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ABSTRACT

The central nervous system controls human movements using multiple pathways
that relay neural input to the muscles. The reticulospinal tract (RST) is a prominent
secondary motor pathway, as it extends the function of the primary motor pathway, the
corticospinal tract (CST). The RST is especially important for its involvement in
locomotion, maintenance of posture, reaching, and grasping, which has considerable
importance for recovery from corticospinal lesions such as stroke. There is currently a
debate on whether increased reticulospinal function is necessary for recovery of motor
function after severe lesions of the CST, or a sign of maladaptive plasticity. A primary
reason for the unresolved debate is the lack of methods for measuring function of the
reticular formation, a collection of nuclei in the brainstem that originate the RST.

An important component of upper limbs movement mechanisms is the “long-
latency response” (LLR), which is evident as a burst of muscle activity occurring 50—
100 ms following an imposed limb displacement. Although the neural processing of
these long latency responses through the cortical circuits has been roughly
distinguished, it is still unclear how the RST circuits contributes to the LLR,
independently from the cortical inputs. A possible method for decoupling the
contribution of the CST and the RST to LLR would be to use the inhibitory TMS
neuromodulation. Previous studies utilized TMS to study the neural substrates of LLR,
demonstrating that the effects of TMS signal delivered over the motor cortex on the
LLR amplitude (LLRa) are modulated by the signal intensity and arrival time relative
to the EMG activity period. However, previous studies reported inconsistent findings of

the effects of TMS on LLRa, reporting inconsistent inhibitory and excitatory LLR



modulation. As such, the primary objective of this work was to develop a synchronized
stimulation method including robotic perturbations, transcranial magnetic stimulation
(TMS), and surface electromyography (EMG), which would allow to decouple the
contributions of cortical and subcortical brain areas to LLRs.

In part I, we present our developed novel synchronized Robot-TMS-EMG
method which produces TMS pulses of controllable magnitude and timed to induce a
motor-evoked response (MEP) at controlled time delays relative to the application of
robotic perturbations of the wrist joint, while the LLRs are recorded from the muscles
by surface EMG electrodes. In part I, we present the results of our experiments on 13
young healthy participants to quantify the effects of subthreshold TMS over the motor
cortex, on two groups of healthy subjects, with two intensities of 90% and 95%AMT,
which was applied with three different time delays for each group, as T1 (which induced
MEPs evoked at the same time as the robot perturbations started), T2 (T:+20ms), and
T3 (T1+50ms), on the amplitude of LLRs recorded through surface EMG signals from
FCR muscle, which was stretched through the wrist extension perturbations.

Our results identified two conditions (T2 and T3) that induced a significant
inhibition of LLR activity in both groups, but no significant difference between groups
was measured for any TMS delay levels inducing significant inhibition. Specifically,
the T2 and T3 conditions resulted in a significant reduction of LLR amplitude (90%
AMT group, T2: 20.3%, p=0.008; T3: 22.8%, p=0.002 — 95% AMT group, T2: 15.1%,
p=0.017; T3= 25.3%, p<0.001), while condition T1 resulted in non-significant
modulation of LLR amplitude (90% AMT group: 14.1% reduction, p=0.102; 95% AMT
group: 3.5% increase, p=0.912). Moreover, TMS application which is timed to evoke

MEPs 50ms before the stretch onset (condition Ts) was found to have a greater

Xi



inhibitory effect on the LLRa in both groups, with both the 90% and 95% subthreshold
TMS intensity. This time delay condition likely inhibited the intracortical pathways
contributed to the LLRa, which is a crucial finding to be applied for our future TMS-
fMRI study, which, for the first time, would be the demonstration of a successful
combination of TMS and fMRI to study causality of neural function in a distributed
motor circuit, involving the primary motor cortex and the brainstem, with the aim of
understanding and measuring the specific contribution of the RST to the long-latency

responses.
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Chapter 1

INTRODUCTION

1.1 Primary and secondary motor pathways

The central nervous system controls human movements using multiple pathways
that relay neural input to the muscles. The corticospinal (CST) pathway is the principal
motor pathway for controlling movements that affords the greatest skill and flexibility
required for fine motor control [1]. There are several pathways that contribute with the
corticospinal tract to control motor actions, such as rubrospinal and reticulospinal tracts.
The rubrospinal tract contributes to the finger movements via the monosynaptic
connections to the innervating motoneurons of the distal muscles [2]. The reticulospinal
tract (RST) controls both proximal and axial muscles, and its role in the control of gross
movements, such as locomotion, reaching, and posture regulation has been clearly
established [2]-[5].

The RST has considerable importance for recovery from corticospinal lesions
such as stroke. There is currently a debate on whether increased reticulospinal function
is necessary for recovery of motor function after severe lesions of the CST (positive role
of RST in post-stroke recovery [6]-[9]) or a sign of maladaptive plasticity (negative role
of RST in post-stroke recovery [10]-[13]). A primary reason for the unresolved debate
is the lack of methods for measuring function of the reticular formation, a collection of

nuclei in the brainstem that originate the RST.



In more details, there are two RS tracts which originate from different regions
of the brainstem. The dorsolateral reticular formation located in the medulla, is the
origin of the dorsal RST, which receives facilitatory inputs from the motor cortex
through the corticoreticular fibers. The cortico-reticulospinal tract and lateral CST
descend adjacently, at the spinal level, through the dorsolateral funiculus. The pontine
tegmentum of the Pontomedullary reticular formation (PMRF) is the origin of the
medial RST. The vestibulospinal tract (VST) and the medial RST descend together in
the ventromedial cord. The inhibitory effects to the spinal reflex circuits are provided
through the dorsal RST; however, the excitatory inputs are delivered through the medial
RST and VST. Hence, in healthy subjects, a balanced excitatory and inhibitory neural
drive are provided through the medial and lateral RSTs to the spinal motor neuron
circuits [14]. In more details, evidence also suggested that via the internuncial
(connector) neurons, the medial RST is responsible for extensor motor neurons
(excitatory effects on the extensors and inhibitory effects on the flexor), while the lateral
(dorsal) RST is responsible for flexor motor neurons (excitatory effects on the flexors
and inhibitory effects on the extensors) [15]-[17].

Moreover, previous investigations demonstrated that there is a bilateral mutual
organization in the motor activity of the RF, as the RF nuclei deliver excitation to the
ipsilateral flexors and contralateral extensors; however, these nuclei provide inhibition
to the contralateral flexors and ipsilateral extensors [8], [18], [19]. Animal studies which
evaluated the in-vivo single-unit neural recordings of the PMRF nuclei in monkeys
performing arm reaching tasks suggested a functional division of the two RSTs [18],

[8], with the medial RST provides excitatory inputs to the extensors and inhibitory



inputs to the flexors, while the lateral (dorsal) RST delivers inhibition to the extensors
and excitation to the flexors [19], [5].

In stroke, as the leading cause of motor disability [20], with cortical and internal
capsular impairments, the CST pathway and the corticoreticular tract are mainly
damaged as these pathways are anatomically close. Therefore, the facilitatory medial
RST and VST pathways are leaved unopposed, followed by a hyperexcitability of these
pathways [14], [21]-[24] (Fig 1.1). However, because of the technical complications,
even with the recent most innovative technologies, functions of the brainstem nuclei
and RST excitability has not yet been evaluated directly in the stroke survivors [14],

[25]-[28].



Figure 1.1
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Descending motor pathway through the corticospinal and reticulospinal
tracts. The ipsilateral premotor (PM) and supplementary motor area
(SMA), send inputs through the medial PMRF, which descends
ipsilaterally. The excitatory descending inputs are provided to the spinal
motor neurons via the medial cortico-reticulo-spinal tract (CRST). The
contralateral primary motor cortex (M1) delivers inputs to the dorsolateral
PMREF. Inhibitory inputs are delivered to the spinal motor circuits through
the dorsal CRST. Following the stroke, the output signals from the
corticospial tract (CST) and CRST are reduced as these tracts are impaired
on one hemisphere (indicated by a red asterisk). Therefore, the spinal
motor neurons become hyperexcitable, or might be suddenly fired as a
result of the hyperexcitation in the medial CRST of the contralesional
hemisphere. (+) indicates excitatory and (—) indicates inhibitory effect
[14]. The figure is adapted and modified from [29].



1.2 Role of motor pathways in long-latency responses

An important component of upper limbs movement mechanisms is the “long-
latency response” (LLR). The LLR is evident as a burst of muscle activity happening
50-100 ms following an imposed limb displacement. This response is observed between
the short-latency reflex (SLR) occurs between 20—50 ms as the fastest response via the
nervous system and the delayed voluntary reaction (after 100 ms) [30].

The SLR is generated by the monosynaptic spinal circuits through the group I
afferent input as the only fast and short enough pathway to responsible. However, The
LLR is induced by processing of group I afferent inputs through spinal [31]-[35] and
supraspinal networks in addition to the spinal processing of group II afferent inputs
[36]-[38]. A more distributed network consists of the premotor cortex and basal ganglia
along with the faster circuits are involved in the voluntary reactions (Fig 1.2) [39], [40].

