changes in direction 

following reaching training were similar between the studies; however, with stimulation and 

practice we also found significant increases in the amplitude of TMS-evoked movements, 

when calculated as a percent change score. We have provided initial evidence of modulating 

neuroplasticity using intense motor practice on a robotic rehabilitation device with precisely 

timed TMS.

In addition to demonstrating that combined motor practice with TMS influenced 

neuroplasticity, we found that the timing of stimulation had a strong effect. We delivered 

TMS during the reaction time before movement and triggered by EMG activity at the onset 

of movement, with the random condition serving as a control, and found that EMG-triggered 

led to decreased excitability of the elbow agonists and smaller changes in the evoked 

amplitude. Previous studies using the thumb (Bütefisch et al., 2004) and wrist (Bütefisch et 

al., 2011) training models essentially used an EMG-triggered protocol or randomly delivered 

stimulation. In the wrist model with the condition similar to EMG-triggered stimulation, 

stimulations were delivered with every second movement and MEP of the agonist muscle 

were measured. Interestingly, no significant differences in the MEP amplitude following 

training were observed, but there was a general trend for a reduction in amplitude. Our 

results are similar such that we observed a significant decrease in elbow agonist MEP 
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amplitude following the EMG-triggered condition. Thabit et al., (2010) employed a 

movement-related cortical stimulation paradigm with stimulations either prior to or after 

movement and found that stimulation 50 ms prior to movement increased MEP amplitude. 

We observed similar results with stimulation 150ms prior to movement with significant 

increases in antagonist MEP amplitude. Previous research has demonstrated a general 

increase in M1 excitability and a decrease in inhibition during the 140ms prior to movement 

onset (Gilio et al., 2008) that is considered to facilitate the execution of the motor program. 

The extensive work by Churchland and colleagues has provided a foundation for how the 

movement preparation phase brings neural activity to an appropriate state to generate 

desired movement (Churchland et al., 2006, Churchland et al., 2007, Churchland et al., 

2010). As such, the possibility exists that a single, sub-threshold stimulation to M1 during 

the LRT period had a priming effect and influenced specific muscle representations. The 

increase in elbow antagonist MEP may be due to the priming effect as these muscles were 

likely the primary muscles in the evoked movement at rest prior to the reaching intervention, 

i.e., we trained the reaching movements in 180 degrees opposite of the movement evoked at 

rest. In contrast, the stimulation delivered during the onset of muscle-activity likely 

supplemented activation of the active muscles, causing a negative feedback loop to down-

regulate the excitability of these muscles for subsequent movements. Another possible 

explanation was that the relative strength of the stimulation may have differed between the 

LRT and EMG triggered conditions as the threshold became lower with the transition from 

preparation to action. However, the presence or amplitude of MEP was not different during 

the training conditions (data not shown) in the majority of the muscles. Systematically 

studying the effect of stimulation strength is an avenue for future studies to develop this type 

of intervention. We observed this decreased excitability most prominently in the muscles 

spanning the elbow joint. This may be due to co-activation of elbow muscles during 

reaching (Vandenberghe et al., 2010), and motor preparation and execution modulates those 

co-activations. Interestingly, we observed distinct differences in the direction of plasticity 

depending on the TMS condition with respect to the muscles acting as agonists vs. 

antagonists. This finding is supported by previous literature demonstrating that the 

combination of motor training and cortical stimulation can differentially alter muscle 

representations (Thabit et al., 2010, Massie et al., 2013a). Additional research is needed to 

fully reveal this relationship with respect to TMS evoked movements because similar 

changes in evoked directions were observed despite coupled agonist/antagonist MEP 

changes that differed between conditions. This suggests that TMS evoked movements are 

the result of the cumulative evoked muscle twitches of proximal musculature, and future 

research should include additional muscles of interest.

Our approach of probing timing-dependent plasticity in the motor cortex is also related to 

another model, paired associative plasticity, that shows strong timing dependence (Ziemann 

et al., 2004). The difference is that in our approach voluntary movement-related activity is 

paired with motor cortical stimulation, rather than sensory stimulation. While movement-

related activity may be less precise in time, it also is dynamic and cannot be assumed to be 

constant over the reaction-time and movement period (Chen et al., 1998). These are 

important considerations for developing reaching interventions that use TMS because of the 

ability to differentially modulate the direction of plasticity depending on the timing of 
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stimulation. For example, Gharabaghi et al., (2014) recently reported on the potential to use 

brain-state dependent stimulation within the context of coupling brain-machine interfaces 

with cortical stimulation. These findings demonstrate the potential to individually prescribe 

stimulation parameters depending on the desired direction of plasticity. The site of plasticity 

is also of interest for future studies because although it likely occurs in the cortex (Thabit et 

al., 2010), there is a possibility that the plasticity may occur at the level of the spinal cord 

(Taylor et al., 2009).

We observed a rapid plastic response to the planar robot training combined with stimulation. 

