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Figure 3.8 EMG-triggering of PAS stimulation increases theatment effect only within
subjects with low baseline movement-triggered rasps. In a set of healthy subjects,
the treatment responses when PAS was triggeredthgr enovement (MVT) or EMG
were compared. The post-treatment MEP amplitudemalized to the pre-treatment MEP
amplitude determined the treatment response. (WiWthis set of subjects, comparison
of the responses from MVT and MVT by paired t-tglsdowed no significant difference.
(B) However, the percentage change from the MVTthe EMG response was
significantly correlated with the baseline MVT-tggred response. The set of subjects
was then parsed into a “Low MVT” and “High MVT” gups, based on the baseline I1S1-
20 value being lower or greater than the x-inter¢BfyY T = 1.44) of the linear regression
(shown upper right). (C) In contrast to considgrihe entire set together, “Low MVT”
individuals showed a significant increase in treatimresponse using EMG-triggering,
and “High MVT” individuals showed no significant @hge in treatment effect using
EMG-triggering. Based on these results, EMG-trigge only improves treatment
responses in individuals with low baseline MVT ra@sges, with no effect on individuals
with high baseline MVT responses. Data are showmmaan = SEM, from N = 12
subjects. *p < 0.05, ***p < 0.001.
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CHAPTER 4

PILOT STUDY: PAIRED ASSOCIATIVE STUMILATION IN STROKE

4.1 Abstract

Paired associative stimulation (PAS) combines electrical stimulation and transcranial
magnetic stimulation (TMS). This method has been proposed to facilitate long-term
changes in excitability of the cerebral cortex and potentially optimize motor recovery in
stroke patients. This pilot study examined whether short-lasting changes in cortical
excitability could be induced by a single session of PAS within a chronic stroke
population. Two hemiparetic patients with a 100 + month history of cortical stroke were
included. A 30 minute PAS protocol was applied using the parameters established
Chapters 1 and 2 of this dissertation. The interstimulus interval tested was 25 ms (PAS;s)
and the stimulation was driven by EMG activity. Both subjects completed two protocols
to assess the effect of VR based PAS training on PAS-LTP like facilitation. The clinical
recovery of hand function was assessed in parallel to the PAS study by the Fugl-Meyer
motor scale, Wolf-Motor function test and dynamometry of finger flexion and extension.
The PAS,s protocol induced a significant extensor digitorum motor evoked potential
facilitation (25% and 49%, respectively) in both subjects on the paretic side after 30
minutes of training. Following the training, resting motor threshold (RMT) for the
extensor digitorum was lowered in both subjects. The facilitation was still present 25
minutes after the conclusion of training and was accompanied by changes in clinical
measurements of hand movements. These physiological and clinical findings suggest that

patients with cortical infarcts may respond to PAS even several years after stroke. If the
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clinical efficacy of interventions such as PAS is confirmed, it could be proposed as add-

on therapy to optimize training-induced plasticity processes.

4.2 Introduction

Transcranial magnetic stimulation (TMS) has been used after stroke to investigate the
integrity of the corticospinal system, the changes in the excitability of intracortical
circuits, and as a potential therapeutic tool to promote recovery after stroke and improve
response to standard treatments. Functional neuroimaging studies have shown that
reorganization after stroke is a dynamic process [1, 2]. Transcranial direct current
stimulation (tDCS), repetitive TMS (rTMS), and paired associative stimulation (PAS)
which combines peripheral electrical stimulation and TMS have been shown to produce
long term changes in excitability of the cerebral cortex to optimize motor recovery in
stroke patients [1, 3-8]. Most studies were performed at a chronic stage in single-session
studies and produced 10 to 20% functional improvement in small numbers of patients [9].
Another study used 4 weeks of daily repeated PAS in nine chronic stroke patients
reported an increase of MEP amplitude and improvement in gait in some patients, but the
degree of change varied widely between patients [1].

Previous results in this dissertation and other studies demonstrate that the effects
of visual feedback on the motor system also contribute to the augmentation of
corticomotor excitability, facilitating training and coding motor memories in healthy
subjects and those with neurological pathologies [41]. These studies further show that
observation of one’s own movement during the training task is required to properly guide

behavior and accelerate adaptations and motor learning [41,136]. This effect has also held
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for instances where the subject observes movement by human-like objects that not only
appear life-like, but move in a manner in accordance with normal human motion [136].
These findings have spurred advancement and development of technologies that allow
researchers to utilize visual feedback, time-locked to a subject’s own movements, as a
means of delivering therapy to patients.