Multiple supraspinal circuits are involved in the LLR origination. There is a
body of evidence indicates that M1 contributes to the LLR, which is highly innervated
by the somatosensory inputs through the dorsal column pathway [41] and results in the
quick activation to the perturbations of several joints as the wrist, elbow, or shoulder
[39], [42], [43]. Furthermore, these M1 neurons with a fast response to limb
perturbations also contribute to the LLR via connections, which directly synapse onto

spinal motor neurons [44], [45].
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Figure 1.2 (A) EMG signal shows the long-latency muscle stretch reflex, as a burst of
muscle activity occurring 50-100 ms following an imposed limb
displacement. EMG: electromyography, nu: no unit, ms: millisecond,
SLR: short-latency reflex, LLR: long-latency reflex, Vol: voluntary. (B)
Simplified diagram of the neural substrates of the different epochs of the
stretch-evoked muscle activity. The figure is adapted from [30].

Although the neural processing of these long latency responses through the
cortical circuits has been roughly distinguished, it is still unclear how the RST circuits,
which originates in the pontomedullary portion of the reticular formation (RF) region
of brainstem, contributes to the LLR, independently from the cortical inputs.

Studies examined LLR responses evoked by postural perturbation to the elbow
joint, demonstrated that larger LLR responses occur when subjects attempt to “resist” a

perturbation than “yield” to the perturbation [46]. This observed task-dependent change



in LLR activity is the result of the temporal overlap of two distinct responses, a task-
dependent response, and an automatic response [47]-[49]. Accumulating evidence
indicated that RF is a candidate for generation of the task-dependent response [30], [49].

There are also evidence suggesting a relation between the LLR’s task-
dependency and the ‘StartReact’ phenomenon. StartReact is the ultra-fast release of a
planned action cued by a startling stimulus (a loud auditory stimulus, 120 dB) [50], [51].
The faster than normal reaction (70 ms vs >100ms for arm muscles) after the startling
stimulus likely reflects the involvement of RF and brainstem pathways [52]. Studies
also showed that cortical stroke [53] and degenerated corticospinal tract patients [54]
have normal onset of StartReact, while they have delayed voluntary movements. A
study conducted in 2013, also demonstrated that a limb perturbation and a loud startling
sound can induce similar pattern of activity in LLR EMG signal. Based on the similar
muscle responses evoked by perturbations and the responses evoked by startling
acoustic stimuli, it has been suggested that the perturbation-evoked early initiation of a
planned motor action is likely to be generated at least partially by the startle neural
network in the brainstem [55]. There are only some animal investigations suggesting
the involvement of the reticular formation in the startle circuits [56]-[58]; however,
there is a lack of direct evidence for this contribution in humans, and the available
knowledge is also limited in the regional specificity.

Our group has developed a novel technique, StretchfMRI, which is capable of
studying RST function associated with LLRs in-vivo in humans. StretchfMRI combines
robotic perturbations with electromyography and fMRI to simultaneously quantify
muscular and neural activity during LLRs. Using StretchfMRI, our group has the first-

ever evidence of motor-related activation in the brainstem and established the muscle-



specific organization of LLR activity in the RF [59], [60]. The observed organization is
partially consistent with previous knowledge derived from animal models, with activity
primarily in the right medulla for flexors, and in the left pons for extensors [5], [8], [18],
[19]. With StretchfMRI, we were able to observe activations also in other areas, such as
the midbrain and bilateral pontomedullary contributions (Fig 1.3) [60].

It is noteworthy to consider that since the StretchfMRI uses fMRI to measure
neural function, it cannot provide insight on the causality of the relationship between
neural function and observed behavior. Specifically, the activations measured in the RF
may, at least in part, be due to increased output from the primary motor cortex to the RF
that occurs simultaneously with LLRs. As such, StretchfMRI cannot rule out the
hypothesis that the RST only serves as a relay between the primary motor cortex and
muscles, whereby cortical input would still be necessary for producing physiological

LLRs.
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Figure 1.3 (A) Expected contribution of RF nuclei (shown in two axial sections at the
level of the pons and medulla) to LLRs. (B) Activation maps measured by
our group using StretchfMRI in the brainstem for the flexor carpi radialis
(FCR) and extensor carpi ulnaris (ECU). Maps indicate LLR specific
activity. All statistical parametric maps are overlaid on axial slices of the
MNI-152 template, with reported z coordinate in mm. The figure is
adapted from [60].



1.3 Using neuromodulation to decouple different pathways involved in long-
latency responses

1.3.1 Neurophysiology of TMS

TMS activates the cortical neurons making use of electromagnetic induction
[61]. The TMS stimulator is discharged inducing a strong time-varying magnetic field
to the coil. The stimulation coil is located tangentially on the head and the magnetic
field gets through the scalp with minimal attenuation, which induces a secondary eddy
current in the intracranial tissue. This electrical field is oriented perpendicular to the
magnetic field with an opposite direction relative to the electrical current in the
stimulation coil [62]. The induced electrical current runs parallelly to the TMS coil
plane, through a medium with homogeneous conductivity (Fig 1.4). However, since the
human brain does not have a homogeneous conductivity and the induced intracranial
currents and their pathways are affected by the regional variations in tissue conductivity,
extensive modeling is needed to predict the exact current distributions, considering the

electrical properties of the tissue in the surrounding area of the coil [63].
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Figure 1.4 The TMS stimulation coil is located tangentially on the head and the
magnetic field penetrates the scalp, which induces a secondary eddy
current in the intracranial tissue. This electrical field is oriented
perpendicular to the magnetic field with an opposite direction relative to
the electrical current in the stimulation coil [62]. This figure is adapted
from [64].

In order to stimulate the cortical neurons effectively, an outward directed trans-
membrane current (ion flow) in cortical axons is needed to be produced by the current
flow in the tissue, which will be resulted in a sufficiently strong ion flow to depolarize
the membrane potential, followed by triggering an action potential. These induced
electric field and the resultant cortical current flow are comparative to the rate of
alteration (as the temporal derivative) in the induced electromagnetic field. Moreover,
the efficacy of TMS to produce action potentials in cortical neurons is determined by
the spatial relationship between the resultant tissue current and the stimulated axons (as
the spatial derivative). Effective membrane depolarization will preferentially occur at

regions where there is a maximal temporal and spatial derivatives of the induced
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electrical field [62]. The axonal bendings have been found as an important spatial
characteristic that indicates the susceptibility of cortical neurons to the TMS signals
[65]: the TMS induced electric current leads to the transmembrane depolarization with
an outward direction in susceptible axons within the field. Those axons which change
their orientation relative to the resultant electric field are the most likely to be activated
[65]. The action potentials induced in cortical axons by TMS pulses spread through
synapses with other neurons, delivering a distribution of neuronal activation to
connected cortical and subcortical regions [62], [66]. This volley of excitation descends
through the corticospinal tract and peripheral motor nerve inducing muscle responses
which can be recorded as motor evoked potentials (MEPs) [62].

These MEPs are recorded in order to determine two main motor-related cortical
thresholds of resting motor threshold (RMT) and active motor threshold (AMT), which
are determined while the target test muscle is at rest or during a slight tonic contraction
of the target muscle, respectively [67]. The AMT indicates closely the threshold for
inducing descending neural drive in the corticospinal tract’s fast-conducting neurons,
which is justifiable as the initial recruited descending volleys can effectively discharge
those spinal motoneurons with an approximate firing threshold in an active condition
[62], [67].

Notably, it is also evident that a duration of EMG silence of around 100 ms can
be induced in a contracting muscle via the intense stimulation of its peripheral motor
nerve [68]-[71], a phenomenon that we will here refer to as “silent period” induced by
TMS stimulation. For a review of this concept and an in-detail description of its
neurophysiological bases, please refer to these articles [70], [71]. We will here provide

a synthetic account of this phenomenon, as it is crucial for the development of our
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protocol and interpretation of the results. The ‘silent period’ (SP) can be justified by
various mechanisms including withdrawal of Ia facilitatory effect to the motoneurons
while the muscle is shortened because of the muscle twitch, which lasts relatively to the
duration of the silent period [68]-[70]. A recurrent inhibition, and activation of Ib and
cutaneous afferents which inhibited the motoneurons can also be induced by the
antidromic volley in motor axons that blocks the ongoing neural drive, which can be the
other possible underlying mechanisms [68]. Studies also demonstrated that the TMS
delivered over the motor cortex during a muscle voluntary contraction also induces an
EMG silent period which can last up to 300 ms. The silent period happens right after
the excitatory motor evoked potential, and its duration is relative to the stimulation
intensity [71], [72]. Importantly, the first 50 ms is widely considered to be induced due
to the spinal inhibitory network, via mechanisms such as following of the
hyperpolarization of the motoneurons and recurrent inhibition, but the further section of
the silent period is assumed to be due to supraspinal inhibition [71]-[75]. This prolonged
loss in the motor cortical output is resulted due to the activation of long-lasting

GABA(B) mediated inhibition via the TMS [76], [77].

1.3.2 Previous uses of TMS to study the role of pathways involved in long-
latency responses

Previous studies utilized TMS to study the neural substrates of LLR,
demonstrating that TMS can modulate the LLR amplitude (LLRa) in different ways
depending on the TMS signal intensity and arrival time based on the EMG activity
period.

