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ABSTRACT 

The primary somatosensory cortex (SI) and primary motor cortex (M1) receive 

somatosensory afferent input to influence motor hand circuitry and control. Much of the 

literature has investigated this relationship extensively using animal models.  In contrast, 

much of these relationships and neural mechanisms are still not well understood in 

humans. The present work investigated homosynaptic and hetersynaptic protocol’s 

modulatory effects on SI and M1 sensorimotor circuitry. Experiment 1 used the 

homosynaptic protocol continuous theta-burst stimulation (cTBS) over SI and M1 and 

measured motor evoked potentials (MEP) and short-latency afferent inhibition (SAI). 

CTBS over M1 suppressed MEPs and did not alter SAI.  In contrast, cTBS over SI 

facilitated MEPs and decreased median and digital nerve evoked SAI. Experiment 2 used 

the heterosynaptic protocol rapid-rate paired associative stimulation (rPAS) on SI and 

M1. SAI and MEPs were measured to investigate the sensorimotor changes following 

rPAS.  Results indicated minimal decreases in SAI but increases in MEPs following SI 

rPAS. However, M1 rPAS lead to significant reductions in SAI and increased MEPs. The 

findings from this thesis highlight the selective modulation of sensorimotor circuitry 

through the use of various stimulation protocols. 
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CHAPTER 1: GOAL OF THESIS 

Introduction 

 Somatosensory afferent input is important for the control of movement and motor 

learning. Research in non-human primates have investigated the physiological (Lemon 

1981) and behavioural significance (Johansson & Westling 1984) of somatosensory 

afferent processing in motor behaviour. For example, a lesion to the primary 

somatosensory cortex (SI) impairs the primate’s ability to learn complex motor tasks 

(Pavlides et al., 1993). However, there is much that remains unknown about 

somatosensory afferent input and its influence in human hand control. Anatomically SI 

and the primary motor cortex (M1) separated by the central sulcus, are known to have 

reciprocal connections (Jones et al., 1978). All areas of SI project to M1 with the 

exception of Brodmann’s Area 3b (Vogt & Pandya 1978). Tetanic stimulation of SI leads 

to long-term potentiation (LTP) of M1.  

Further knowledge of how SI and M1 modulate sensorimotor circuitry may provide 

insight in somatosensory afferent processing within the context of movement. Short-

latency afferent inhibition (SAI) is a sensorimotor neural circuit that involves the pairing 

of peripheral nerve stimulation and transcranial magnetic stimulation (TMS) (Tokimura et 

al., 2000). SAI has been investigated in a number of clinical populations (ie. Alzheimer’s 

disease) (Di Lazzaro et al., 2002) and typical healthy population (Classen et al., 2000). 

Understanding the neural mechanisms and modulation of SAI is one method to explore 

how somatosensory afferent information influences the neural circuitry within SI and M1. 
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Sensorimotor cortex may be modulated using homosynaptic and heterosynaptic 

plasticity protocols. One example of a homosynaptic protocol is continuous theta-burst 

stimulation (cTBS), which uses bursts of TMS to modulate cortical excitability. In 

contrast, heterosynaptic protocols like rapid-rate paired associative stimulation (rPAS) 

modulate cortical excitability using somatosensory peripheral nerve stimulation and 

cortical stimulation from TMS. The precise timing of the two inputs induces spike-timing 

dependent plasticity (STDP). The investigation of various protocols like cTBS and rPAS 

over sensorimotor cortex may allow for selective modulation of neural circuitry. 

Goals of Thesis 

 The goal of the thesis is to investigate how M1 and SI influence early 

sensorimotor integration as measured via SAI. To achieve this goal, two non-invasive 

techniques called continuous theta-burst stimulation (cTBS) and rapid-rate paired 

associative stimulation (rPAS) were used to modulate M1 and SI in order to further 

understand how these two cortical areas influence SAI.  In addition to SAI, motor evoked 

potentials (MEP) elicited by single-pulse TMS were used as a measure of net 

corticospinal excitability. Collectively, the studies in this thesis provided new information 

about the mechanisms by which somatosensory afferent input and cortex influences 

motor output directed to muscles in the hand. Further, the data obtained from this thesis 

may be used for developing new therapeutic approaches to alter SAI and/or MEP 

amplitude in clinical populations. In summary, the research thesis will contribute to the 

understanding of sensory control of the hand and will provide new neuroscience 
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techniques for modulating a measure of sensorimotor integration and corticospinal output 

to muscles of the hand. 

  



M.Sc. Thesis –Tsang, P                        McMaster University- Kinesiology 

4 
 

Summary of Experiments 

Experiment 1: Continuous theta-burst stimulation over primary somatosensory 

cortex modulates short-latency afferent inhibition 

Experiment 1 investigated the effects of cTBS over SI and M1 on MEPs and SAI.  

MEPs and SAI were recorded from the first dorsal interosseous (FDI) muscle of the right 

hand before and following 30 Hz cTBS over left-hemisphere SI and M1. CTBS over M1 

suppressed MEPs and did not alter SAI.  In contrast, cTBS over SI facilitated MEPs and 

decreased median and digital nerve evoked SAI.  

Experiment 2: Effects of Rapid-rate Paired Associative Stimulation (rPAS) on 

Sensorimotor Circuitry   

Experiment 2 investigated effects of rPAS applied over primary somatosensory 

cortex (SI) and its effects on SAI.  This was done by repeated pairing of median nerve 

stimulation and TMS applied over SI at 5Hz. MEPs and SAI were measured from the 

abductor pollicus brevis (APB) before and following rPAS over left-hemisphere M1 and 

SI. Results indicated minimal decreases in SAI following SI rPAS. In contrast, M1 rPAS 

lead to significant reductions in SAI at 45 minutes following stimulation. MEPs were 

increased following both M1 and SI rPAS. 
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CHAPTER 2: LITERATURE REVIEW 

Somatosensory Afferent and Motor Efferent Pathways 

Anatomy and Physiology of Somatosensory Transmission 

Somatosensory processing begins with several nerve endings including 

mechanoreceptors, golgi tendon organs, muscle spindle fibres, and joint receptors 

(Kandel et al., 2000). These nerve endings generate potentials that are transmitted to the 

peripheral nerves which then synapse with the dorsal horn of the spinal cord. These 

potentials then travel superiorly through the dorsal column of the spine where once they 

reach the lower medulla and synapse at the nucleus cuneatus. Second order afferent fibres 

decussate and ascend via medial lemniscus to terminate at the thalamus where it is further 

processed by the ventral posterior nuclei (VP). However, the superior aspect of the VP 

primarily relays proprioceptive inputs and the inferior aspect relays tactile information 

(Kaas 1993). Finally, these thalamocortical projections are the third order afferent fibres 

that extend to the respective areas of SI.  

Pyramidal neurons within SI have elongated structures to form the anatomical 

boundaries of vertical columns (Kaas 1993). Theses cortical columns contribute to the 

somatotopic mapping of SI. Representations of the body are arranged inferior to superior 

with the superior aspects more lateral to the inferior segments. Each cortical area of SI 

(Brodmann’s areas 1, 2, 3a, and 3b) contain distinct somatotopic maps (Kaas et al., 1979). 

Cutaneous inputs are received in area 3b and project to area 1(Friedman et al., 2008). 
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Proprioceptive inputs are received in area 3a (Iwamura et al., 1993) and project to areas 1 

and 2.  

Anatomy and Physiology of Motor Efferent Pathway 

Several descending pathways contribute to human motor control (ie. reticulospinal 

pathway, rubrospinal pathway, vestibulospinal). However, I will primarily focus on the 

corticospinal tract (CST) as this is the pathway that contributes most to upper extremity 

control. The CST has been extensively reviewed by several investigators  (Dum & Strick 

2002; Lemon 2008) and originates from several cortical areas including the premotor 

cortex, supplementary motor area (SMA), and cingulate motor areas. However, ~40% of 

the projections from the CST originate from M1 (Dum & Strick 2002). Large betz cells 

(pyramidal) in cortical layer V form the descending tracts which synapse and interact 

with spinal interneurons and motoneurons. It is interesting to note that only M1 has tracts 

which extend to laminae IX of the spinal cord and directly activate spinal motor neurons. 