Our preliminary research shows that PAS with an ISI of both 20 and 25
milliseconds is able to facilitate lasting changes in the excitability of corticospinal
projections to finger extensor muscles in 21 healthy subjects [manuscript in publication].
In this study, we examined the finger extensor muscles (ED) because the motor recovery
of extension and particularly finger extension in post-stroke patients is a significant
rehabilitation challenge [13]. PAS protocols focused on improving wrist extensor muscle
force show reduced post stroke upper-limb disability [14, 17]. Here, we have used an
extensor muscle PAS protocol in two stroke patients to investigate if changes in cortical
excitability similar to what we observed in healthy subjects could be facilitated by a
single session of PAS at the chronic stage of stroke. Neither the best timing for a post
stroke intervention nor the ideal inter-stimulus interval for facilitation in the ED of
patients impaired by chronic stroke has been determined. We hypothesized that a longer
IST would allow for consistent facilitatory results in those suffering from chronic stroke.

Virtual reality (VR) environments continue to assert themselves as a valuable
component in neurorehabilitation methods. VR provides a sense of realness to subjects
that can approximate the real world while allowing the researcher to vary visual
parameters as well as modify size, shape, color and movements of objects in the virtual

environment. VR allows for a life-like, interactive setting that is advantageous to training.
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Numerous prior studies demonstrate the efficacy of VR therapy in stroke rehabilitation
[35-38], and VR behavioral effects have been shown to generalize across similar, but
unpracticed motor tasks [39]. VR is an ideal instrument for providing feedback in
neurorehabilitation protocols.

For these reasons, this offers an ideal starting point for a systematic investigation
of the effects of PAS on corticomotor excitability in stroke recovery. We hypothesized
that applying a virtual reality (VR) based single pulse EMG driven PAS protocol
combined with voluntary movement and an ISI of 25 ms would lead to LTP-like
plasticity effects similar to that observed in our healthy subjects. We also predicted that
by increasing the ISI from 20 to 25 ms, we would observe a corresponding augmentation
of the increases MEP amplitude due to the longer stimulation latencies observed in those
affected by stroke. Our long term goal is to use this knowledge to develop a robust, novel

VR based PAS platform as a tool for neurorehabilitation.

4.3 Methods

4.3.1 Subjects

Two subjects were studied who had chronic, stable hemiparesis. At the time of testing,
one of the subjects had been undertaking physical therapy that was stopped prior to and
for the duration of the study. Subject details are summarized in Table 4.2. Subjects were
assessed with hand function tests on two occasions 1 week apart before the intervention
and 1 time after the training. Paired associative stimulation training lasted for 30 minutes.

Electromyography measurements were made prior to the intervention and all
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measurements were repeated at the end of the training. Follow-up measurements were

repeated after completing the protocol.

Table 4.1 Stroke Subject Demographics

Subject Age Impaired Lesion Handedness = Months
Hand Location Post -Stroke
1 63 L R cortical R 179
2 71 L R cortical L 93
3 57 R L cortical R 62
4 69 R L cortical, L R 168
subcortical

4.3.2 Paired Stimulation Protocol
The paired stimulation paradigm combined TMS and peripheral electrical stimulation of
the extensor digitorum. The peripheral stimulation was a single 1-millisecond shock
triggered by EMG activity of the ED described in Chapter 3 which repeated every 4-6
seconds over the belly of the extensor digitorum through surface electrodes. TMS was
delayed by 20 or 25 milliseconds (interstimulus interval, ISI) with respect to the onset of
the electrical pulse. Both TMS and electrical stimulation were applied at an intensity that
evoked a just-visible motor response in the extensor digitorum.

Hand position was relayed by a Cyberglove (CyberGlove Systems) wired 22
sensor data glove. All hand movements were tracked by the glove which was calibrated

for each subject (VirtualHand Software, CyberGlove Systems). Once calibrated, the
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suggest that our VR environments provoke a sense of reality to the subjects, provide valid
and reliable measures of hand kinematics, and possess potential as a rehabilitation tool in
clinical populations [35, 36].

To evaluate and test for functional changes during the study, each subject was
assessed with the Fugl-Meyer motor scale of the upper limb, the Wolf Motor Function
test and dynomometry of finger extension using a Psytech Finger Flexion/Extension
Gauge. Assessment was made 1 week prior to the first PAS session, the day of the first

PAS session, and 1 hour after the PAS session.