Given that TMS signal intensity is mainly determined based on the AMT of the

targeted muscle, previous studies utilized sub or suprathreshold TMS modulation on
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LLRa [78]-[84]. Previous works demonstrated that TMS pulses over the motor cortex,
may activate both the facilitatory and inhibitory cortical structures. Notably, evidence
showed that the activation threshold for the magnetic stimulation is lower for the
intracortical inhibitory circuits in comparison to the corticospinal cells, which are
activated by a higher and suprathreshold stimulus intensities [85], [86]. Therefore,
subthreshold TMS delivered to M1 has been shown to be able to activate intracortical
inhibitory structures and does not elicit any descending volleys in the corticospinal tract.
Findings suggested that subthreshold TMS changes the motoneuron pool excitability,
without eliciting a direct muscle response [82], [86].

Several previous studies targeting the effects of subthreshold TMS on LLR
reported non-coherent excitatory and inhibitory effects of subthreshold TMS on the
LLR amplitude, but agreed that there was a significant effect of TMS pulse timing on
whether the effect would be facilitatory or excitatory [78], [80], [82], [84]. Specifically,
Doornik et al., 2004 [82], showed that the TMS signal with 90% of AMT over the motor
cortex had an inhibitory effect on the LLRa evoked from the tibialis anterior muscle,
when TMS was administrated 55—85 ms prior to LLR onset. On the other hand, another
study in 2004 [80], reported a reduction in the LLR amplitude while TMS signal over
the motor cortex was timed to induce an MEP at the SLR onset of the EMG activity,
which was recorded from the flexor carpi radialis (FCR) muscle. This inhibition was
increased as the TMS signal increased from 90% to 140% AMT. Moreover, two other
studies also evaluated how a subthreshold TMS signal over the motor cortex would
modulate the LLRa evoked from FCR muscle when the extension perturbations were
applied on the wrist joint [78], [84]. While the abovementioned studies mainly

demonstrated the M1 and intracortical pathways contribution to the LLRs, there were
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also studies with TMS application timing, which shows the spinal circuits contribution
to the LLRs. Ruitetal., in 2011 [84], observed both excitatory and inhibitory effects of
a subthreshold TMS signal 2-3% below the AMT on the FCR LLRa. Signals which
arrived within 35 to 55 ms (average of 45 ms) after the stretch onset inhibited the LLRa,
while signals with averaged arrival time of 60 ms after the stretch onset, excited the
LLRa. The other study in 2015 [78], reported no inhibitory, but excitatory effects of a
subthreshold TMS signal with an intensity of 96% below the AMT on the LL.Ra evoked
from FCR muscle. These authors also found that the TMS pulses which were timed to
evoke MEPs within 60 to 90 ms after the stretch onset substantially augmented the FCR
evoked LLR activity.

Furthermore, some studies also investigated the LLR neural pathways through
the modulation of task instructions [79], [81]. Studies examined LLR responses evoked
by postural perturbation to the elbow joint, demonstrated that larger LLR responses
occur when subjects attempt to “resist” a perturbation than “yield” to the perturbation
[46], [87]. Researchers suggested that this observation is likely to be attributed to the
task-dependent change in LLR activity. In addition, the task-dependent change in LLR
activity is the result of the temporal overlap of two distinct responses, a task-dependent
response, and an automatic response [47]-[49]. Accumulating evidence indicated that
RF is a candidate for generation of the task-dependent response [30], [49].

In this regards, one study showed that transient suppression of M1 by a
suprathreshold TMS pulse, applied 50 ms before the elbow joint perturbation, does not
diminish the LLR amplitude during the “resist” instruction, while the TMS pulse
inhibited the LLR amplitude when the subjects did not intervene (DNI) to the

perturbations. This observation suggests that substrates other than M1 are responsible
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for the increase in LLR signal measured when the task instruction is to “resist” the

perturbation, compared to when the instruction is to “yield” to ” the perturbation [81].

Meziane et al, also showed that LLRs are larger when subjects compensate (resist) to

the perturbations; they also applied TMS pulses at 100% RMT intensity, which resulted

in inhibition in the LLR amplitude while subjects did not intervene to the perturbations,

which wasn’t observed with the compensation instruction [79].

The abovementioned previous TMS investigations on the neural pathways of

LLRs are summarized and detailed in the table below.

Table 1-1 List and details of previous studies evaluated the effects of TMS signal on

the LLR amplitude
Joint
Elbow Ankle Wrist Wrist Wrist Wrist
Stretched Muscle | Biceps Tibialis Flexor Flexor Flexor Flexor
Brachii | Anterior Carpi Carpi Carpi Carpi
Radialis Radialis Radialis | Radialis
Instruction
DNI, DNI NINT, DNI DNI DNI
Resist COMP
Coil and Figure-8 | Figure-8 | Figure-8 Figure-8 | Figure-8 | Figure-8
Stimulator type
MagStim | MagSti | MagStim MagStim | MagStim | MagStim
200 m200 200 Rapid 2 200 Rapid 2
Sub/Supra Supra Sub Supra Sub Sub + Sub
Threshold Supra
Intensity 163+14% | 90% of | 100% of | 97-98% of | 90, 100, 96% of
of AMT AMT RMT AMT 110, 120, AMT
130, and
140 of
AMT
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TMS application 50 ms -60 ms 0.5-1.5s | 35-80ms | 5-35ms | 25-70 ms
Time (relative to before to +100 before after after after
stretch onset) stretch ms stretch stretch stretch stretch
Onset to Onset onset onset onset
stretch
Onset
Time of evoked -33ms -28 to -1483 to 52 to 22 to 42 to
MEP peaks +132ms -483ms 97ms 52ms 87ms
(relative to
stretch onset)
Effect on LLRa INH INH INH INH+EXC INH EXC
Results INH: with | INH: INH: with | INH: INH: EXC:
DNI TMS NINT TMS T™MS T™MS
instruction | applicati | instruction | applicatio | induced | induced
on 55— nat45ms | MEPsat | MEPs
85 ms (35-55) SLR between
prior to EXC: onset 60 and 90
LLR TMS ms after
onset applicatio stretch
n at 60ms
Average
Larger dLLR | Larger LLRa
LLRa onset: LLRa decreased
with resist | (9948 with as TMS
vs. DNI ms after | COMP vs. intensity
stretch | NINT increased
onset)

DNI, NINT: (Do) not to intervene, COMP: compensate, AMT: active motor
threshold, RMT: resting motor threshold, INH: inhibitory, EXC: excitatory, TMS:
transcranial magnetic stimulation, SLR: short-latency reflex, LLR: long-latency
response, LLRa: long-latency response amplitude, MEP: Motor evoked potential.
‘Time of evoked MEP peaks (relative to stretch onset)’ was calculated based on
the averaged MEP latency for upper extremities as 17ms [88] and lower extremities

as 32ms [89].
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1.4 Contribution of this work

This long-term goal of this research is to improve our understanding of the
neural processing of long-latency responses (LLR), specifically the contribution of
secondary pathways to long-latency responses. While previous studies utilized different
TMS signal intensity and timing protocols, there are controversial findings and scarce
data on the appropriate intensity and arrival time of TMS signal for a cortical inhibition.
Furthermore, based on the best of our knowledge, there is no prior study used
subthreshold TMS to achieve inhibition on the LLR amplitude by relying primarily on
the intracortical inhibitory effects of TMS via a silent period, with consideration of the
first 50 ms spinal and following intracortical neurophysiology of silent period
phenomenon to manipulate the TMS application timing, which was one of our main
objectives in development of our synchronized robotic TMS-EMG system. Notably, this
combination of subthreshold TMS and silent-period inhibition would be ideal to study
subcortical contributions via fMRI in a future study.

In this work, we seek to apply a subthreshold TMS signal which has been shown
to be able to activate intracortical inhibitory structures and does not elicit any
descending volleys in the corticospinal tract [82], [86]. We found this feature of
subthreshold TMS signal crucial to be considered in our work as the findings of this
thesis project will be used in our future TMS-fMRI study which, for the first time, would
be the demonstration of a successful combination of TMS and fMRI to study causality
of neural function in a distributed motor circuit, involving the primary motor cortex and
the brainstem. These methods will be enabled utilizing our novel MR-compatible TMS
device for the neuromodulation of motor circuits, which, for the first time, enables the
combination of these two methods. The application of the new methods will generate

new knowledge on the neural processing of long-latency muscle responses. Specifically,
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the identification of a causal link between neural circuits and behavior is considered one
of the most important topics of investigation of modern neuroscience [90]. Causal
knowledge on neural function is crucial to assess the ubiquitous what-if scenarios that
are so important in stroke research, such as “in absence or reduction of cortical input,
can the reticular formation positively contribute to recovery of motor function?”,

targeted with the continuation of this study.

1.5 Organization of the thesis

We present our work in two distinct parts, as outlined below:

1.5.1 Part I: Developing a synchronized method for a simultaneous TMS
stimulation and robotic perturbations which evoke LLRs from the
forearm muscles, recorded by surface EMG

In chapter 2, we present our developed method which produces TMS pulses of
controllable magnitude and timed to induce a motor-evoked response (MEP) at
controlled time delays relative to the application of robotic perturbations of the wrist

joint, while the LLRs are recorded from the muscles by surface EMG electrodes.