Though motor output is the major function of M1 and the CST, these pathways contribute 

to other functions such as inhibition of sensory fibres (Canedo 1997) and control of spinal 

reflexes (Pierrot-Deseilligny & Burke 2005).  

In contrast to Penfield’s original model, we know now that M1 is not simply a 

somatotopic mapped motor strip. Particularly in the hand and forearm regions, M1 is 

found to have many overlapping representations of muscles and body parts (Sanes et al., 

1995). Further investigation of M1 has revealed its control in movement kinematics 

(direction and speed) and kinetics (force) (Kandel et al., 2000). Neurons within M1appear 
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to have a preferred direction as it will discharge to a greater or lesser degree depending on 

the movement vector. Movement vectors are specific discharge rates that neural 

populations within M1 output based on a direction. Aside from specific vectors, several 

intracortical and cortico-cortical mechanisms may also modulate M1 activity as this is a 

central area to motor learning (Kandel et al., 2000).        

SI and M1 Connectivity 

Aside from area 3b, all other areas of SI have projections to M1. Inversely, M1 

also has projections to the dorsal column nuclei and areas 1 and 2 of SI (Canedo 1997; 

Jones et al., 1978). These reciprocal projections between M1 and SI have physiological 

and behavioural implications for the sensorimotor system. In cats, stimulation of area 3a 

leads to increases in excitatory post-synaptic potentials within M1 (Zarzecki et al., 1978). 

Similarly, tetanic stimulation of SI leads to long-term potentiation of M1 (Iriki et al., 

1989). These physiological mechanisms may be pertinent to motor learning as ablation of 

SI in non-human primates impairs the acquisition phase of a novel movement but not the 

retention phase (Pavlides et al., 1993). Also, the cooling of area 2 leads to uncoordinated 

ataxic-like movements, which dissipate once SI is warmed again (Brinkman et al., 1985). 

Finally, increased plastic changes within SI areas have been speculated as underlying 

mechanisms for movement disorders like focal hand dystonia (FHD) (Baumer et al., 

2007; Byl et al., 1997; Tamura et al., 2008). 
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Nerve Stimulation to Investigate Neurophysiological Measurements 

 Nerve Stimulation 

Peripheral nerve stimulation is the stimulation of the axon of a nerve due to the 

migration of electrons and ions (Rattay 1990). An artificial electrical circuit is created 

using electrodes with two components: the cathode (electron donor) and the anode 

(electron acceptor). The flow of electrons from the anode to cathode creates an electrical 

field within the tissue medium leading to a migration of electrons, which at high enough 

intensities depolarizes the axon of the neuron. Biphasic electrical stimulations are 

preferred over monophasic stimulations as monophasic pulses may lead to charge 

accumulation (Rattay 1990). The initial phase of the bipolar stimulus evokes the action 

potential whereas the subsequent phase reverses the electrochemical processes rapidly via 

hyperpolarization.  

With suprathreshold stimulation of a peripheral nerve (ie. median nerve), axonal 

depolarization leads to an action potential which travels both away from and towards the 

cell body (Lipski 1981). Both motor responses can be recorded through 

electromyography. The response away from the cell body in a motor neuron can be 

recorded from the target muscle fibres and is known as the M-response (M-Wave). In 

contrast, the response travelling back to the soma leads to a second action potential which 

is propagated away from the cell body along the axon where a later F-response (F-wave) 

can be recorded. F-waves have been used extensively in neurophysiology to investigate 

nerve conduction velocities and motor neuron excitability (Fisher 2002). However, F-
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wave measurements are not as sensitive to changes in spinal motor neuron excitability as 

the alternative technique known as the H-reflex (Hultborn & Nielsen 1995). These 

differences in sensitivity can be experimentally observed when using heteronymous Ia 

facilitation of the femoral motoneuron. Changes in spinal excitability were much more 

pronounced when H-reflexes were recorded in the soleus muscle in comparison to the F-

waves recorded.    

Hoffman Reflex (H-Reflex) 

The Hoffman reflex (H-reflex) is evoked by electrically stimulating Ia afferent 

fibres in the lower or upper limb which synapse to alpha motor neurons activating the 

associated muscles (Schieppati 1987). H-reflex is measured as a late potential to the M-

response. In response to higher nerve stimulation intensities, both M-wave and H-reflex 

increase. However, the initial increase in H-reflex is followed by a decrease due to the 

collision of the antidromic volley (Schieppati 1987). H-reflex amplitudes can be 

normalized to the maximal M-wave, where the ratio is used as an indicator of the 

excitability of spinal motor neurons (Fisher 2002). 

 Though H-reflexes are a more sensitive measurement to changes in spinal motor 

neuron excitability compared to F-waves, there are still several methodological 

limitations. For instance, H-reflexes are also a measurement of the Ia-afferent synapses 

and the inhibitory mechanisms modulating it (Hultborn & Nielsen 1995). Also, it is not 

definite that the H-reflex is purely monosynaptic and does not involve oligosynaptic 

inhibition via Renshaw cells which may influence the excitability of the motorneurons. 
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Finally, H-reflexes are commonly evoked in the lower extremity and forearm muscles but 

are difficult to evoke in the hand muscles (Hultborn & Nielsen 1995). 

Somatosensory Evoked Potentials (SEP) 

Somatosensory evoked potentials (SEP) are event related potentials recorded 

using surface electroencephalography (EEG) electrodes. SEPs are generated via 

somatosensory stimulation (ie. median nerve stimulation) which activates afferent 

pathways recruiting subcortical structures, regions of the cerebellum, and regions of the 

cerebral cortex (Allison et al., 1991). Polarity and latency are the factors frequently used 

in the nomenclature of specific potentials (ie. P25 represents a positive potential at 25 

ms). When the median nerve is stimulated and potentials are recorded on the scalp surface 

overlying SI, the N20 and P25 potentials are generated by the pyramidal neurons of area 

3b (Allison et al., 1989). The N20 has been used as reference of the latency required for 

the afferent volley from the median nerve stimulation to reach the cortex (Allison et al., 

1989). The peak-to-peak amplitude of SEPs are recorded to measure the excitability of SI 

pyramidal neurons (Enomoto et al., 2001). 

Similar to short-latency SEP, paired-pulse inhibition can be used to assess cortical 

changes in excitability. When two median nerve stimulations are applied in succession 

with ISIs of ~30ms, decreases in second SEP amplitude can be observed in the N20-P25 

potentials (Shagass & Schwartz 1964). Paired-pulse SEPs have been used as measures of 

changes in cortical excitability and cortical plasticity following interventions like 5Hz 

rTMS (Ragert et al., 2003) and tactile co-activation (Hoffken et al., 2007).     
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Transcranial Magnetic Stimulation (TMS) Techniques to Investigate 

Sensorimotor Circuits 

Introduction to TMS 

Transcranial magnetic stimulation (TMS) is a non-invasive means of stimulating 

the human cortex and was initially introduced by Barker et al. (1985). TMS works 

through Faraday's principle of electromagnetic induction (Kobayashi & Pascual-Leone 

2003). A rapid current is passed through the conductive coil and produces a magnetic 

field perpendicular to the coil. When the coil is placed tangentially to the scalp the 

magnetic field can pass the cranium and induce a secondary current parallel to the 

cranium. With sufficient charge and temporal summation within, the stimulated neurons 

via TMS create an action potential (Hallett 2007). TMS can be applied over various 

cortical regions but the area most commonly investigated is the primary motor cortex 