4.3.7 Statistics

To determine the effect of each PAS protocol on MEP amplitude MEP pre, MEP post and
MEP Electrophysiological variables (MEP, EMG) were averaged across trials for each
condition and subject. Means were submitted to a repeated-measures analysis of variance
(rmANOVA). Two paired t-tests were used to compare pre and post PAS MEP
amplitudes across both protocols (using a Bonferonni correction). Finally rmANOVA
was also performed for to characterize the degree to which interstimulus interval (ISI)
contributed to the MEP excitatory effect. For this, MEP was defined as the dependent
variable ISI as the independent variable. Data were analyzed with PASW Statistics 18
(SPSS). rmANOVA was used to test for main effects and interactions. Statistically
significant interaction effects were tested post hoc by Tukey's honestly significant
difference (HSD) test. Significance threshold was set at P < 0.05. Changes in clinical
score (FMS) and in finger extension force (dynamometer) between the three sessions

(SESSION effect: M1, M5, and M12), a nonparametric Friedman test was used and post
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hoc analysis was performed with the Wilcoxon test. At each session changes of the RMT
before and after intervention was analyzed by a Wilcoxon test. Correlation between
changes of MEP size after PAS (normalized to the MEP pre-value) and changes of RMT,
the FMS, and the wrist extension force data were also investigated using a nonparametric

Spearman test. For all tests, the level of significance was set at P = .05.

4.4 Results

Thresholds and latencies for both weak and normal muscles did not significantly change
throughout the testing period. On average, there were increases in both MEP amplitude
and the level of EMG activity recorded during MVC in the muscles in the affected leg
(Table 4.2). However, the degree of change was extremely variable between subjects and
the increase in MEP amplitude and EMG levels did not reach significance in the grouped
data. Given this variability, we analyzed all of the variables within each individual across
the course of the study. Analysis of individual data revealed that, for the affected limb,
MEP and MVC amplitudes were consistently elevated in five of the nine subjects (p <
0.05).

The results showed that pulse stimulation protocols resulted in greater increases in
excitability as measured by MEP amplitude when compared to rest protocols. A 2x2
repeated measures ANOVA was performed to determine if stimulus type (pulse vs. train)
during PAS intervention had an impact on MEP amplitude. The results show that
stimulus does have a significant (p < 0.05) effect on PAS-LTP like effects. The data
suggest that pulse protocols should be used for interventions with stroke subjects to

maximize rehabilitation potential related to plasticity and excitability changes.
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Table 4.2 Resting Motor Threshold Changes

2 68 66 PRE

2 64 64 POST

In this study, analysis of the additional muscles (FD, FDI, E1 ADM) recorded

showed no significant changes in MEPs obtained (Figure 4.4). It has frequently been
proposed that PAS-facilitated adaptation represents a form of plastic neuromodification
that is synapse- specific [180-182]. The idea of topographical specificity [91]suggests
that changes in excitability brought about by PAS protocols are largely restricted to the
cortical representations of muscles innervated by the peripheral nerve that was stimulated

electrically [88, 156].

The results of this study support the concept of topographical specificity. The
only non-target muscle to exhibit measurable MEPs was the extensor indices, which is
innervated by the posterior interosseous nerve, a distal branch of the radial nerve that
supplies the ED. However, while the trend in MEP amplitude appeared to be an increase

as in the ED, the data was statistically unreliable to make any definitive conclusions.
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Table 4.3 Subject Clinical Profiles

Finger Finger

o FMEi r(rli,l;per FMS (Hand) ﬁVIVn 2’1(1:; F(:fgx?)n E)E::;;})()n E“l’fg;sd
1 30/66 10/14 753 16£2.0 2.040.05 Yes
2 53/66 13/14 33.71 38+1.0 3.120.20 Yes
3 35/66 8/14 119.02 31£15 0.620.14 No
4 31/66 8/14 93.08 39437 0.720.28 No

Abbreviations: FMS, Fugl-Meyer motor score; WMFT, Wolf Motor Function test; MEP, motor-evoked
potential