1.5.2 Part II: Quantifying the inhibitory effect of subthreshold TMS on the
cortical contribution to LLRs measured in the forearm muscles

In chapter 3, we present the results of our experiments on 12 young healthy
participants to validate our novel experimental setup comprising of TMS stimulation,
robotic perturbations, and surface EMG. The goal of these experiments was to identify
parameters of TMS stimulation that inhibit the contribution of the primary motor cortex

to LLRs. In this aim, we targeted the following performance metric: the amplitude and

19



delay of TMS pulse stimuli can be tuned to achieve an inhibition in LLR amplitude in
healthy participants in the forearm muscles.

In chapter 4, we present the discussion and conclusion of this project findings
on the inhibitory effects of the subthreshold TMS pulses over the motor cortex,
synchronized through our Robotic-TMS-EMG method, on the stretch-evoked LLR

amplitude measured in the forearm muscles.
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Chapter 2

DEVELOPING A SYNCHRONIZED METHOD FOR A SIMULTANEOUS
TMS STIMULATION AND ROBOTC PERTURBATIONS WHICH EVOKE
LLRs FROM THE FOREARM MUSCLES

This project contains three main dimensions of ‘Neurophysiology’,
‘Neuromechanics’, and ‘Neuromodulation’. We developed a method integrating these
three dimensions to synchronize the application of a wrist perturbation via a robot
(neuromechanics) with the acquisition of surface electromyography from forearm
muscles (neurophysiology), with the application of transcranial magnetic stimulation
pulses to the primary motor cortex (neuromodulation). These methods and equipment

are detailed in separate sections below.

2.1 Robotic perturbation system (neuromechanics)

Our group has previously developed the MR-StretchWrist, a robot capable of
applying velocity-controlled perturbations to the wrist in flexion and extension and
evoke stretch-related responses in forearm muscles (Fig. 2.1) [59]. The MR-
StretchWrist is the only MRI-compatible device that can be used to elicit velocity
controlled stretch responses enabling the study of their neural correlates using fMRI.
The MR-StretchWrist is a single degree of freedom robot designed to support
movements of the wrist about the flexion/extension axis, with a range of motion of 90
deg. The MR-StretchWrist is actuated by an ultrasonic piezoelectric motor (EN60
motor, Shinsei Motors Inc., Japan), which provides 1 Nm peak torque and 900 deg/s
peak velocity. To increase the torque output, we have employed a capstan transmission

with a 3:1 gear ratio to transfer motion from the motor to the end effector. The MR-
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StretchWrist is instrumented with a six-axis MR-compatible Force/Torque sensor (Mini
27Ti, ATI Industrial Automation, Apex, NC, and by an incremental encoder mounted
on the motor shaft (US Digital, resolution: 0.06 deg) to measure the torque and rotation,
respectively, of the wrist joint about the flexion/extension axis. The MRI compatibility

of the MR-StretchWrist has been demonstrated in prior work [59].

Figure 2.1 Exploded (above) and prototype (bottom) views of the MR- StretchWrist
robot. (1) Ultrasonic motor, (2) Output pulley, (3) Input pulley, (4)
Tensioning mechanisms, (5) Structural bearings, (6) Force/Torque Sensor,
(7) hand support. Figure is adapted from [59].

2.2 EMG acquisition (neurophysiology)
We quantified the effect of perturbations on the activity of a flexor and an
extensor muscle, the FCR (Flexor Carpi Radialis), and the ECU (Extensor Carpi
Ulnaris). Surface EMG was recorded using a 16-channel MR-compatible bipolar

amplifier (ExG, Brain Products, Munich, Germany) (Fig 2.2).
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Figure 2.2 A) BrainAmp EXG-MR amplifier. B) Placement of EMG electrodes on
the forearm muscles.

Following the same procedures used in previous work [60], after cleaning the
muscle’s skin with a 70% Isopropy! Alcohol solution, we located bipolar electrodes on
the prominence of the muscle, parallel to the muscle fiber, and then used an abrasive
Electrolyte-Gel to fill the central hole of each electrode, making sure that the contact
impedance was lower than 10 kQ. An electrode was also placed on the olecranon bone
of the elbow joint as the grounding reference. Although this grounding electrode helped
a lot with reducing the signal noise, we observed large noise in the EMG signal,
especially from the ECU muscle, which was solved with applying a notch filter of 60Hz
to the BrainVision amplifier software. Moreover, as our method included several pieces
of equipment, we had several coiled and crossed cables around the EMG amplifier,
which where one source of the observed noise as we observed a clearer signal when we
uncoiled and separated the cables from each other. Additionally, avoiding proximity of

the EMG amplifier to the power outlets was another solution that contributed to noise
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reduction. In some subjects, placing the grounding electrode on other joints like ankle,

was also helpful to reduce the noise (Fig 2.3).

Figure 2.3  Screenshots indicating two EMG recordings from the same subject during
the same session. (Top), signal with large noise at the beginning of the
acquisition session. (Bottom), signal with reduced noise obtained after
applying the notch filter and uncoiling the cables. Both EMG recordings
are on the scale of 200 pV, with signal from the FCR muscle on the top
and signal from the ECU muscle on the bottom half of the screen.
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2.3 Cortical TMS (neuromodulation)

A novel MR compatible TMS stimulation system has been used (Fig. 2.4). The
system is composed of 1) a stimulator (MagPro X100 with MagOption), 2) an MCF-
B65 Butterfly Coil and 3) an image-based navigation system that uses reflective markers
and camera to enable localization of the coil over the stimulation region. This equipment
also includes an MRI-compatible coil (MRI-B91) and camera for the inside the MRI

scanner studies. 4) Localite TMS Navigator software 3.3.6.

Figure 2.4 A) The MagPro X100 with MagOption stimulator B) The MCF-B65
Butterfly Coil, C) an image-based navigation system that includes
reflective markers placed on the subject’s forehead and a camera to enable
localization of the coil over the stimulation region.

25



2.3.1 Navigation processing

Operating the TMS system initiated with the navigation processing which
included several steps. First, we collected a high resolution T1 structural scan
(magnetization-prepared rapid acquisition with gradient echo (MPRAGE): 0.7x0.7x0.7
mm? resolution, with TR=2600ms, and TE=4.64 ms; 256 slices with a 288x288 px per
image, for a 256x288x288 mm?® image volume) of the subject’s brain, which was
acquired through the Siemens 3T Prisma MR scanner located at the University of
Delaware, Center for Biomedical and Brain Imaging (the report for the T1 structural
scan’s details is available in Appendix A). Thereafter, the scan was uploaded through
the Localite TMS Navigator software 3.3.6, followed by the ‘Brain Segmentation’
process. During the brain segmentation, the Localite software performed the skull
stripping and extraction of the brain tissue from the surrounding regions occurred. After
that, two points were set on the scan, as the ‘Target’ and ‘Entry’ points. The ‘Target’ is
determined as the point where we aimed to stimulate, and the ‘Entry’ is also determined
as the point where we aimed to localize the coil on the skull. For this study, the ‘Target’
point was set in the motor cortex area, attributed to the forearm muscles, known as
‘Motor Hot Spot’ for these muscles. The ‘Entry’ point was the point aligned to the
‘Target’ point with a ~45° angle from the mid-sagittal line, which is optimal for TMS

protocols of the cortex (Fig. 2.5) [91], [92].
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Figure 2.5 ‘Entry’ (green) and ‘Target’ (red) points were set during the navigation
processing as a guidance to localize the coil on the motor hot spot for
forearm muscles.

This step was followed by ‘Talairach definition’, through which we defined
three main cortical connector areas between the two brain hemispheres, including the

‘Anterior commissure’, ‘Posterior commissure’, and ‘cortical Falx point’ (Fig. 2.6).
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Figure 2.6  ‘Anterior commissure’ (yellow), ‘Posterior commissure’ (Pink) , and
‘cortical Falx point’ (blue) regions were set as the three main cortical
connector areas between the two brain hemispheres.

‘Subject Registration” was the last step of this navigation process, which
included ‘landmark’ and ‘surface’ registrations. In the ‘landmark registration’ step, we
defined three points of ‘Right Tragus’, ‘Left Tragus’, and ‘Nasion’ areas, in order to
navigate the system with, and register the spatial area of the subject’s skull. After
determining these points on the scan, we used a pointer to localize these regions on the
subjects’ face, along with a headband attached to the forehead of the subject. Both of
these pieces contained reflective markers, detected by the camera in front of the subject.
This step was followed by the ‘surface’ registration, which was processed by moving

the pointer side to side, front to the back, on the skull surface of the subject, until
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covering the whole skull surface and reaching at least 200 points based on the navigator
software counter (Fig. 2.7). This registration process is detailed in a tutorial video
recorded from the MagVenture’s team training sessions, in the HuRo Lab shared drive
(FSergi-001/Lab resources/Lab tutorials/TMS training session/AfternoonSession.mp4-

from 1h:39min-1h:49min).

Figure 2.7 The pointer was driven side to side on the subject’s skull surface,
indicated by the blue dots on the figure.

2.3.2 Stimulation processing

The stimulation processing started by switching to the ‘Stimulation’ mode in the
same Localite TMS Navigator software 3.3.6. Based on the determined ‘Entry’ point
and the aligned line to the ‘Target’ point in the navigation processing, an ‘Instrument

marker’ was set in order to positioning the coil over the participant’s head oriented ~45°
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from the mid-sagittal line. Subject head was also fixed with a chair-mounted brace to

avoid having to adjust coil location during the experiments (Fig 2.8).