(M1). When a powerful enough pulse is applied over M1 a number of descending volleys 

are produced (Di Lazzaro et al., 2004). A summation of descending volleys may 

depolarize the spinal motoneurons, where an action potential can activate the target 

muscle and be recorded through electromyography. This is known as a motor evoked 

potential (MEP) (Di Lazzaro et al., 2004). The peak-to-peak amplitude of MEPs can be a 

used as indicators of the net excitability of the corticospinal tract (Hallett 2007). MEPs 

involve several groups of cortical cells and also spinal neurons, therefore increases in 

MEP amplitude may not be a direct indicator of increased cortical excitability (Petersen et 

al., 2003).  
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TMS is a unique tool for investigating neuronal excitability as the technique 

targets specific populations of neurons. The recruitment of corticospinal neurons differs 

between TMS and transcranial electrical stimulation (TES). TES is shown to activate 

corticospinal tract through direct activation of the pyramidal neurons. However, TMS 

activates M1 primarily through transsynaptic activation of the pyramidal tract. This was 

examined in detail by Di Lazzaro et al. (2004) where descending spinal volleys were 

recorded with spinal cord stimulators in patients with lumbar pain. The latencies of the 

spinal volleys were compared using TES and also different TMS orientations, intensities 

and type. Initial descending volleys were observed at 2-2.6 ms latency when applying 

anodal stimulation to M1 and were termed as the D-wave. The D-wave is believed to be 

direct activation of the pyramidal tract axons (Di Lazzaro et al., 2004). Following the D-

wave, subsequent volleys with periodicity around 1.5 ms afterwards were termed as the 

indirect wave (I1-wave) generated via interneurons which are believed to synapse and 

excite the pyramidal neurons. Varying coil orientations produce different descending 

Figure 1. TMS Magnetic Induction 
TMS uses Faraday's Principle of Magnetic Induction to depolarize neurons. 

(Adapted from Hallett, 2007) 
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volley latencies. Coil orientations which produce a posterior-anterior current, anterior-

posterior current, lateral-medial current in the cortex leads to spinal volleys of  I1-wave, 

I3-wave (3 ms after I1), and D-wave, respectively(Di Lazzaro et al., 2004). At higher 

intensities of TMS stimulation, recruitment of D-wave is observed followed by 

subsequent I-waves. Though the cortical origins of I-waves are not completely known, it 

is speculated that these interneurons reside in layers II/III of the motor cortex and 

transsynaptically active the corticospinal output neurons of M1’s layer V (Di, V et al., 

2012). 

A computerized model of the cortex provides comprehensive understanding of the 

physical structures stimulated by TMS. Past investigations proposed that the activation of 

the horizontal fibres is along the crown of the gyrus; these fibres then terminate to vertical 

fibres which are a few millimetres deep to the crown of the gyrus (Silva et al., 2008). This 

heterogeneous model concurs with the previously proposed models where horizontal 

fibres are initially activated by TMS and subsequently activate the pyramidal tracts 

transsynaptically. It is important that there is continual investigation regarding the neural 

populations that TMS activates as these findings enable further understanding of neural 

mechanisms (ie. intracortical circuits, cortico-cortical connections, afferent inhibition). 

Motor Threshold 

Each individual subject and target muscle responds differently to TMS. Due to this 

variability of response to TMS, thresholds are usually measured for each individual 

(Wassermann et al., 2008). Motor thresholds are believed to reflect the membrane 
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excitability of corticospinal neurons and interneurons of the cortex (Kobayashi & 

Pascual-Leone 2003). More importantly, motor thresholds essentially provide an indicator 

of the efficacy of the chain of activation from the cortical neuronal membrane all the way 

to the muscle.  

 Motor threshold can be measured at rest and with tonic contraction. Resting motor 

threshold (RMT) is defined as the intensity required to evoke a 50 µV MEP in 5 out of 10 

trials (Rossini et al. 1994). Motor threshold measured whilst there is tonic contraction of 

the target muscle is known as active motor threshold (AMT). AMT is usually the 

intensity required to evoke a 200 µV MEP in 5 out of 10 trials (Rossi et al., 2009). 

Submaximal activation of target muscles has been speculated to decrease MEP variability 

(Darling et al., 2006).  

Short-latency Afferent Inhibition (SAI) 

One common technique to investigate sensorimotor integration via TMS is by 

pairing it with peripheral nerve stimulation of a mixed (ie. median nerve) or cutaneous 

(ie. digital nerve) nerve. A single TMS pulse preceded by peripheral nerve stimulation 

~20-28 ms may lead to a decrease in MEP amplitude; this phenomenon is known as 

short-latency afferent inhibition (SAI) (Tokimura et al., 2000). The specific interstimulus 

interval (ISI) accounts for the amount of time required for the afferent information to 

reach M1. The greatest degree of inhibition is observed approximately 2-4 ms after the 

arrival of afferent information to SI (Tokimura et al., 2000). SAI is believed to be 

cortically mediated by central cholinergic activity (Di Lazzaro et al., 2000) but is also 
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modulated by other neurotransmitters such as GABAA (Di, V et al., 2005).The degree of 

inhibition in SAI is somatotopically dependent. Contiguous digits require lower intensity 

of stimulation to induce SAI and also retain a longer inhibitory effect in comparison to 

non-contiguous digits (Tamburin et al., 2001). Also, mixed nerve stimulation of 

homotopic muscles versus heterotopic muscles leads to stronger inhibition (Classen et al., 

2000). However, in contrast to previous findings, similar degrees of inhibition with 

homotopic and heterotopic muscles in SAI have been observed (Fischer & Orth 2011). 

 

The degree of inhibition observed in SAI can be modulated via motor or sensory 

tasks. During selective finger movement, SAI is decreased in the muscle that is moving 

but not in the surrounding muscles (Voller et al., 2006). Similarly, a decrease in SAI is 

also seen prior to finger movement (Asmussen et al., 2013). Depending on the pre-

movement phase, SAI modulation may be cortically or spinally mediated (Asmussen et 

Figure 2. SAI Experimental setup 
Experimental setup of SAI induced via TMS and median nerve stimulation 
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al., 2013). However, a sensory task that requires spatial attention leads to increases in SAI 

(Kotb et al., 2005). 

Repetitive Transcranial Magnetic Stimulation (rTMS) 

Transcranial magnetic stimulation has the ability to cause transient changes in 

cortical excitability when used in repetitive bouts. With high frequency stimulation 

(>5Hz) over the primary motor cortex a facilitation effect occurs as measured by MEPs 

(Pascual-Leone et al., 1994); on the other hand low frequency stimulation (<1Hz)  usually 

causes an inhibitory effect (Chen et al., 1997); these paradigms are termed repetitive 

TMS (rTMS). Duration of stimulation may also influence the magnitude of modulation 

and duration of rTMS effects (Peinemann et al., 2004). RTMS can also lead to sensory 

changes when applied to the sensorimotor cortex. Low frequency rTMS to M1 leads to 

decreases in SEPs, a measure of sensory cortical activity (Enomoto et al., 2001). RTMS 

can also lead to behavioural changes as 1 Hz rTMS to SI lead to impairments in a rotary 

tracking task (Vidoni et al., 2010). In contrast, 5 Hz rTMS lead to increases in sensory 

cortex activity recorded with paired-pulse stimulation (Ragert et al., 2004).  

Theta Burst Stimulation (TBS) 

RTMS has led to several novel TMS stimulation paradigms like theta-burst 

stimulation (TBS) (Huang et al., 2005). Using TBS instead of traditional rTMS allows for 

shorter, safer, and more efficient methods to modulate corticospinal excitability. TBS was 

first introduced using a 50 Hz train of stimulation (burst) delivered at a theta frequency 
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(5Hz) with a total of 600 stimuli, applied over M1 (Huang et al., 2005). If the trains of 

stimulation are delivered in an intermittent fashion (2s train every 10s) this is known as 

intermittent theta burst stimulation (iTBS) that leads to a facilitatory effect transiently if 

applied over M1. If TMS trains are delivered continuously this is known as continuous 

theta burst stimulation (cTBS) which leads to a transient depression of corticospinal 

excitability in M1.   