4.5 Discussion

This pilot study is the first report of the use of a dual peripheral and central stimulation
paradigm to induce functionally beneficial changes in the excitability of the finger
extensors in stroke patients. However, the effects of the intervention were not significant
in the functional or neurophysiologic indexes, which is probably the result of the small
sample size, the heterogeneity of subjects’ initial clinical scores and the inherent variance
in motor evoked potentials It is unlikely that the improvements in neurophysiologic and
functional measures reported here are due to neuronal regeneration, given the time scale
of change. A more likely explanation for the changes in corticospinal excitability is the
unmasking of previously silent corticocortical or corticosubcortical connections. The
mechanisms by which this is brought about may include both a reduction of local

inhibition and changes in synaptic efficacy. Periods of prolonged peripheral nerve
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stimulation produce changes similar to those seen with the paradigm described here and it
has been proposed that the mechanisms behind these changes may depend on alterations

in the efficacy of GABAergic synapses [113, 129].
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Figure 4.1 Motor-evoked potential amplitude recorded during stimulation.

The nature of the changes induced by the dual stimulation paradigm (i.e.,
persistent but reversible and topographically specific) also suggests a role for long-term
potentiation [12]. The changes in function could be the result of a nonspecific placebo
effect, but there are a number of reasons why this is unlikely. First, subjects were
included only if they had not been receiving regular physiotherapy and were considered
to be functionally stable for at least 6 months and, in both cases of those who participated
in the intervention, had been stable for several years. The similarity between the two

baseline functional scores further demonstrates that these subjects were functionally
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stable. Second, many of the parameters that improved in both subjects, such as maximal
MEP amplitude and resting motor threshold, are objective and unlikely to be subject to
modulation as the result of a placebo effect. Third, functional measures improved more in
the subject in whom neurophysiologic measure improvements were larger. These
functional measurements are not reliable given the duration of the intervention (2
protocols spread over 2-4 weeks, 60 minutes total stimulation) so we are unable to report

any functional improvements.
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Table 4.4 Wolf Motor Function Item Times (Pre session and Post session)

Subject S1 S2
J Pre Post % Pre Post %
Forearm to | o, 0.99 | -2.0618557 | 0.98 0.83 | 15.30624
table side
E;’;earm o 3 1.01 | 22.9007634 | 1.03 0.91 11.65044
Extend 0.5 0.64 28 0.68 0.7 | -2.941177
elbow side
Extend
elbow side | 0.65 047 | 27.6923077 | 0.58 042 | 27.58629
weight
Hand = to} 4, 0.34 0 0.56 0.57 | -1.785719
table front
Hand to

0.39 0.86 | -120.51282 | 0.87 0.29 66.6667
box front
Reach ‘and | 5 g 237 |257053292 | 5.13 235 | 54.19103
retrieve
Lift can 4.44 3.67 | 173423423 | 527 4.07 | 2277039

Lift pencil 3.53 2.56 | 274787535 | 2.16 2.96 -37.0370

51112 paper 5 5 298 | 458181818 | 2.57 1.9 26.07009
Stack 9 120 | -1233.3333 | 86.86 45 48.19247
checkers

Flip cards 18.17 23.64 | -30.104568 | 10.97 8.08 26.34461

Turn key 6.09 6.7 -10.01642 341 3.69 -8.21137

Fold towel 120 17.34 85.55 21.28 13.16 38.15747

Lift basket 5.53 5.38 20.79566 4.08 3.03 25.73521

Sum times 179.61 | 187.95 | -4.643394 | 146.43 87.96 39.93031

Many factors may have contributed to the highly variable response pattern to the
intervention. The age, size and site of lesion, and the time since stroke in the subject

population varied considerably. These factors may be critical in determining the nature of
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the response to the given intervention [8]. However, with this small sample size; it is not
possible to determine factors that could be predictive of treatment outcome. Attention is
also known to have a major influence on motor learning and cortical reorganization [10].
Whereas the subjects selected were judged to have no significant cognitive deficit, it is
possible that some paid more attention to the stimulus. It is also possible that subjects
with more positive outlooks were prepared to try harder to achieve their optimal
performance during testing. Even though only a limited number of functional scores
showed improvements across the group, most of the subjects showed an increasing trend
for their scores, which may indicate clinical significance. Thus, we suggest that these
results are sufficiently encouraging to extend this study to a larger stroke population with

a view to determining what characteristics are associated with positive outcomes.
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Figure 4.2 Stroke subject 1: pre vs. post MEP amplitudes. * indicates t test significance
for changes (p < 0.05) pre to post.
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Figure 4.3 Stroke subject 2: pre vs. post MEP amplitudes. ** indicates t test significance
for changes (p < 0.01) pre to post.
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Figure 4.4 Excitability retention in stroke subject 1. Effects are seen to outlast the
duration of the stimulation protocol and persist for up to 20 minutes. *denotes significant
elevation from pre MEP amplitude levels (P < 0.05).
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S2 Mean Post-PAS25 MEP Amplitude 0-30 mins
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(Normalized to baseline)