Figure 2.8  The butterfly coil was located on the left (contralateral) motor cortex of
the subject, guided by the ‘Entry’ and ‘Target’ points, were set in the
navigation processing.

2.4 Determining the ‘‘cortical’’ motor threshold

As the initial step, through a pilot study of 7 subjects, we measured Resting
Motor Threshold (RMT) which is determined when the target muscle is at resting
condition [67]. Thereafter, Active MT (AMT) was also measured. The AMT is typically
determined during the condition when the target muscle is in a slight tonic contraction
with an approximately 20% of the maximal muscle strength [62], [67]. The AMT
indicates closely the threshold for inducing descending neural drive in the corticospinal
tract’s fast-conducting neurons, which is justifiable as the initial recruited descending
volleys can effectively discharge those spinal motoneurons with an approximate firing

threshold in an active condition [62], [67].
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To determine RMT, stimulus intensity was gradually increased from 20% MSO,
in steps of 5% MSO until TMS consistently evokes MEPs with peak-to-peak amplitudes
of >50 uV [67] in more than 5 out of 10 trials with an inter-stimulus time interval of 5
s. After that, stimulus intensity was gradually decreased in steps of 1% MSO until there
are at least 5 positive responses out of 10 trials. This stimulus intensity was then defined
as RMT. This measurement was based on the visual observation when the BrainVision
Recorder screen was set on 50 uV threshold for each muscle channel, and the MEPs
which exceeded this threshold limits (either negative or positive) was considered as
valid MEPs.

To determine AMT, instead, the threshold for the classification of an MEP was
set to 200 pV. Classifying an MEP during active contractions required extra care
compared to RMT, since TMS interferes with the subject’s ability to maintain a constant
muscle contraction with a stable muscle background EMG activity of 10-20% of
maximal voluntary contraction [62], [67], [84], [93]. In this regard, we instructed
subjects to apply 0.3 Nm background muscle activity, cued by a screen in front of them
displaying information collected via the F/T sensor embedded in the MR-StretchWrist.
The MEPs were distinguished from the background muscle activity as they followed
the TMS pulse application which could be detected both visually and via the MATLAB
analysis by considering the TMS application timepoint in the analysis. Notably, the
MEP induced during the AMT measurement was followed by a silent period (SP) on
the EMG signal (Fig 2.9).
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Figure 2.9 MEP evoked during AMT measurement from ECU muscle with a signal
intensity of 45% MSO, which was followed by a SP on the EMG signal.

2.5 Synchronization of robotic perturbations, TMS, and EMG

Synchronization between robotic perturbations and TMS has been achieved by
setting the TMS signal mode in ‘Twin’, waveform in ‘Biphasic’, and Timing control in
‘External Sequence control’ conditions. We used the biphasic TMS waveform, as this
waveform was the only option in the stimulator settings to synchronize the TMS triggers
with the EMG amplifier and the only possible waveform to be applied during the MR
scanning for our future TMS-fMRI study. Through this setting, an analog voltage signal
has been sent to the Trigger-IN port of the TMS amplifier using a real-time Quanser
model running on a Q2-USB DAQ at 1 kHz sample frequency. The same DAQ was
used to send commands to the robot triggering the perturbations. The Simulink model
which was used to generate the abovementioned signals to the TMS amplifier and the
robot from the Q2-USB DAQ is shown in Fig 2.10. This model is named as
‘MRSWControINoMRIModelTMS REGULAR’ and is available here: FSergi-

001\StudentFolders\Paria\Shareable\Paria Stim\StretchWristSoftware.
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Figure 2.10 The Simulink model which was used to generate the abovementioned
signals to the TMS amplifier and the robot from the Q2-USB DAQ.

Two other separate triggers were sent from the robot and TMS stimulator to the
trigger box of the EMG system, which were observed by separate blue and red markers,
respectively, on the EMG BrainVision Recorder software, while we were recording

EMG from the forearm muscles (Fig. 2.11 and Fig. 2.12).
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Figure 2.11 The synchronized Robot-TMS-EMG system. A Simulink model was ran
on a laptop (1) mounted in front of the subject, cuing the background
torque target, when the target was met, the control box (2), generates the
trigger cued by the logic of the Simulink model and commands the motor
of the MR-StretchWrist (3). The robot (3) implements a perturbation as
controlled by the driver in the control box. The control box also sent
triggers to the TMS stimulator (4) via the connection between the Trigger-
In cable of the TMS stimulator and the Q2-USB DAQ on the control box
(cable C), which resulted in discharge of the TMS stimulator. In order to
synchronize the TMS and perturbations with the EMG recording, both the
TMS stimulator and the control box sent triggers to the BrainVision system
trigger box (5) (via Channel 15 and 7, respectively). The TMS trigger was
sent via the Trigger-Out cable (D) and the perturbation trigger was sent via
the cable connected to the Trigger-2 port of the control box (E). The
BrainVision system trigger box then transferred both these triggers to the
EMG amplifier (6) via the cable F, connecting the trigger box to the
BrainVision system case, while recording the EMG signal from forearm
muscles.
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Figure 2.12 The functional diagram of the synchronized Robot-TMS-EMG system.
Different components and the transmitted signals are shown.

To achieve inhibition of the supraspinal components of LLRs across multiple
participants, it was important to manipulate the latency between perturbation onset and
a motor-evoked potential (MEP), measured via surface EMG, a latency labeled TL
hereafter. To manipulate Tr, after measuring the AMT of each muscle through a
simultaneous analysis during the experiment, we measured the latency between a TMS
pulse and an MEP of the determined AMT, for each individual pulses delivered 5 s
apart, which was calculated based on the difference on the EMG time points between
the time TMS triggers were received and the time of evoked MEPs peaks, and then
measured the average delay between the 10 trials, as Ti (the script used for this analysis
is available here: FSergi-001/StudentFolders/Paria/Shareable/ AMT-T1). Then, to
achieve MEP latency of TL relative to the perturbation onset, we applied a TMS pulse

at time AT=T¢.-T: (Fig. 2.13).
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Figure 2.13 Timing diagram of the TMS pulse, the robotic perturbation, and MEP
evoked on the active muscle. Ti is the latency between TMS and MEP, T
is the desired MEP latency (relative to perturbation onset), and AT is the
delay to achieve a desired TL. Following the MEP, there is a silent window
of reduced motoneuron excitability, which we expected to result in a
decrease of LLLRa measured in response to perturbations.

It is known that different values of AT will result in different inhibitory effects
on LLR amplitude. The purpose of the application of TMS is to induce a silent period,
which immediately follows the applied pulse, and lasts for roughly 150 ms [94], [95]
Current evidence on silent periods points to the fact that the inhibitory action measured
in the first 50- 80 ms after an MEP is due to inhibition of predominantly spinal circuits.
Instead, the inhibitory effect resulting more than 50 ms after the MEP is primarily due
to inhibition of cortical circuits, and specifically intracortical inhibition [94].

As such, because TMS is used in this work to generate inhibitory action on the

cortical input to motoneurons that produce the LLR, and compare it with the spinal
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inhibitory effects, we tested three values of parameter AT, including the T: (which
induced MEPs evoked at the same time as the perturbations started), Ti+20ms, and
T1+50ms. With these delay conditions, we expect the T1 delay condition to demonstrate
inhibition of both spinal and supraspinal circuits during the time window corresponding
to an LLR, while the other two delays were expected to inhibit more specifically
supraspinal circuits around the time window considered for LLRs (50 ms - 100ms from
perturbation onset). As an example, to achieve MEP arrival 20 ms before perturbation
onset, for a T1 latency of 35 ms, we would apply a TMS pulse AT=55 ms before
perturbation onset. In these conditions, the silent period would last through the entire
LLR window, inhibiting spinal circuits during the short-latency phase, and inhibiting

supraspinal circuits during the LLR phase, as desired.

2.5.1 Example of synchronized robot-EMG-TMS

The plots below (Fig. 2.14) demonstrate our synchronized method result on how
the TMS pulse with a time delay (TL) of 20ms and T of 35ms has been synchronized
with the robotic perturbations and EMG activity recording from the FCR muscle. Also,
another plot from the conditions without TMS application, for the same subject and

experiment, is illustrated.
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Figure 2.14 A) The motor-position and the normalized EMG activity recorded from

the FCR muscle in conditions without a TMS pulse. The shaded area
shows the evoked LLR activity window. B) The applied TMS trigger, the
motor-position and the normalized EMG activity recorded from the FCR
muscle for the same subject, when the TMS pulse was applied with 55ms
delay (T1(35) + TL(20) = AT= 55ms) to the robot perturbation. The shaded
area shows the inhibited LLR activity window.
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Chapter 3

QUANTIFYING THE INHIBITORY EFFECT OF SUBTHRESHOLD TMS ON
THE CORTICAL CONTRIBUTION TO LLRs MEASURED IN THE
FOREARM MUSCLES

Using the synchronized method described in the previous chapter, we quantified
the inhibitory effect of subthreshold TMS on the cortical contribution to LLRs measured
in the forearm muscles, in two groups of healthy participants, considering two levels of
stimulation intensity, and three different time delays between the application of TMS
and the velocity-controlled perturbation onset. The study design and results are detailed

in the sections below.