The mechanisms by which TBS modulates cortical excitability are still not fully 

understood. However, synaptic plasticity is one widely proposed and accepted mechanism 

(Pell et al., 2011). Long term potentiation (LTP) and long term depression (LTD) 

observed in animal models are a good framework for understanding the synaptic changes 

that may be occurring in TBS. Similar to LTP and LTD in animals, calcium and N-

methyl-D-aspartate (NMDA) channels are crucial to the up and down regulation of 

AMPA receptors are speculated to be mediators of TBS. Administration of NMDA 

receptor antagonist abolishes the effects of cTBS and iTBS (Huang et al., 2007). 

Similarly, dopamine may also be a crucial mediating factor in the plasticity effects of 

TBS as blockage of D2 receptors abolishes TBS effects (Monte-Silva et al., 2011). TBS 

may also be involved in the modulation of GABA levels as there are elevated 

concentrations following cTBS observed via magnetic resonance spectroscopy (Stagg et 

al., 2009).   

Several stimulation parameters can influence the modulatory effects of TBS. The 

number of pulses given during cTBS relates to the duration of corticospinal modulation as 
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300 stimuli leads to a shorter period of inhibition than 600 stimuli (Huang et al., 2005). 

Aside from duration, stimulation intensity may also influence the direction and magnitude 

of effects. CTBS at a higher intensity may at times lead to facilitation, whereas a lower 

intensity of cTBS can lead to transient inhibition of corticospinal excitability (Doeltgen & 

Ridding 2011).  Further, the current direction influenced by coil orientation during cTBS 

may also influence the degree of modulation. Stimulation in the traditional PA-AP or AP-

PA orientation both lead to transient inhibition of corticospinal excitability but PA-AP 

shows a greater degree of inhibition (Talelli et al., 2007). Finally, frequency can influence 

the variability of the effects of TBS. A modified frequency of 30 Hz cTBS applied at 6Hz 

frequency (600 stimuli) leads to more robust changes in corticospinal excitability and also 

less inter-subject variability (Goldsworthy et al., 2012a; Goldsworthy et al., 2012b). 

 

 

 

 

 

 

Aside from M1, TBS has also been applied over other neural structures. CTBS 

over premotor cortex leads similar suppression of MEPs (Huang et al., 2009). CTBS over 

Figure 3. Modified 30 Hz cTBS 
Comparison of parameters in standard TBS vs. modified TBS 

(adapted from Goldsworthy, 2012) 
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Brodmann’s Area 5, a higher-order somatosensory area, leads to robust increases in MEP 

whether it is applied intermittently or continuously (Premji et al., 2011). Similarly, cTBS 

applied over SI leads to increases in MEPs as well (Jacobs et al., 2013; Jacobs et al., 

2012) but not in all cases (Ishikawa et al., 2007). 

Paired Associative Stimulation (PAS) 

Multiple pairs of peripheral nerve stimulation applied with TMS can lead to associative 

plasticity of the motor cortex, a protocol known as paired associative plasticity (PAS) 

(Stefan et al., 2000). A 10 ms or 25 ms ISI between the nerve stimulation and TMS can 

lead to decreases or increases in MEPs, respectively (Wolters et al., 2003). Aside from 

ISI, directing the subject’s attention is important to the effects and modulation by PAS 

(Stefan et al., 2004). PAS has also been applied to SI which led to increases in SEP 

amplitudes (Wolters et al., 2005). Changes in cortical excitability following SI PAS have 

been correlated to a decrease in tactile discrimination as well (Litvak et al., 2007). 

However, other reports found no changes in cortical excitability following SI PAS 

(Krivanekova et al., 2011). Since the introduction of PAS, there have been several 

modifications of the protocol; factors such as duration, intensity, and frequency have been 

altered and investigated (Stefan et al., 2004; Ziemann et al., 2004).  

 PAS was first applied at a high frequency (5 Hz) by Quartarone et al. (2006) and 

is known as rapid-rate paired associative stimulation (rPAS). Previously, PAS protocols 

were usually applied at low frequencies (ie. 0.1 Hz), using small number of stimulations, 

and also longer durations (Stefan et al., 2000; Wolters et al., 2005). In contrast, rPAS 
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delivers 600 pairs of stimuli at 5 Hz with a specific ISI of 25 ms between the median 

nerve and TMS pulse (Quartarone et al., 2006). Persisting increases in corticospinal 

excitability are seen for up to an hour following rPAS. Central cholinergic activity may 

be a mediator of rPAS as patients with Alzheimer’s disease had no significant changes in 

corticospinal excitability following rPAS in comparison to healthy controls (Terranova et 

al., 2013). 

Modulation of SAI Using Non-invasive Stimulation 

SAI can be modulated through several non-invasive methods of stimulating the 

sensorimotor cortex. Low frequency rTMS and iTBS over the motor cortex modulate net 

corticospinal excitability without altering SAI (Fischer & Orth 2011; Zamir et al., 2012). 

Similarly, 1 Hz rTMS decreases SAI in patients with focal hand dystonia but not in 

controls (Baumer et al., 2007). Protocols involving peripheral stimulation with or without 

TMS have been used to modulate SAI. RPAS transiently decreases SAI for up to an hour 

(Quartarone et al., 2006; Terranova et al., 2013) and 40 minutes of neuromuscular 

electrical stimulation temporarily abolishes SAI (Mang et al., 2012). 
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CHAPTER 3: CONTINUOUS THETA-BURST STIMULATION 

OVER PRIMARY SOMATOSENSORY CORTEX MODULATES 

SHORT-LATENCY AFFERENT INHIBITION 

Previously published as:  

Tsang P, Jacobs MF, Lee KGH, Asmussen MJ, Zapallow CM, Nelson AJ:  

“Continuous theta-burst stimulation over primary somatosensory cortex modulates short-

latency afferent inhibition”, Clinical Neurophysiology. Accepted February 21, 2014.  

and modified with permission. 

INTRODUCTION 

Motor evoked potentials (MEPs) elicited via transcranial magnetic stimulation 

(TMS) are reduced when preceded by electrical stimulation of a peripheral nerve 

approximately 20 to 25 ms earlier (Tokimura et al., 2000). This phenomenon is known as 

short-latency afferent inhibition (SAI) and is considered to be mediated via acetylcholine 

(Ach) (Di, V et al., 2000) at the level of the cortex (Tokimura et al., 2000).  SAI is 

modulated by dopamine (Sailer et al., 2003), and GABAA agonist lorazepam reduces SAI 

(Di, V et al., 2005). SAI interacts with other neural circuits that are driven by GABAergic 

interneurons such as short-interval intracortical inhibition (Alle et al., 2009), short-

interval interhemispheric inhibition (Tsutsumi et al., 2012) and long-interval intracortical 

inhibition  (Udupa et al., 2009).  Further, SAI evoked by mixed (ie. median) and 

cutaneous (ie. digital) nerves may be somatotopically dependent whereby muscles which 

are innervated by the stimulated nerve produce a greater degree of SAI than non-
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innervated muscles (Classen et al., 2000). For instance, digits in closer proximity to the 

digital nerve stimulated produce a greater degree of SAI (Tamburin et al., 2001). 

 The magnitude of SAI is modifiable.  SAI is increased with spatial attention 

controlled by a counting task (Kotb et al., 2005).  In contrast, SAI can be selectively 

reduced in specific movement or pre-movement phases during finger tasks (Asmussen et 

al., 2013; Voller et al., 2006). Depending on the pre-movement phase, decreases in SAI 

may be driven via cortical or spinal mechanisms (Asmussen et al., 2013).  Repetitive 

TMS (rTMS) may also alter SAI.  Low-frequency rTMS applied over primary 

somatosensory cortex (SI) reduces SAI in focal dystonia but does not alter SAI in healthy 

controls (Baumer et al., 2007).  Over M1, rTMS decreases MEPs without changing SAI 

(Fischer & Orth 2011). Intermittent theta burst stimulation (iTBS) applied to M1 

increases SAI in Parkinson’s disease (PD) patients on medication without altering SAI in 

controls (Zamir et al., 2012).  Identifying a method such as cTBS to modify SAI may 

provide new therapeutic approaches for modulating abnormal sensorimotor circuitry in 

specific clinical populations such as stroke and dystonia. 