Figure 4.5 Excitability retention in stroke subject 2. Effects are seen to outlast the
duration of the stimulation protocol and persist for up to 20 minutes. * denotes significant
elevation from pre MEP amplitude levels (P < 0.05).
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Normalized MEP Amplitude Changes: Stroke vs. Healthy
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Figure 4.6 Group excitability changes for all tested protocols. The line indicates no
change in motor-evoked potential amplitude post-stimulation.
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CHAPTER 5

GENERAL DISCUSSION, CONCLUSION AND SUMMARY

5.1 Discussion

Research has made significant progress in the field of non-invasive brain stimulation,
starting from the observation that both facilitatory and inhibitory PAS effects may persist
after the induction of plasticity. Compared to other stimulation paradigms such as TBS
and r'TMS, PAS seems to be the most efficient protocol [58] and, a logical extension of
this will be attempts to use PAS as a therapeutic tool in neurologic and psychiatric
disorders characterized by dysfunction of distinct brain networks such as Parkinson
disease. In this dissertation, we showed that the influence of several major factors such as
intracortical facilitatory and inhibitory networks as well as the parameters of stimulation
(number of pairs) on the effect of PAS. However, there are other variables that may affect
the PAS response. Attention [252], cortisol level [230], circadian cycle [229], dopamine
level [260]and age [81] may influence the PAS effect as well as various PAS parameters
such as intensity of median nerve stimulation, repetition rates and ISIs, just to name a
few. The finding that PAS response is exaggerated or diminished in certain diseases and
that the certain medications for example dopaminergic drugs can modulate the PAS effect
all indicate the possibility of clinical application of this technique as a noninvasive
predictor of the clinical response after treatment or as a diagnostic tool.

Although we answered few of these questions, further studies are required to
investigate the complex interactions between brain, PAS and other environmental factors

in both healthy and diseases.
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5.1.1 Effect of Motor Practice on MEP

In general MEP amplitude recorded from muscle groups involved in training movement
increases [35, 176]. Increases in MEP amplitudes are often associated with improved
performance or changes in the kinematics of movements elicited by TMS of M1 after
training protocols [35, 176] and may reflect changes in the motor output zone related to
motor learning. Muellbacher et al. [176] studied the learning-related changes in M1
excitability with TMS while and found that subjects rapidly learned to optimize ballistic
contractions measured via pinch acceleration and peak force and improvement in
subjects' performance were associated with concomitant increase in MEP amplitudes in
targeted muscles. MEPs returned to their baseline amplitude after subjects had acquired
the new skill, no practice induced changes in MEP amplitude were observed with task
over learning [176]. These findings are consistent with concepts of multiple overlapping
motor representations in animal studies of motor cortex [70, 233]. Intracortical
microstimulation of macaque monkey motor cortex showed extensive, horizontally
oriented, intrinsic axon collaterals that provide inputs to many different forelimb
movement representations these neurons may be recruited during complex movements to
coordinate the activity of motor cortical zones during a use dependent plastic change in
motor cortex [120].

Use-dependent and skill-dependent plasticity contributes to the recovery of motor
function after injury to the brain [184, 185] and this functional plasticity of the motor
cortex accompanied by changes in synaptic morphology in animal models [185]. These
findings set the stage for development of new, more effective rehabilitation interventions.

Cortical stimulation can enhance the beneficial effects of motor training on performance,
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cortical plasticity and motor cortical excitability [119, 134]. In contrast to the previously
described beneficial effect cortical stimulation in recovery of stroke related loss of use-
dependent plasticity [119, 134] we found that in healthy subject cortical stimulation did
not further improve increased MEP amplitudes after use-dependent plasticity and even
resulted in homeostatic reduction of MEP amplitudes after increasing the amount cortical
stimulation. Cortical stimulation did not affect motor learning task performance either.
Possible explanations for this paradoxical findings could be 1) cortical stimulation may
improve loss of function in a pathological condition but not necessarily improve MEP
amplitudes or motor behavior performance in already optimally functioning healthy
subjects; 2) it can also possible that improvement in behavioral effect occur in different
time scale (for example weeks or months after cortical stimulation and motor practice)
previous studies had shown correlation between MEP amplitude and improvement in
kinematics of movement. In our study of healthy subjects preconditioning of use-
dependent plasticity with cortical stimulation at higher number of stimulation pairs
resulted in reduction in MEP amplitudes. This might indicate that healthy subjects have
already reached their best performance and further increase in performance is not

possible and increases the possibility of first explanation for our findings.