3.1 Materials and methods

3.1.1. Participants and study design

This study was designed to evaluate the effects of subthreshold TMS applied to
the primary motor cortex on the amplitude of long-latency responses elicited by robotic
perturbations, with the ultimate goal of identifying the combination of TMS stimulation
parameters that would maximally inhibit the supraspinal contribution to LLRs. To this
purpose, we exposed two groups of healthy participants to two TMS intensities
(between-subject factor, 90% and 95% of their active motor threshold — AMT). TMS
was applied to all participants with three different time delays, with levels T1 (which
induced MEPs at the same time as the robot perturbations started), T2 (T1+20ms, where
an MEP would be induced 20 ms sooner than the perturbation onset), and T3 (T1+50ms).
This study quantified, the effect of TMS parameters on the amplitude of LLRs recorded
through surface EMG signals from FCR muscle, which was stretched through the wrist

extension perturbations (velocity: 150 deg/s, duration: 200 ms). This experiment
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included total of 100 randomized trials with five conditions, including three time delays
(T2, T2and Ts3) conditions and two additional conditions of (TMS Off- Perturbation
(Pert) off), and (TMS Off-Pert On).

3.1.1.1 Participants

Fourteen healthy subjects (9 males, 5 females, age between 21-34 years) were
included for this experiment with 6 subjects allocated to group 1 (90%AMT) and 8
subjects to group 2 (95%AMT). Inclusion criteria were: (i) between 18 and 50 years of
age, (i) right-hand dominance, defined by the Edinburgh handedness test 44 with
outcome >48. Exclusion criteria were any neural or biomechanical impairment history
in the upper extremities, history of neurological or psychiatric impairment, or any other
contraindications to TMS, as taking the medications which lowered the seizure
threshold. All subjects provided informed written consent prior to data collection. This
study was approved by the Investigation Review Board of the University of Delaware
Protocol no. 1545543-2 (the approval document is available in Appendix B) and was

conducted in accordance with the Declaration of Helsinki.

3.1.2 Experimental procedures

In all sessions, the participant was sitting in the experiment chair, with a chair-
mounted brace fixing their head and the TMS coil was also located on their contralateral
motor cortex. The subject’s forearm was placed in the MR-StretchWrist robot. Surface
EMG activity was recorded from his FCR muscle. To both reduce the complexity of the
experimental protocol, and to increase the statistical power in quantifying the effects
TMS parameter on muscle LLRs, we have selected to quantify SEMG from only the

FCR muscle. FCR revealed clearer perturbation-related signal and robustness to noise
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in preliminary developmental steps. Via a graphical interface developed in
MATLAB/Simulink, the participant was cued to apply a background torque of 0.3 Nm
of wrist flexion, measured via the F/T sensor embedded in the MR-StretchWrist
(Mini27Ti, ATI Industrial Automation, Apex, NC). When the participant achieved a
level of torque within 0.07 Nm of the 0.3 Nm (the target value), the bar in the interface
changed color to green indicating success in achieving the cued contraction state (Fig

3.1).

Figure 3.1  Subject seated on the chair with TMS coil placed on his left motor cortex
and his right forearm placed in the hand support of robot, cued by a
graphical interface on the laptop.

3.1.2.1 Subject specific measurements
As the initial step for this experiment, we measured the AMT and T: delay

attributed to this threshold, for each subject.
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The TMS stimulation was started at 20% and increased by 10% to achieve the
lowest intensity which induced at least 5 out of 10 trials with MEPs larger than 200 pV,
with inter-stimulus interval of 5 s, which was set on the BrainVision EMG recorder
software. The participant was instructed to maintain the background torque when the
TMS stimulation was delivered and rest his forearm between different intensity
stimulations. A simultaneous signal analysis by MATLAB, was performed in order to
quantify the MEPs (larger than 200 puV) counts for different intensities (the intensities
we observed that could evoke large MEPs) and also calculate T for the AMT intensity,
which was indicated as the averaged time delay between the MEP peaks and time of
TMS pulses application (the script used for this analysis is available here: FSergi-

001\StudentFolders\Paria\Shareable\AMT-T1).

3.1.2.2 Perturbation Experiment

We conducted experiments on two groups of right-handed healthy subjects with
two intensity levels of 90% MSO for group 1 (n=6, with two repetitions for two of the
subjects), and 95% MSO for group 2 (n=7). For each group, the biphasic TMS pulses
were randomly delivered over the left motor cortex, with three different AT latency
levels equals to T1, T1+20ms, and T1+50ms. LLRs were recorded through surface
EMG signals from the FCR muscle, which was stretched through the constant velocity
ramp-and-hold extension perturbation (velocity: 150 deg/s) applied to the wrist joint.
Each condition was repeated 20 times with random sequence. Forty additional control
trials in two conditions of (TMS Off- Pert off), and (TMS Off-Pert On) were also
randomly applied to control for fluctuations in the signal arising from background
muscle activity, and to establish the LLRa in the absence of TMS pulses, respectively.

Before each perturbation, participants were cued to generate a background torque of 0.3
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Nm in wrist flexion via the graphical user interface, and to maintain this background
torque until the end of perturbation (Do not intervene condition). They were asked to

relax their muscles when the robot initiated to return as the perturbation was ended.

3.1.3 Data analysis

Processing of the raw EMG data was conducted using MATLAB code with the
similar filtering approach we used in our previous work [59]. This processing was based
on a standard pipeline including three steps of a band-pass filtering to remove high-
frequency noise and motion artifacts (4th order Butterworth filter with cut-off
frequencies 20 Hz and 250 kHz), followed by a signal rectification, and then a low-pass
filtering to extract the EMG signal’s envelope (4th order filter with cut-off frequency of
60 Hz). Prior to digitization, a 60 Hz notch filter was also enabled in the BrainVision
EMG recorder settings to reduce the signal noise. To extract the magnitude of the long-
latency response specific to each perturbation, the average signal intensity in the LLR
window ([50 100] ms after perturbation onset was calculated. All EMG measures were
divided by the average intensity of the rectified signal measured during background
within the 100-50ms before the perturbation onset (130-80ms before perturbation for T3
to make sure we avoid signal fluctuations due to the TMS effect), to allow between-
participant comparisons. To estimate the percentage reduction in the LLRa in each
condition in comparison to the TMS Off- Pert On condition, we normalized the data
based on the subtraction of the averaged LLRa for each trial per each condition from
the total averaged LLRa of the TMS Off- Pert On condition, which result then was also

divided by the total averaged LLRa of the TMS Off- Pert On condition:
[(LLRa for trial) — (Avg LLRa, TMS Off — Pert On)]

(Avg LLRa, TMS Off — Pert On)

NormLLRa =
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3.1.4 Statistical analysis

JMP Pro 15 version software was used for the statistical analysis. Statistical
analyses were conducted to identify a combination of pulse amplitude and timing that
reduced LLRa compared to the TMS Off- Pert On condition. The outlier data were
removed from the group-level and repeatability analyses to increase the accuracy, using
screening for outliers with Huber method (data were organized “by participant” so
separate outlier identification and exclusions were conducted for each participant),
which resulted in extracting 28 outliers from all data in both groups and 13 outliers from
subject 6 data in the repeatability analysis. These datapoints were removed before

normalizing the LLRa and applying the statistical model on the remaining datapoints.

3.1.4.1 Group-level analysis

Group-level analysis was performed using a linear mixed model with fixed
factors: 1) Stimulation mode — categorical variable with 5 levels: i) TMS Off, Pert Off,
il) TMS Off, Pert On, iii) TMS On (T1), Pert On, iv) TMS On (T2), Pert On and v) TMS
On (T3), Pert On, with three TL levels of 0, 20 and 50 ms, referred to as Ti, T2 and T3,
respectively, all measured during a perturbation) and 2) TMS intensity — categorical
variable with 2 levels (90% AMT and 95% AMT), and random factor “subject”. The

model was used to explain the variance in the outcome measure LLRa as:

LLRa= ao + a1 TMS mode + a2 TMS intensity+ as TMS mode* TMS intensity +
aSubject(i),

After establishing the significant effect of the ‘TMS mode’ factor and no
significant effect of “TMS intensity’ and the ‘TMS mode*TMS intensity’ interaction,
we divided the mixed model by the group (TMS intensity) and applied separate mixed

model with ‘TMS mode’ as the fixed factor and ‘subject’ as the random effect, for each
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group. These analyses were followed by the Dunnett’s test to perform post-hoc tests
while controlling for the false-positive rate associated with the multiple comparisons,

using the TMS Off, Pert On condition of each group, separately, as control conditions.

3.1.4.2 Subject-specific analysis

The Shapiro-Wilk test was used to check the normal distribution of the data.
Because individual participant data were not normally distributed, in subject-level
analysis, the Wilcoxon/Kruskal-Wallis [96] test to quantify how stimulation mode
modulated the LLRa, separately, for each participant. Thereafter, the Steel method [97]
was used as the nonparametric comparison test with a control group, which was the
subject-specific measurements obtained in the TMS Off, Pert On condition. Due to the
four post-hoc tests performed per group (comparisons to control condition), we used a

Bonferroni-corrected alfa level of 0.05/4=0.0125 to control for multiple comparisons.