Continuous theta burst stimulation (cTBS) applied over M1 decreases MEPs 

(Goldsworthy et al., 2012a)  but increases MEPs when applied over SI (Jacobs et al., 

2013; Jacobs et al., 2012) and higher-order somatosensory area 5 (Premji et al., 2011).  

The present study investigated the effects of 30 Hz cTBS delivered over left-hemisphere 

SI and M1 on SAI and MEPs measured from the first dorsal interosseous muscle (FDI) of 

the right hand.   CTBS at 30 Hz delivered over M1 results in less inter-subject variability 

and longer lasting effects compared to the traditional 50 Hz cTBS (Goldsworthy et al., 
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2012a).  It was hypothesized that MEPs will be decreased for up to 25 minutes and 

increased for up to 45 minutes following cTBS over M1 and SI, respectively 

(Goldsworthy et al., 2012a; Jacobs et al., 2013). 

METHODS 

Participants 

Eighteen individuals (7 Males, Mean age = 21 ± 2.0, range of 19 to 25) participated. All 

participants were right handed as determined by a subset of the Edinburgh Handedness 

Scale (Oldfield
 
1971).  In Experiment 1, all participants completed two experimental 

sessions separated by a minimum of one week. In Experiment 2, nine subjects that were 

in Experiment 1 returned to participate (1 Male, mean age, SD, range = 20.4 ± 1.9, 19-

25).  This study was approved by the McMaster Research Ethics Board and conformed to 

the Declaration of Helsinki.   

Electromyography (EMG) Recording  

Surface electrodes (9mm diameter Ag-AgCl) were used to record electromyography 

(EMG) from the first dorsal interosseous (FDI) muscle of the right hand in a bipolar 

montage with the active electrode placed over the muscle belly and the reference 

electrode placed over the metacarpophalangeal joint of the index finger. 

Electromyography was band-passed filtered between 20 Hz and 2.5 KHz and amplified 

x1000 (Intronix Technologies Corporation Model 2024F with Signal Conditioning; 

Intronix Technologies Corporation, Bolton, Canada) and digitized at 5 KHz by an analog-

to-digital interface (Power1404; Cambridge Electronics Design, Cambridge, UK).  
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Neuronavigation and Transcranial Magnetic Stimulation (TMS) 

Single pulse TMS was delivered with a custom-built 50 mm diameter figure-of-eight 

branding coil connected to a Magstim 200
2
 stimulator (Magstim, Whitland, UK). The 

motor hotspot for the FDI was determined over left-hemisphere M1.  The hotspot was 

identified as the optimal location with the lowest threshold and most consistent responses 

isolated in relaxed FDI of ~1 mV MEP amplitude. The figure-of-eight coil was positioned 

over the motor hotspot at ~ 45 degrees to the mid-sagittal plane to induce a posterior-to-

anterior monophasic current in the cortex.  The motor hotspot was marked by digital 

registration using a standard MRI template via Brainsight 2 Neuronavigation (Rogue 

Research, Montreal, Canada).  This motor hotspot and the 50 mm figure-of-eight 

branding coil were used for all measures of MEPs and SAI.  

CTBS was applied using a Magstim Super Rapid stimulator (Magstim, Whitland, Dyfed, 

UK) connected to a figure-of-eight air cooled coil with the handle pointed 45 degrees to 

the mid-sagittal plane to induce the first current in the cortex in the posterior-to-anterior 

direction.   The cTBS protocol is a modified version of the original protocol (Huang et 

al., 2005).  The modified cTBS consisted of 3 stimuli (bursts) applied at intervals of 33.3 

ms (30 Hz) repeated at 16.7 ms intervals (6 Hz) as described by Goldsworthy et al. 

(2012).  Resting motor threshold (RMT) was defined as the minimum stimulus intensity 

required to evoke MEPs with amplitude ≥ 50 µV in 5 out of 10 consecutive trials whilst 

the subject is quiescent (Siebner & Rothwell 2003). CTBS was delivered at 70% of RMT 

over the target location within M1 or SI.  Within M1, cTBS was delivered over the FDI 

hotspot.  For SI, cTBS was delivered over a position 2 cm posterior to the M1 hotspot 



M.Sc. Thesis –Tsang, P                        McMaster University- Kinesiology 

25 
 

using Brainsight 2 Neuronavigation (Rogue Research Inc., Montreal, Canada).  RMT was 

collected with the biphasic pulses of the Magstim Super Rapid stimulator and air-cooled 

coil.   

Experiment 1: SAI and MEPs following cTBS over M1 or SI 

Somatosensory Evoked Potentials (SEPs) 

SEPs were used to determine the N20 latency for each subject. The N20 potential 

represents arrival of somatosensory afference to area 3b (Allison et al., 1991). This 

latency was then used to adjust the ISI for SAI of each subject for SI and M1 sessions. 

Subjects were seated in a relaxed position during SEP acquisition. SEPs were recorded 

over left-hemisphere SI following electrical stimulation of the right median nerve at 3 Hz. 

The median nerve was stimulated using a surface bar electrode (square wave pulse, 0.2 

ms duration) at the right wrist (Grass SD 9, Grass Technologies, West Warwick, USA) 

with the cathode proximal to the anode. Median nerve stimulation was set to motor 

threshold defined as the minimum intensity to elicit a slight thumb twitch. The active 

electrode was placed at C3’ located 2 cm posterior to C3 (Nuwer et al., 1994a) and 

referenced to electrode Fpz (International 10-20 System) with the ground electrode placed 

on the skin overlying the left clavicle. EEG recordings were amplified 10 K and filtered 

from 2-2500 Hz (Intronix Technologies Corporation Model 2024F with Signal 

Conditioning, Bolton, Canada). Electrode impedances were maintained at < 5 kΩ (UFI 

Checktrode, Model 1089 Mk III, UFI, Morro Bay, USA). Five hundred stimuli were 

delivered and time-locked averaged off-line.  
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MEPs and SAI 

MEPs were collected by averaging the response to 20 single TMS pulses over M1 at an 

intensity to evoke MEPs of ~1 mV (0.5-1.5 mV range) peak-to-peak amplitude in FDI.  

The intensity to evoke ~ 1 mV MEP amplitude was determined prior to the pre-cTBS 

block and this intensity was held constant throughout the session.    

For median nerve SAI (MN-SAI), the interstimulus interval between the median nerve 

stimulation and the TMS pulse was derived from the N20 component of the SEP plus an 

additional 2 ms as this latency has been reported to induce the greatest inhibition 

(Tokimura et al., 2000).  The median nerve stimulus parameters were the same as those 

used to obtain the SEPs.  The digital nerve of the 2
nd

 digit was stimulated using ring 

electrodes with the cathode placed on the proximal phalanx and the anode on the 

intermediate phalanx (square wave pulse, 0.2 ms).  Digital nerve stimulation was applied 

at 3 times sensory threshold. Sensory threshold was defined as the lowest stimulus 

intensity at which the subject reports sensation of finger stimulation on half of the trials. 

For digital nerve SAI (DN-SAI) an additional 5 ms was added to the N20 component to 

account for the corresponding conduction time of afferent input across the palm of the 

hand (Kimura
 
1989).  For SAI, nerve stimulation intensities were determined prior to 

baseline and were re-evaluated before each time block. TMS intensity was set to evoke ~ 

1 mV in the unconditioned MEP (i.e. TS alone).  For SAI, a block of trials included a 

random presentation of 20 MN-SAI, 20 DN-SAI and 20 TS alone trials for a total of 60 

trials. 