5.1.2 Variability in TMS response

Inter- and intra- individual variability exists in most TMS measures. Much of the TMS
studies assume little difference between individuals in order to compare healthy subjects
with groups of patients or the effect of a particular intervention on the MEP. Although

age and sex are commonly matched between groups the rest of influencing factors are
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often being neglected. Intra-individual variability is usually considered as 'noise' which is
a naive assumption as critical information might lie within these changes of variability in
one subject. This issue recently attracted some attention. For example, one study showed
that iTBS increased performance variability, which correlated with learning outcome and
suggests that increased motor output variability may have role in improvement of
performance after iTBS [257].

Age is another important factor for inter-individual variability. Response to
cortical stimulation interventions can be affected significantly by age. One study showed
that the magnitude of MEP increased by PAS in the young and middle but not in the
elderly and its change was negatively correlated with the age. These results suggest that
the human M1 shows age dependent reduction of cortical plasticity [81]. Decreased M1
excitability maybe caused by reduced intracortical circuits responsiveness or disruption
of sensorimotor integration or both. Attenuation of in paired pulse intracortical inhibition
or changes with age has not been confirmed yet [277]. In this dissertation looking at the
PAS responses in groups of subjects in Chapters 3 and 4 indicate significant variability
between subjects. Part of this difference can be explained by the difference between
average age of subjects participated in different experiments. Genetic factors also
participate in significant inter-individual variation of responses of the brain to TMS. One
study showed that individuals with the val66met polymorphism in the brain-derived
neurotrophic factor (BDNF) gene show less increase in the MEP after motor training
[164]. Other factors that can participate in the inter-individual variability of brain to TMS
are gross anatomy of human scalp, and distance between motor cortex and surface of the

head [254, 162].
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5.1.3 Paired Associative Stimulation

In our experiment similar to previous studies we found an increase in the size of the MEP
amplitude, as well as an increase in the duration of the CSP recorded from the contracting
target muscle [200, 251, 252, 74]. Therefore, PAS-induced plasticity, although may
influence active neuronal circuits involved in GABAB receptor mediated inhibition. In
one study [143] using current direction to preferentially activate early or late I waves
after PAS authors found that the increased effectiveness with use of anterior to posterior
current direction in PAS over posterior to anterior current direction which suggests 13
input to corticospinal neurons which selectively more active with anterior to posterior
current direction has an important role in induction of associative plasticity in the human
motor cortex. In this way, PAS-induced plasticity may be different from TBS-induced
plasticity which appears to rely on modulation of the early I-waves [116]. Our results add
to these findings as we demonstrate selective reduction of PAS effect by engaging in

interstimulus intervals below 20 ms and using trains of stimulation.

5.1.4 Safety

Safety and tolerability are key issues not just for the risk-benefit ratio assessment of novel
therapeutics, but also for their impact on patient commitment and compliance with a time
consuming brain stimulation paradigm. In order to increase subjects compliance, we used
0.2 Hz frequency for PAS paradigms used in this dissertation instead of 0.1 Hz used in
original PAS study by Stefan et al. [251] It is also important to investigate the effect of
single vs. multiple sessions of brain stimulation to understand the magnitude of additional

sessions of stimulations on the measure of interest. We strictly followed published safety
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guidelines [220] for TMS. TMS in general is a very safe and thousands of people have
had the experience with no adverse effects although seizures have been reported in few
cases. The common side effect is usually limited to local pain as a result of the pressure
of the coil, mild headache and possibly transient hearing changes as result of discharge
related noise. In this dissertation we found no major or minor adverse effects of PAS
which increase the favorability of this technique for potential clinical applications.