3.1.4.3 Repeatability analysis

Two of the subjects (subjects 1 and 6 from groupl) were tested two times to
check for the repeatability of the results and individual-level variance. A full factorial
least square means model was used to evaluate the effects of the ‘Day’, ‘Condition’, and

their interaction on the LLRa.

3.1.5 Power analysis

Based on the effect size calculated from the previous works [82], [98], a sample
of N=12 participants was sufficiently powered to detect a significant effect at the
conventional type-I error rate (a=0.05), with desired statistical power (=0.9).
Considering an attrition rate of 20%, we recruited a larger number of participants

(N=14) which allowed interim adjustments to our protocol, as it was customary for a
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methods development aim. One subject was excluded as the desired MEPs for
measuring their AMTs were not observed during the subject-specific measurement step

of the experiment.

3.2 Results

3.2.1 Subject specific measurements results

Fourteen healthy subjects (9 males, 5 females, aged between 21-34 years) were
allocated in two groups. One subject did not induce MEPs with the desired amount and
amplitude to measure the AMT, although the coil was moved for 1 cm in the
surrounding area of the target point and the subject registration was repeated. The
Localite software also did not detect the coil properly for this subject, although it was
accurately touching the skull on the entry point and the signal line was aligned with the
entry and target points.

TMS intensity of 90% MSO was used for group 1 (n=6)- with two repetitions
for two of the subjects to check for the individual-level variance. Their first experiment
data is shown in this section (table 3.1), which was also used in the group-level analysis,
and the intensity of 95% MSO was used for group 2 (n=7). AMT and T (the averaged
time delay between application of the TMS pulses and peaks of MEPs attributed to each
subject’s AMT intensity) were measured. AMT was ranged between 23-94% MSO,
with a mean + SD of 61.54 + 21.48% MSO and T was ranged between 6-35ms with a
mean + SD of 28.15 + 7.15ms.

In group 1, AMT ranged between 49-80% of MSO (mean = SD: 59.17 +11.03),
and the applied stimulus intensity (90% of AMT) ranged between 44-72%MSO (mean
+ SD: 53.33 £ 9.91). T\ for this group ranged between 25-35 ms (mean = SD: 30.33 +
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3.44). In group 2, AMT ranged between 23-94% of MSO (mean + SD: 63.57+28.48),
and the applied stimulus (95% of AMT) ranged between 22-89% of MSO (mean + SD:
60.43 £+ 26.95). T for this group ranged between 6-33 ms (mean = SD: 26.2949.14).
Table 3.1 illustrates all subjects’ demographic data, AMT, Ti, and the calculated (90 or

95%) of the AMT applied in the experiment.

Table 3-1 Demographic and subject-specific measurement data of all subjects

Group Subject Age Sex AMT T1 %AMT
(%MSO) | (ms) | (%6MSO)
1 21 m 85 32 77
2 24 m 49 32 44
Group 1 3 24 m 54 29 49
90% AMT 4 23 f 62 35 56
(n=6) 5 21 i 56 32 50
6 28 m 54 24 49
7 28 m 23 6 22
8 34 m 30 29 29
Group 2 9 28 f 74 27 70
95% AMT 10 25 f 80 33 76
(n=7) 11 32 m 90 29 86
12 29 m 94 29 89
13 22 f 54 31 51

AMT: Active Motor Threshold, MSO: Maximum Stimulator Output, m: male,

f: female
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3.2.2 Observations from selected participants

The signal analysis plots for one subject from each group are provided in Fig.
3.2 and Fig 3.3. Specifically, Fig 3.2A demonstrates the rectified EMG signal time series
recorded from the FCR muscle of subject 4 from group 1, in all five study conditions,
followed by the plots (Fig 3.2B) of the averaged + SD of the rectified EMG signal time
series for the 20trials in each experimental condition. This subject had an AMT of 62%
MSO, and 90%AMT of 56%MSO, with a T1 of 35ms.

Steel method comparison revealed a significant reduction in LLRa for all three
TL latencies in comparison to the TMS Off-Pert On control condition, with p-value
<0.0001 for T1, and T2 (T1+20ms) conditions, and p-value= 0.0001 for T3 (T1+50ms)
condition.

Fig 3.3A demonstrated the rectified EMG signal time series recorded from the
FCR muscle of subject 12 from group 2, in all five study conditions, followed by the
plots (Fig 3.3B) of the averaged + SD of the rectified EMG signal time series for the
20trials in each experimental condition. This subject had an AMT of 94% MSO, and
95%AMT of 89%MSO, with a T1 of 29ms.

Steel method comparison with the TMS Off-Pert On condition as the control
group, for this subject also revealed reduction in LLRa for all three Tv latencies with p-
value of 0.0252 for T1, p-value of 0.0606 T2 (T1+20ms) conditions, and p-value= 0.0397

for T3 (T1+50ms) condition.
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Figure 3.2  A) plots of all experimental conditions for one subject from group 1

(90%AMT). Rectified EMG signal recorded from the FCR muscle, for 20
trials per condition, is illustrated in each plot. The shaded area is the LLR
activity on EMG signal between 50-100ms after the stretch onset. The area
under the curve within this shaded area was used as the LLRa
measurement. B) The same plots averaged + SD of the rectified EMG
signals for the 20trials in each experimental condition is shown. The pink
areas are attributed to the + SD.
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Figure 3.3 A) plots of all experimental conditions for one subject from group 2
(95%AMT). Rectified EMG signal recorded from the FCR muscle, for 20
trials per condition, is illustrated in each plot. The shaded area is the LLR
activity on EMG signal between 50-100ms after the stretch onset. The area
under the curve within this shaded area was used as the LLRa
measurement. B) The same plots averaged = SD of the rectified EMG
signals for the 20trials in each experimental condition is shown. The pink
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3.2.3 Group-level analysis

Mixed model analysis revealed that factor ‘condition’ significantly modulated
the LLRa (p<0.001). However, the factor ‘group’ (p=0.751) and the interaction between
factors ‘group’ and ‘condition’ (p=0.097) didn’t modulate the LLRa significantly.

Dunnett’s test sets upper and lower decision limits (UDL and LDL, respectively)
based on the control value were used to perform post-hoc tests using the TMS Off, Pert
On control condition. In all post-hoc tests, an inhibitory effect of TMS intensity at 90%
AMT was established at all T. latencies on the LLRa, with the T1 resulting in a 14.1%
reduction that was not significant (p=0.102), T2 and T3 resulted in a significant reduction
of 20.3% (p=0.008), and 22.8 % (p=0.002), respectively. Background muscle activity
(TMS Off- Pert Off) condition was substantially lower than all other conditions,
indicating the capability of eliciting LLRs via robotic perturbations both in presence and

in absence of TMS. Dunnett’s test results are illustrated in Table 3.2.

Table 3-2 Dunnett’s test results with TMS Off- Pert On, group 1, control condition

Condition Group LLRa Adjusted Adjusted Adjusted
reduction (%) Lower 95% Upper 95%  P-value

T1 1 -0.140794 -0.300845 0.019256 0.1022

T2 1 -0.202520 -0.362585 -0.042454

T3 1 -0.227653 -0.387682 -0.067625

T off-P off 1 -0.539132 -0.699152 -0.379112
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Based on the Dunnett’s test post-hoc tests, a significant inhibitory effect of TMS
intensity at 95%AMT was established at the T2 latency on the LLRa, with 15.1 %
reduction (p=0.017), as well as Ts condition which resulted in the largest reduction in
LLRa across both groups, equal to 25.3% (p<0.001), on the LLRa. However, T1 resulted
in non-significant 3.5% increase (p=0.912). Background muscle activity (TMS Off-Pert
Off) condition was significantly lower than all other conditions. Dunnett’s test results

are illustrated in Table 3.3.

Table 3-3 Dunnett’s test results with TMS Off- Pert On, group 2, control condition

Condition  Group LLRa Adjusted Adjusted Adjusted
reduction (%) Lower 95% Upper 95%  P-value

T1 2 0.034737 -0.094619 0.164094 0.9117

T2 2 -0.150966 -0.280786 -0.021145

T3 2 -0.253056 -0.382168 -0.123945

T off-P off 2 -0.547737 -0.676621 -0.418854

The mixed model analysis also revealed a between group comparison, which
demonstrated a significant different in the LLRa modulation for T1 condition between
the groups (p= 0.035); however, the LLRa reduction for T2 and T3 conditions were not
significantly different between the two study groups (p=0.536 and p=0.760,
respectively).

The results of the group-level analysis are summarized in Fig. 3.4, which
includes the least square means of LLRa in comparison to each group’s TMS Off- Pert
On condition with the significant modulations denoted by the asterisks, based on the

Dunnett’s test results.
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Figure 3.4 Least square means plots. Each group five experimental conditions
compared by its TMS off-Pert On condition (bars indicate the standard
errors). The asterisks denote the significant results based on the Dunnett’s
test results.