The lack of effects of time suggests that the initial rapid response was maintained 

throughout the course of the intervention and for a short time period following the training 

consistent with previous reports of rapidly developed plasticity sustained after intervention 

(Thabit et al., 2010). This may be, in part, regulated by homeostatic plasticity such that there 

is a limit to the degree of plasticity to prevent catastrophic excitability changes (Kuo et al., 

2008). Although our retention phase was relatively short, additional research is required to 

demonstrate how plasticity is regulated over time with robotic reaching interventions to 

determine the most potent therapeutic applications. For example, future research should 

address the length of the retention phase in response to changing the length of the 

intervention. This can be completed within the single session time frame, i.e., the number of 

practiced reaches. Additionally, future research should determine what impacts 

consolidation over multiple sessions of reaching training with TMS.

In addition to demonstrating the impact of the stimulation timing, the results of the current 

study also highlight the ability to promote rapid plasticity in older adults. This is an 

important consideration because the majority of previous studies have used neurologically 

intact younger adults (approximate age of 25–30), and Rogasch et al., (2009) suggested that 

older adults had a reduced capacity for use-dependent plasticity with a motor training only 

paradigm, i.e., no stimulation during training. We had a similar range of participant ages 

(average age of 65), yet the TMS during the reaching is a novel component in the current 

study. The potential exists that TMS during motor training was the catalyst to overcome the 

limited plasticity observed during motor training only. The finding of enhanced plasticity 

when motor practice is combined with cortical stimulation has also been demonstrated with 

repetitive TMS (Koganemaru et al., 2010, Massie et al., 2013a). More definitive studies are 

needed and this represents an area of interest for future research. Another finding related to 

the older adult population was that we elicited TMS-evoked movements in all of our 

participants although the movement threshold varied substantially between participants. 

Interestingly, the evoked measures across baseline conditions were consistent as illustrated 

in Figure 2 suggesting that the TMS-evoked movements are relatively stable across time. 

These are important considerations to extend this line of work in survivors of stroke. 

Participants had improvements in motor performance over time with the robotic reaching 

intervention although there was no effect of condition. We postulate there was no difference 

between conditions because of the limited room for improvement in healthy older-adults, 

and these improvements were saturated with the effects of massed practice. Alternatively, 

practice-related changes in voluntary motor performance may have occurred that were not 

measured by our kinematic analysis. These could include shaping of the trial-to-trial 

variability of movement features such as trajectories or joint torques (Wu et al., 2014). We 
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plan to measure such additional kinematic features in follow-up experiments and analyses as 

this work sheds light on the potential to use robotic interventions in older adults who may 

have age-related or impairment-related changes in reaching.

Conclusions

We demonstrated that the timing of TMS during robotic reaching training critically 

influences the type of plasticity with the most positive effects on movement amplitude 

observed when stimulation was delivered during the LRT phase. The consistency in 

directions between the evoked movement outcomes and the MEP further support the use of 

TMS-evoked movements as outcome measures, yet highlight the complex nature of these 

outcomes. Future work should focus on expanding these findings in clinically oriented 

populations such as survivors of stroke and for individuals experiencing age-related motor 

deficits.
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Highlights

1. Altering the timing of stimulation during a reaching intervention changes the 

direction and extent of plasticity.

2. Non-invasive brain stimulation may be a catalyst to promote plasticity in older 

adults.

3. Robotic reaching plus stimulation facilitated a rapid plastic response that was 

maintained during the intervention and for a short time period following the 

intervention.
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Figure 1. 
A. The origin of the robot was individually determined with a mediolateral x axis and an 

anterior-poster y axis. The transcranial magnetic stimulation (TMS) coil was over the 

primary motor cortex. TMS stimulation was applied and each TMS evoked movement was 

recorded within the coordinate system as depicted by the dotted arrow. B. Participants 

completed an initial assessment and 4 post assessments. The 3 training blocks of 160 trials 

were separated by post assessments. A reaching task was also completed prior to and 

following the training blocks. C. Schematic of stimulation conditions. Stimulation during the 

late reaction time (LRT) was delivered prior to movement onset while the EMG-triggered 

was delivered when the muscle activity rose above a pre-determined threshold. The random 

condition was delivered in a predetermined range between visual cue and completion of 

movement.
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Figure 2. 
Averaged mean amplitude and direction data at baseline for each participant and each visit. 

The late reaction time (LRT) condition was blue, the EMG-triggered was red, and the 

random condition was green. There were no differences between conditions for the baseline 

measures as the evoked movements were relatively stable across visits.
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Figure 3. 
A. Changes in the direction of TMS-evoked movements. There was a significant change in 

the direction of TMS-evoked movements in response to the reaching training but no 

differences between conditions. B. Changes in TMS evoked movement amplitude. There 

was a significant effect of condition on the percent amplitude change score (*, p < 0.05). 

There was a significant difference between the late reaction time (LRT) period and EMG-

triggered condition (†, p = 0.04) but no other differences between conditions.
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Figure 4. 
Changes in MEP amplitude from the initial assessment. Data are plotted separately for 

elbow and shoulder agonists and antagonists. There were no changes in the shoulder 

agonists, but there was a significant effect of condition on the other change scores (*, p < 

0.05) with significant differences between conditions (†, p < 0.05).
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Figure 5. 
Motor performance outcomes are depicted for the practiced reaching movements before and 

after the intervention. Participants significantly decreased movement time, increased peak 

velocity, and decreased time to peak velocity following the intervention.
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