TMS is a great tool because of its safety record, temporal resolution and because
it makes it possible to manipulate brain activity in human non-invasively. However,
certain limitations exist for the majority of TMS studies:

Poor spatial resolution both as a result of the limited focality of stimulation as
well as the conventional localization of the area of interest according to 10-20 EEG
system or based on the motor hotspot. Several streams of research are underway to tackle
these issues by improving the focality of TMS coils and also by combining imaging (e.g.,
MRI) with TMS [243] to improve spatial resolution and use of optically tracked
frameless stereotaxic neuronavigation systems, which incorporate individual MRI data to
deliver TMS in anatomically precise locations.

Cellular mechanisms underlying the TMS induced events are not well understood.
Several studies have used receptor agonist and antagonist to derive plausible mechanistic
explanations for TMS induced interactions. However, the majority of these studies had
significant limitations because of the small number of drugs that are available to be tested
safely in human. Simultaneous observation of PAS effect at cellular level may be
necessary to provide definitive evidence for the underlying mechanism of actions of this

paradigm.
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The application of TMS to excite a cortical process and deducing the relevance of
that area in performance of tasks is also a complex issue that needs to be addressed. TMS
induced impairment of task performance could be the result of different chains of effects:
TMS can increase the function of an area that inhibit the task performance or disrupt the
function of an area that facilitate the task performance, or to inhibit or excite an area of
the brain that compete or promote with the region of the brain relevant to process under
the study. These chains of event are crucial in the interpretation of the results from TMS
studies [195]. Metabolic changes measured by PET and blood oxygen level changes
using fMRI both showed TMS induced changes [226, 19, 255]. TMS may be used to
manipulate brain function to narrow down brain-behavior relationship to functionally
relevant hypotheses. Understanding advantages and disadvantages of this technique are
necessary to interpret result of TMS studies and to design new ones. In this dissertation,
we tried to relate our understanding of the mechanisms of neuronal plasticity at the
cellular level to the system and behavior level. The next logical step would be to use
findings of this study and apply them to the patient population — from bench to the

bedside.

5.2 Conclusions
The association of somatosensory afferents from the actively moving limb with PAS
targeted to the ED and primary motor cortex in healthy human subjects can be used to
modulate corticomotor excitability, capable of outlasting the intervention period by
several minutes. Several parameters of PAS stimulation (stimulation rate, intensity,

duration, pulse-type) and behavior (movement vs. rest, number of repetitions) have been
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identified for optimal effect. Other PAS parameters (e.g., ISI, the timing of stimulation
with regards to movement) require further investigation for the development of the
optimal protocol for the ED. These findings suggest that movement be determined
whether these findings could be applied to the treatment of neuromotor disorders
involving altered ED muscle tone such as dystonia, spasticity, muscle weakness and other
sequelae of stroke, these findings inspire further research to optimize therapeutic
applications of PAS in patients with neurological deficits to modify synaptic transmission

more effectively than presently possible.

5.3 Limitations
Although these current studies demonstrate a correlation between several PAS parameters
and corticomotor excitability in both health subject and stroke patients, a demonstrable
relationship between this excitability and neuroplastic changes (cortical reorganization)
and behavioral changes has not yet been determined. Additional TMS measurements and
techniques (cortical organization maps) would allow for the further elucidation of the
relationship between cortical excitability, neural plasticity and behavioral changes.

PAS is an excellent rehabilitative tool because of its safety record, temporal
resolution and because it makes it possible to manipulate brain activity in human non-
invasively. However, certain limitations exist for the majority of PAS studies: Poor
spatial resolution both as a result of the limited focality of stimulation as well as the
conventional localization of the area of interest based on the motor hotspot. Adding
another measure of cortical-motor activation and organization such as functional

magnetic resonance imaging (fMRI) or electroencephalography (EEG) would help
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address these issues by improving the focality of TMS coils and also by combining

imaging with PAS to improve spatial resolution.

5.4 Future Directions

In Chapter 2, we showed that behavior during intervention and stimulation type plays an
important role in maintaining cortical excitability. We demonstrated the conditioning
effect of voluntary movement on PAS paradigms. It would be interesting to assess the
observed effects using pharmacological manipulations to block the GABAergic
interneurons and assess the conditioned PAS paradigm to confirm if it is possible to
reduce the effect of LTP due to PAS. In Chapter 3, we found a graded response to PAS
with different ISI and also an interaction with motor learning. The EMG triggered
stimulation is likely to stimulate the muscle early in the movement phase, which has been
shown to improve excitatory effects of TMS protocols [68]. Our lack of kinematic hand
movement data time-locked to EMG activity does not allow us to quantify this time
difference. Thus, it would be interesting to conduct PAS experiments comparing EMG
and movement triggered PAS with the kinematic measurements synchronized with EMG
collection to determine if there is a significant difference in the delay between the two
protocols.