M.Sc. Thesis –Tsang, P                        McMaster University- Kinesiology 

27 
 

Experimental Design 

The experiment timeline is depicted in Figure 4.   Each session was divided into four 

blocks: T0 (pre-cTBS), T1 (5 - 20 minutes following cTBS), T2 (25 - 40 minutes following 

cTBS), T3 (45 - 60 minutes following cTBS). M1 and SI sessions were identical with the 

exception of the location of the cTBS target.  The order of sessions (M1, SI) was 

counterbalanced across subjects. SAI and MEP measures were acquired as shown in 

Figure 4A.   

Experiment 2: “Strong” and “Weak” median nerve SAI following cTBS over SI 

Nine participants who also participated in Experiment 1 were studied (1 Male, Mean Age 

= 20.4 ± 1.9). Experiment 2 investigated whether cTBS modulates MN-SAI evoked by 

two different intensities of nerve stimulation. In Experiment 1, MN-SAI decreased in 8 

out of 12 subjects at T3 minutes following cTBS over SI, a non-significant trend that 

occurred at a similar time-point as DN-SAI reduction. To investigate whether reduction 

of SAI via cTBS depends on the depth of MN-SAI (ie. ratio of inhibition), two intensities 

of MN-SAI were investigated. The median nerve stimulation intensity was set to elicit a 

ratio of “Weak SAI” (SAI ~ 0.6), which matched the depth of DN-SAI in Experiment 1 

and a “Strong SAI” (SAI at motor threshold) which replicates MN-SAI in Experiment 1. 

These intensities were determined prior to baseline. MN-SAI used the same ISI’s that 

were determined from the subjects in Experiment 1. Measurements of MN-SAI were 

taken before and after 30 Hz cTBS was applied over SI. The experimental timeline is 

depicted in Figure 4B. Each time block was divided into two sub-blocks that delivered 
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either “Strong SAI” or “Weak SAI” trials only. Thirty trials (20 conditioned, 10 

unconditioned) were tested within each sub-block. The order of sub-blocks (Strong SAI 

and Weak SAI) was counterbalanced across subjects. 

Experiment 3: Longevity of DN-SAI reduction following cTBS over SI 

To test the longevity of changes in SAI following cTBS over SI, three individuals who 

were tested previously in Experiment 1 participated (3 females, ages 21, 20 and 20).  SAI 

was recorded before and after SI cTBS at intervals used previously (T1, T2, T3) and at 

additional post-cTBS intervals of T4 (90 minutes), T5 (120 minutes) and the following day 

(T6) if responses had not returned to baseline. 

Data Analysis 

For Experiment 1, the MEP peak-to-peak amplitude was averaged for each participant for 

each time block. Specifically, a priori hypotheses were tested using Bonferroni corrected 

one-tailed paired t-tests (see above for hypotheses).  

For sensory threshold following SI cTBS, one-way repeated measures analysis of 

variance (ANOVA) with factors TIME (T0, T1, T2, T3) was run. Post-hoc paired two-tailed 

t-tests were used to identify significant differences among the means in the event of 

significance.  

For SAI, the averaged conditioned motor-evoked potential amplitude (i.e. TMS in 

presence of nerve stimulation) was normalized to the averaged unconditioned MEP 

amplitude (i.e. test stimulus alone) for each participant and for each time block (    
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 . The presence of SAI was tested with two-tailed paired t-tests between the group-

averaged conditioned MEP and TS alone (ie. CS-TS vs. TS) for each time block in both 

experiments. For Experiment 1, subjects were included in subsequent analyses if SAI < 1 

for both nerves (DN, MN) and both sessions to allow for a within-subject statistical 

comparison (ANOVA) with factors NERVE (2 levels; DN, MN), TIME (3 levels; T1, T2, 

T3), and SITE (2 levels; M1, SI). In the latter analyses SAI obtained from each post-cTBS 

block was normalized to the T0 time block to account for the difference in SAI during 

‘pre’ between the two nerves. Post-hoc paired two-tailed t-tests were used to identify 

significant differences among the means in the event of significance.   

For Experiment 2, to test for changes in SAI following cTBS, a priori hypotheses were 

tested using Bonferroni corrected one-tailed paired t-tests. In order to examine if the two 

intensities were modulated differently following cTBS, we normalized the post cTBS 

blocks to the T0 and performed a two-way repeated measures ANOVA with factors 

INTENSITY (2 levels; Strong, Weak) and TIME (3 levels; T1, T2, T3). For all ANOVAs, 

the Greenhouse-Geisser method was used to correct for non-sphericity.  All significance 

levels were set at p ≤ 0.05.      

RESULTS 

Experiment 1 

Six participants did not meet the criteria for inclusion such that SAI was not observed for 

both nerves and both sites. Twelve remaining subjects were included in subsequent 
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analyses (3 Males, Mean age = 20.7 ± 1.9). The average percentage of the maximal 

stimulator output (MSO) for cTBS delivery was 41.8% (± 7.2) and 40.8% (± 8.0) for the 

M1 and SI session, respectively, and was not significantly different (two-tailed paired t-

test, p = 0.14).     

MEPs 

The group-averaged MEP amplitude was not significantly different at T0 between the M1 

and SI session (two-tailed paired t-test, p = 0.12).  A priori planned comparisons 

(Bonferroni corrected t-test) revealed a significant decrease in MEP amplitude at T1 (p = 

0.02) but not at T2 following M1 cTBS (p = 0.16). Figure 5A displays the group-averaged 

data (with standard error of the mean) for MEPs following M1 cTBS at each time point.  

For M1 cTBS, there was no effect of TIME for sensory threshold (F(3, 33) = 2.344, p = 

0.09).  A priori planned comparisons (Bonferroni corrected t-test) revealed a trend for 

increases in MEP amplitudes at T1 (p = 0.03), T2 (p = 0.04), and T3 (p = 0.03).  For SI 

cTBS, there was no effect of TIME for sensory threshold (F(3, 33) = 1.936, p = 0.143). 

SAI 

A three-way repeated measures ANOVA revealed no effect of NERVE (F(1, 11) = 1.33, p = 

0.27), no effect of SITE (F(1, 11) = 3.34, p = 0.09) and no effect of TIME (F(2, 22) = 3.17, p 

= 0.06) and no significant interactions.   In this analysis, SAI for each post-cTBS time 

block was normalized to SAI at T0 (within nerve and site) and Figure 6 displays the ratio 

in each respective condition (with standard error of the mean) for each site, nerve and 

time block. Subsequent analyses examined each nerve and site separately using repeated 
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measures one-way ANOVA and are shown in Figure 7.  The difference in T0 SAI for DN 

versus MN was confirmed for the M1 session (two-tailed paired t-test, p = 0.001) and the 

SI session (p = 0.014) and indicated that SAI was significantly greater for MN compared 

to DN at T0 in both sessions. For these analyses, SAI in post-cTBS time blocks were not 

normalized to SAI in T0.  For M1 cTBS, these analyses revealed no effect of TIME for 

either nerve (median, F(3, 33) = 0.49, p = 0.69; digital, F(3, 33) = 0.55, p = 0.65) (Figure 7A, 

B).  For SI cTBS, with MN-SAI (Figure 7C) there was no significant effect of TIME (F(3, 

33) = 1.42, p = 0.25). However, a trend for reduced SAI was observed at T3 in 8 of 12 

participants.  DN-SAI following cTBS over SI (Figure 7D) revealed a significant effect of 

TIME (F(3, 33) = 4.72, p = 0.007).  Subsequent post hoc two-tailed paired t-tests revealed a 

significant reduction of SAI at T3 (p = 0.019) but not at T1 (p = 0.63) or T2 (p = 0.18) 

compared to T0. These data indicate that DN-SAI gradually decreased following SI cTBS 

until significant reduction was observed at T3. Although DN-SAI was reduced following 

SI cTBS, two-tailed paired t-tests showed that conditioned MEPs were still significantly 

reduced in comparison to unconditioned MEPs (T0: p < 0.001; T1: p < 0.001; T2: p < 0.01; 

T3: p = 0.03). DN-SAI is reduced following SI cTBS but still remains. In summary, it 

appears that SI cTBS significantly reduces DN-SAI at T3 although a trend exists for a 

similar time course of reduced MN-SAI. 