3.2.4 Subject-level analysis

Via analysis of the subject-specific Wilcoxon/Kruskal-Wallis tests and post-hoc
comparisons conducted via the Steel’s method, we established that a significant
reduction in LLRa was measured in several conditions in both groups. Specifically, the
T1 condition significantly reduced LLRa in 2/6 participants exposed to the 90% AMT
condition and in 1/7 participants exposed to the 95% AMT condition. The T2 condition
significantly reduced LLRa in 4/6 participants exposed to the 90% AMT condition and

in 2/7 participants exposed to the 95% AMT condition. Moreover, the T3z condition
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significantly reduced LLRa in 5/6 participants exposed to the 90% AMT condition and
in 3/7 participants exposed to the 95% AMT condition.

In group 1, for T1 condition, the LLRa changes with a range of -0.870-10.413
(meantSD = -0.199+1.031, median= -0.0481), for T2 and T3 conditions, the LLRa
changes with a range of -0.880-2.746 (mean£SD = -0.355+0.586, median= -0.0588),
and -0.890-6.646 (mean+SD= -0.347+0.754, median= -0.0577), respectively. In group
2, for Ti condition, the LLRa changes with a range of -0.772-3.946 (meanzSD =
0.028+0.638, median= -0.0105), for T2and Ts conditions, the LLRa changes with a
range of -0.887-6.652 (mean+SD = -0.083+0.895, median=-0.0361), and -0.886-2.077
(meantSD = -0.287+£0.542 median= -0.491), respectively. The plots below
demonstrated the compacted boxplots of the LLRa for all the subjects in each group for
three TMS application time delays conditions, with the asterisk based on the p-values
revealed from the Steel method comparisons with controlling for each group’s TMS

Off- Pert On condition (Figure 3.5 and Figure 3.6).
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Figure 3.5 The plots for distribution of LLRa for all the subjects in group 1, for three
TMS application time delays conditions. Each line shows the range with
the bolded region indicates the inter quartiles range centered on the
median. The asterisks denote significant results based on the Steel’s
method multiple comparisons test with an adjusted p-value<0.0125 and
gray asterisks denote significant results at p <0.05. The bars with the same
colors are for the same subjects (repetitions). Subj 5 in Ti, Subj 1
(repetitionl) and Subj 3 in T3 had p-values <0.05 (but >0.0125).
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Figure 3.6 The plots for distribution of LLRa for all the subjects in group 2, for three
TMS application time delays conditions. Each line shows the range with
the bolded region indicates the inter quartiles range centered on the
median. The asterisks denote significant results based on the Steel’s
method multiple comparisons test (p<0.0125) and gray asterisks denote
significant results at p <0.05. Subj 6 in T1and T3 had p-value <0.05 (but
>0.0125).
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3.2.5 Repeatability analysis

The experiment was repeated for subject 1 and subject 6 of group 1 to check for
the repeatability of the results and individual-level variance. The full factorial least
square means model revealed significant modulation of the LLRa with different
experimental conditions (p <0.001 for both participants). The day (repetition) and the
interaction between the day and condition didn’t modulate the LLRa for subject 1 (p =
0.97 and 0.55, respectively); however, the model revealed significant effects of both the
day (p <0.001) and the interaction between the day and condition (p = 0.002) for subject
6, with a greater significant reduction in LLRa in Tz and Ts conditions (p<0.001 and

p=0.032, respectively).
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Figure 3.7 Least square means plot for two experiment repetitions for subject 6. A
significant reduction in LLRa was measured in day 2 compared to day 1
of the experiment.
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Chapter 4

CONCLUSIONS

4.1 Major findings

This thesis work findings demonstrated that a subthreshold TMS signal
delivered over the motor cortex can modulate the amplitude of the stretch-evoked
muscle responses evoked from the wrist flexor muscle. In line with the previous studies
which utilized TMS to study the neural substrates of LLR [78]-[84], our study also
showed that TMS can modulate the LLR amplitude in different ways depending on the
TMS signal intensity and arrival time based on the EMG activity period.

Findings showed an inhibitory effect of TMS intensity of 90%AMT with all T
latencies on the LLRa, while T1, the condition that MEPSs occurred at the same time with
the stretch (perturbation) onset, resulted in a non-significant 14.1% reduction (p=0.102),
T2 (T1+ 20ms) and T3 (T1+ 50ms) resulted in a significant reduction of 20.3% (p=0.008),
and 22.8 % (p=0.002), respectively. While in the other group, as the TMS signal was
delivered with 95%AMT intensity, a significant inhibitory modulation of LLRa was
observed with Tslatency condition, which resulted in 25.3% reduction (p<0.001), in the
LLRa. T2 condition also resulted in inhibitory effect with 15.1% reduction (p=0.017) in
the LLRa. Instead, T1 condition revealed a non-significant 3.5% excitatory effect

(p=0.912), on the LLRa.
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Several previous studies targeting the effects of subthreshold TMS on LLR
reported non-coherent excitatory and inhibitory effects of subthreshold TMS on the
LLR amplitude, but agreed that there was a significant effect of TMS pulse timing on
whether the effect would be facilitatory or excitatory [78], [80], [82], [84]. Specifically,
Doornik et al., 2004 [82], showed that the TMS signal with 90% of AMT over the motor
cortex had an inhibitory effect, averaged around 38%, on the LLRa evoked from the
tibialis anterior muscle, when TMS was administrated 55-85 ms prior to LLR onset.
Notably, in that study LLR onset was 9948 ms after the stretch (plantar flexion) of the
ankle joint. Hence, the TMS was applied around 15-45ms after the stretch onset.

On the other hand, another study in 2004 [80], reported a reduction in the LLR
amplitude while TMS signal over the motor cortex was timed to induce an MEP at the
SLR onset ( averaged 22.4+3.1 ms after the stretch onset) of the EMG activity, which
was recorded from the FCR muscle. This inhibition was increased as the TMS signal
increased from 90% to 140% AMT. Moreover, two other studies also evaluated how a
subthreshold TMS signal over the motor cortex would modulate the LLRa evoked from
FCR muscle when the extension perturbations were applied on the wrist joint [78], [84].
Ruit et al., in 2011 [84], observed a significant 20% excitatory and inhibitory effects of
a subthreshold TMS signal 2-3% below the AMT on the FCR LLRa. Signals which
arrived within 35 to 55 ms (average of 45 ms) after the stretch onset inhibited the LLRa,
while signals with averaged arrival time of 60 ms after the stretch onset, excited the
LLRa. The other study in 2015 [78], reported no inhibitory, but excitatory effects of a
subthreshold TMS signal with an intensity of 96% below the AMT on the LLRa evoked

from FCR muscle. These authors also found that the TMS pulses which were timed to
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evoke MEPs within 60 to 90 ms after the stretch onset substantially augmented the FCR
evoked LLR activity.

It is noteworthy to mention that the silent period which follows the excitatory
motor evoked potential, has a various neurophysiology substrate. Importantly, the first
50 ms is widely considered to be induced due to the spinal inhibitory network, via
mechanisms such as following of the hyperpolarization of the motoneurons and
recurrent inhibition, but the further section of the silent period is assumed to be due to
supraspinal inhibition [71]—-[75]. This prolonged loss in the motor cortical output is
resulted due to the activation of long-lasting GABA(B) mediated inhibition via the TMS
[76], [77]. Therefore, the previous studies which applied the TMS signals after the
stretch onset likely modulated the LLRa through the spinal circuits, and not supraspinal
and intracortical pathways. Furthermore, based on the best of our knowledge, there is
no prior study used subthreshold TMS to achieve inhibition on the LLR amplitude by
relying primarily on the intracortical inhibitory effects of TMS via a silent period, with
consideration of the first 50 ms spinal and following intracortical neurophysiology of
silent period phenomenon to manipulate the TMS application timing, which was one of
our main objectives in development of our synchronized robotic TMS-EMG system.
Notably, this combination of subthreshold TMS and silent-period inhibition would be
ideal to study subcortical contributions via fMRI in a future study.

In summary, our results identified two conditions (T2 and T3) that induced a
significant inhibition of LLR activity in both groups, but no significant difference
between groups was measured for any TMS delay levels inducing significant inhibition.
Moreover, the TMS application timed to evoke MEPs 50ms before the stretch onset

(condition T3) was found to have a greater inhibitory effect on the LLRa in both groups,
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with both the 90% and 95% subthreshold TMS intensity. Given the known first 50ms
spinal and following intracortical neurophysiology of silent period phenomenon, this
time delay likely inhibited the intracortical pathways contributed to the LLLRa, which is
a crucial finding to be applied for our future TMS-fMRI study, with the aim of
understanding and measuring the contribution of secondary pathways mainly RST to

the long-latency responses.

4.2 Future study

This thesis findings showed the inhibitory effect of a subthreshold TMS signal
on the LLRa, which has been shown to be able to activate intracortical inhibitory
structures and does not elicit any descending volleys in the corticospinal tract [82], [86].
We found this feature of subthreshold TMS signal very crucial to be considered in our
work as the findings of this thesis project will be used in our future TMS-fMRI study
which, for the first time, would be the demonstration of a successful combination of
TMS and fMRI to study causality of neural function in a distributed motor circuit,
involving the primary motor cortex and the brainstem. These methods will be enabled
utilizing our novel MR-compatible TMS device for the neuromodulation of motor
circuits, which, for the first time, enables the combination of these two methods. The
application of the new methods will generate new knowledge on the neural processing
of long-latency muscle responses. Specifically, the identification of a causal link
between neural circuits and behavior is considered one of the most important topics of

investigation of modern neuroscience [90].
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