In Chapter 4, we found a graded response to PAS after the intervention was over
as well as a possible interaction with ISI. While we saw no changes in clinical the
measurements or functional assessments after 30 minutes of training, given the limited
sample size and short duration of the pilot study, further collection of chronic stroke date

could yield statistically significant results. Our protocol was also only 30 minutes per day
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and a total of four sessions across 28 days. Homeostatic interactions theoretically happen
at longer time scales, it would be interesting to perform PAS protocols for a longer period
of time and to follow them to look for functional changes. Improvements in motor
learning can also occur on lengthier time scales [207]. Interactions with motor learning
tasks in chronic stroke patients are the logical next step to take with the movement pulse
PAS paradigm. The fact that we did not observe changes in hand function or test for
motor learning does not exclude the possibility therefore studies with longer training
schedules and longer periods of follow-up are warranted. Understanding the rules of
synaptic plasticity at the systems level will ultimately help to develop effective protocols
to modulate the motor cortex or new markers to capture defects of cortical plasticity in
patients with neurological disorders.

Behavioral aspects of PAS were investigated Chapter 4 but hand kinematics were
not adequately observed. Further experiments involving measurements of hand motions
(e.g., gripping tasks, functional tasks) measuring peak finger acceleration and variability
of finger strength and hand path could be of physiological importance [103] because
learning processes might require increased motor variability as an inherent feature for
performance improvement, planning and learning. Further studies are required to
compare different protocols in their behavioral aspects. It will be of interest to investigate
LTP PAS protocols as it relates to their behavioral correlates and motor learning
variability.

Although tools like PAS present great therapeutic potential, the realization of that
potential requires understanding of pathophysiology of illness of interest, and of the

mechanisms by which brain stimulation paradigms can induce plastic changes in the
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functioning of those abnormal circuits. TMS is a focal intervention and as a result its
clinical utility will depend upon our knowledge of the intracortical networks in the
underlying disorder. This dissertation helps with understanding of part of these
mechanisms and corticomotor processes. Some of the implications of current dissertation
and potential applications are as follows: GABAergic system is involved in PAS LTP-
like effects and given that GABAergic signaling in the motor cortex plays an important
role in the development of perilesional or use-dependent plasticity after stroke, a PAS
paradigm could potentially have a significant response in this population of patients in
compared to healthy controls. As mentioned previously, PAS with longer duration of
stimulation may induce homeostatic responses. This is of clinical relevance because it
may provide new avenues for rehabilitation medicine. Improvement after stroke and
spinal cord injuries should be studied as potential targets for interventions to improve
motor learning especially with longer period of observations and multiple stimulation
sessions. Increased corticomotor excitability and improved RMT observed after PAS in
Chapter 4 also indicates that PAS could produce clinical effects in patients after strokes
by network reorganization and boosting the motor output.

An ideal method to deal with the possibility of undetected PAS induced changes
as the result of limited temporal resolution of imaging techniques is to combine EEG
measures with PAS to identify these effects. PAS and TMS may be used to manipulate
brain function to narrow down brain-behavior relationship to clinically relevant
propositions. Understanding strengths and weaknesses of this technique are necessary to
interpret result of PAS studies and to design new ones. In this dissertation, we tried to

relate our understanding of the mechanisms of motor excitability at the cellular to the
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system and behavior level. The next logical step would be to use findings of this study

and apply them extensively to the stroke population.

5.5 Summary
Understanding how PAS protocols effects the motor system could be essential for
designing effective rehabilitation interventions for those neurologically impaired by
stroke. This current project demonstrates the efficacy of incorporating and testing several
PAS parameters and visual feedback mechanisms, like those used in our virtual reality
therapy techniques. Training with PAS not only elicits increases in motor excitability, but
the virtual environments allow for the easy design of many difference feedback
mechanisms and training tasks that motivates patients to perform movements accurately
and consistently, assisting in any potential recovery. The author shows here that PAS
training with a movement single pulse design may produce sustainable excitability and
resting motor thresholds that are closer to pre-stroke levels. The capacity to induce
focused excitability and decreased RMT in response to this PAS training suggests that
virtual reality PAS therapy may be a more efficacious form of neurorehabilitation

compared to traditional task training.
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