Experiment 2 

All subjects demonstrated SAI for both MN intensities (n = 9, 1 Male, Mean age = 20.4 ± 

1.9). The average MSO for SI cTBS delivery was 40.4 % (± 7.6) which was not 

significantly different than the cTBS intensity used over SI in Experiment 1 (p = 0.93).   
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Figure 8A and 8B display the group-averaged data (with standard error of mean) for 

“Strong SAI” and “Weak SAI”, respectively, at each time point.  For “Strong SAI” , a 

priori planned comparison (Bonferroni corrected t-test) revealed a significant decrease in 

SAI at T3 (p = 0.009) indicating that cTBS significantly reduces MN-SAI at T3. For 

“Weak SAI”, a priori t-test revealed a significant decrease in SAI (p = 0.015). Further, 

two-way repeated ANOVA revealed no effects of INTENSITY (F(1, 8) = 2.521, p = 

0.151), TIME (F(2, 16) = 1.811, p = 0.196), or their interaction (F(2, 16) = 0.814, p = 0.461).  

Although MN-SAI was modulated at both nerve stimulation intensities, SAI was still 

maintained. Conditioned MEPs were significantly reduced in comparison to 

unconditioned MEPs in “Strong SAI” (T0: p < 0.001; T1: p = 0.001; T2: p < 0.001; T3: p < 

0.001) and “Weak SAI” (T0: p < 0.001; T1: p = 0.003; T2: p = 0.05; T3: p = 0.04). In 

summary, it appears that cTBS reduces MN-SAI at T3, similar to the effects on DN-SAI.  

Experiment 3 

The longevity of the SI cTBS induced reduction is shown in Figure 9 for three 

participants.  The reduction in DN-SAI persisted greater than 2 hours in two individuals 

and returned to baseline by the following day.  

DISCUSSION 

In the present study, the modulation of SAI and MEPs via 30 Hz cTBS was 

investigated in young adults.  Novel findings include a reduction in SAI at T3 following 

cTBS over SI.  In contrast, cTBS over M1 had no significant effect on SAI modulation. In 

support of previous research, 30 Hz cTBS over M1 suppressed MEPs (Goldsworthy et al., 
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2012a) with opposite effects when applied over SI (Jacobs et al., 2013; Jacobs et al., 

2012). The present data suggests that the modulation of SAI may originate in SI cortex 

and that cTBS may be modulating the net excitability of corticocortical projections from 

SI to M1.  

In support of previous studies, we observed that MEPs were decreased following 

M1 cTBS (Goldsworthy et al., 2012a; Huang et al., 2005). Similar to the 30 Hz cTBS 

effects reported elsewhere (Goldsworthy et al., 2012a), we observed a magnitude 

reduction of ~23% at T1 but also noted differences in the duration of suppression between 

studies which may relate to the stimulation intensity used (i.e. 80% versus 70% RMT as 

used here).  In contrast, SAI was not modulated following M1 cTBS, similar to the 

findings in healthy controls following iTBS over M1 (Zamir et al., 2012) and low 

frequency rTMS over M1 (Fischer & Orth 2011).  

There was a strong trend for MEP facilitation when cTBS was applied over SI. 

MEPs increased over time such that at T3, the averaged amplitude increased by ~63%.  

Although the effects were not statistically significant these data support previous findings 

of MEP facilitation when cTBS was applied over SI (Jacobs et al., 2013; Jacobs et al., 

2012) and higher-order somatosensory area 5 (Premji et al., 2011), where ~60% and 

~50% increases in MEP amplitude were observed following cTBS, respectively.  Further, 

the greatest MEP facilitation in Jacobs et al. (2012) was observed at T3 following cTBS, 

in line with the present trend.  Our data also indicate that cTBS over SI modulates SAI 

with a reduction of ~ 40% at T3. These findings are in contrast to the lack of SAI 

modulation following low-frequency rTMS over SI in healthy controls (Baumer et al., 
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2007).  However, in the latter report SAI measures were obtained immediately following 

rTMS (Baumer et al., 2007) while we observed a gradual reduction of SAI that was 

statistically significant by T3 following stimulation.   

It is interesting to note that following SI cTBS, MEP facilitation and SAI 

reduction follow a similar time course with maximal effects occurring at T3 suggesting 

similarities in the mechanisms by which cTBS acts.  SAI causes a reduction of later I-

wave generating interneurons that are believed to transsynaptically synapse on 

corticospinal neurons (Tokimura et al., 2000). We speculate that cTBS over SI creates a 

net facilitatory effect on the later I-wave circuitry that leads to both facilitation of MEP, 

as proposed elsewhere (Jacobs et al., 2013) and reduced SAI. Though mechanisms 

governing the net facilitation remain unclear, it would appear that changes in GABAergic 

inhibition are likely occurring in SI following cTBS.  GABA concentration in 

sensorimotor cortex increases following cTBS (Stagg et al., 2009) and increases in 

GABAA are known to reduce SAI (Di, V et al., 2005).  Alternatively, cTBS in SI may 

target cholinergic neurons and one suggestion is that this may act to alter the SI 

responsiveness to somatosensory input.  In rats, blocking central ACh receptors leads to 

complex changes in somatosensory evoked potentials such as enhancing some cortical 

potentials but not all (Dancause et al., 2001).  In humans, SAI is reduced and even 

abolished in the presence of ACh antagonist, Scopolamine (Di, V et al., 2000).  In 

contrast, M1 cTBS does not change SAI and this lends support to the finding that cTBS 

over M1 acts primarily on I1 as opposed to later I-waves (Di Lazzaro et al., 2005a). 
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Following SI cTBS, increases in MEPs and decreases in SAI occur gradually over 

time. Such gradual changes are observed following cortico-cortical paired associative 

stimulation (PAS) between the posterior parietal cortex and M1 whereby the greatest 

increases in MEPs occurred at ~ 60 minutes following stimulation  (Chao et al., 2013a). 

Similarly, in traditional PAS, changes in MEPs do not appear immediately but rather 

occur gradually and are significant at ~ 30 minutes following stimulation (Stefan et al., 

2000). Gradual changes in neural activity are also seen in animal models of potentiation 

or depression of synapses (Bi & Poo 1998; Fino et al., 2005). 

Our findings cannot definitively conclude that SAI is mediated via a synaptic 

relay in SI.  CTBS over SI reduced SAI but did not abolish activity in this circuit.  

Therefore, it remains unclear whether SAI is mediated by a synaptic relay through SI or 

via direct thalamocortical projections to M1 (Lemon 1981; Tokimura et al., 2000).  

However, the present findings indicate that SI modulates SAI and this may occur via a 

path distinct from that which generates SAI.  A similar speculation of parallel paths has 

been made for other transcortical reflexes such as stretch reflexes to perturbations 

(Kimura et al., 2006). Similar to our findings, whole hand afferent input facilitates MEPs 

for up to one hour via mechanical (Christova et al., 2011) or electrical stimulation 

(Golaszewski et al., 2004). Further, rapid-rate paired associative stimulation, which 

integrates both repetitive TMS over M1 and repetitive nerve stimulation, results in 

findings very similar to those observed here – MEP facilitation and SAI reduction for up 

to one hour following stimulation (Quartarone et al., 2006; Terranova et al., 2013).   

Collectively, the existing data suggest that changes in SI activity originating from either 
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the periphery or directly via cTBS, yield very similar results on SAI circuitry and 

corticospinal excitability.  

CTBS over SI modulates SAI regardless of the nerve composition.  Findings from 

Experiment 1 indicated that cutaneous evoked SAI was more easily modifiable than 

mixed nerve SAI, a finding we thought was attributed to the lower magnitude of SAI for 

the cutaneous versus mixed nerve.  The intensity of digital nerve stimulation influences 

the depth and field of inhibition as greater intensities recruit more afferent fibres 

(Tamburin et al., 2001). We note that in this study, the strength of median and digital 

nerve SAI were similar to that seen elsewhere (median; (Alle et al., 2009; Asmussen et 

al., 2013; Fischer & Orth 2011; Tokimura et al., 2000; Udupa et al., 2009; Young-Bernier 

et al., 2012; Zamir et al., 2012) ; digital; (Asmussen et al., 2013; Baumer et al., 2007; 

Richardson et al., 2008; Voller et al., 2006).  Experiment 2, however demonstrated that 

mixed nerve SAI was indeed modifiable at both weak and strong levels of SAI, 

confirming the trend we observed with strong SAI in 67% of participants in Experiment 

1.  Despite the reduction of SAI, the inhibitory circuit was maintained (ie. SAI < 1). Our 

data, therefore, indicate that cTBS over SI is capable of modulating SAI across nerve 

types and at various initial depths of SAI. 

There are two limitations that should be noted.  First, it is not clear why median 

nerve SAI was significantly reduced in Experiment 2 but not in Experiment 1. CTBS 

intensity does not appear to contribute since the nine participants showed similar RMT 

values in both experiments. However, one factor that may have influenced the results was 

the time of the day in which the subjects were tested (ie. morning vs. afternoon). In 
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Experiment 1, we did not control for the time of day in which participants were tested and 

data were collected in both the morning and afternoon.  However in Experiment 2, 

participants were tested in the afternoon only. There is evidence that plasticity-inducing 

protocols are more effective during the afternoon. Increases in MEP amplitude are larger 

when PAS is delivered in the afternoon compared to the morning, an effect that may 

relate to cortisol levels (Sale et al., 2007). Second, we cannot eliminate the possibility that 

current spread from SI to M1 may contribute to the results.  However, we have 

demonstrated that differential effects are observed for following SI versus M1 

stimulation.  Therefore, when the intensity of stimulation over these two loci is matched, 

the effect of SI versus M1 cTBS on MEPs and SAI are indeed different. 

The present findings have identified a method to alter SAI in young adults.  

Several patient populations show abnormal SAI and TMS methods may be one avenue 

for attempting to alter this circuitry. Patient’s with PD show normal SAI off medication 

but a decrease in SAI while on medication (Sailer et al., 2003).  Similarly, SAI is reduced 

in Alzheimer's disease (Di Lazzaro et al., 2002; Nardone et al., 2008) and mild cognitive 

impairment (Yarnall et al., 2013). SAI is also impaired in patients with cerebral 

autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy 

(Palomar et al., 2013a).  The present research indicates that cTBS over SI may be one 

method by which SAI circuitry targeted to the hand may be altered and future studies may 

test whether these effects also occur in clinical populations.   
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FIGURES 

 

 

 

 

 

 

  

Figure 4: Experimental Timeline 

A) Experiment 1. CTBS was delivered to M1 and SI in the same group of participants.  Measures of 

MEPs, median nerve SAI and digital nerve SAI were acquired from right FDI before (T0) and at 5-

20 minutes (T1), 25-40 minutes (T2) and 45-60 minutes (T3) following cTBS delivered over the left-

hemisphere.  Sensory threshold intensities (ST) were determined prior to baseline and were re-

evaluated before each time block.  B) Experiment 2. CTBS was delivered to SI.  Measures of 

‘Strong’ (0.4) and ‘Weak’ (0.6) median nerve SAI were acquired at the same time blocks as in 

Experiment 1. 
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Figure 5: MEP Modulation Following cTBS 

Group-averaged MEP amplitude with standard error of the mean following cTBS over A) left M1 and B) SI at T0 

(pre-cTBS), T1 (5-20 minutes), T2 (25-40 minutes), and T3 (45-60 minutes) for the right first dorsal interosseous 

(RFDI). An asterisk over a single time block indicates it was significantly different than T0.  Significant differences 

were tested at p ≤ 0.05. 
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Figure 6: SAI normalized to Pre 

The y-axis ratio was calculated by normalizing the each individual’s post-cTBS SAI (T1, T2, T3) to their pre-

cTBS SAI (T0) SAI with standard error of the mean for each site and nerve condition. Following cTBS, SAI is 

similar at T1 but diverges at later time blocks T2 and T3 with SI cTBS leading to a decrease in SAI.     
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Figure 7: SAI following cTBS 

MN-SAI A) and DN-SAI B) following M1 cTBS and MN-SAI C) and DN-SAI D) following SI cTBS 

with standard error of mean. SAI is expressed as a ratio of the conditioned MEP amplitude (CS-TS) 

normalized to the unconditioned MEP amplitude (TS). Significant reduction in DN-SAI was observed 

at 45 minutes following SI cTBS. Significant differences were tested at p ≤ 0.05. 
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Figure 8: MN-SAI following cTBS 

“Weak” MN-SAI (SAI ~ 0.6) A) and “Strong” MN-SAI (SAI at motor threshold) B) 

following cTBS over SI. Similar to DN-SAI following SI cTBS in Experiment 1, significant 

reduction of MN-SAI was observed in both “Strong” and “Weak” MN-SAI at 45 minutes 

after cTBS.  Significant differences were tested at p ≤ 0.05. 
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  Figure 9: Longevity of SAI Reduction 

Longevity of DN-SAI modulation following SI cTBS. Individual participant data for DN-

SAI following SI cTBS is shown using dashed lines. Group averaged DN-SAI is shown in 

the solid line. SAI continually decreases for up to 1.5 hours (T4) following SI cTBS but 

returns back to baseline the following day (T6). 
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CHAPTER 4: EFFECTS OF RAPID-RATE PAIRED ASSOCIATIVE 

STIMULATION ON SENSORIMOTOR CIRCUITRY 

INTRODUCTION 

 In recent years, there have been widespread investigations of several non-invasive 

techniques that transiently modulate cortical excitability. Repetitive transcranial magnetic 

stimulation (rTMS) was first introduced to induce long-term potentiation (LTP) like 

effects when stimulated at higher frequencies (ie. ≥ 5Hz) or long-term depression (LTD) 

like effects when delivered at low frequencies (< 1 Hz) (Chen et al., 1997; Pascual-Leone 

et al., 1994). Aside from traditional rTMS, theta burst stimulation (TBS) protocols have 

been developed based on animal models of plasticity which decrease the duration of the 

stimulation paradigm but still induce robust LTP or LTD-like effects (Jacobs et al., 2013). 

Modifications of protocols are continually being pursued to increase the efficiency of 

rTMS and decrease inter-subject variability (Goldsworthy et al., 2012a; Goldsworthy et 

al., 2012b).  

Paired associative stimulation (PAS) involves repeated pairing of TMS preceded 

by peripheral nerve stimulation and leads to transient changes in cortical excitability at 

specific interstimulus intervals. First, the postsynaptic neuron is activated by weak inputs 

from the presynaptic neuron (ie. afferent input from nerve stimulation), subsequently the 

postsynaptic neuron is activated by a strong input (ie. TMS at cortex) leading to LTP-like 

effects (Stefan et al., 2000). On the other hand, when the order of events is reversed, 

LTD-like effects occur (Wolters et al., 2003). Spike-timing-dependent plasticity (STDP) 

and changes in synaptic efficacy are what drive these changes in cortical excitability 
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within the motor cortex. These synaptic changes are believed to be driven by NMDA 

receptors as bicuculline abolishes effects of PAS (Stefan et al., 2002). PAS applied to the 

primary somatosensory cortex (SI) may also lead to changes in sensory cortical 

excitability as measured with median nerve somatosensory evoked potentials (SEP) 

(Wolters et al., 2005). Specifically there is a modulation of the P25 component believed 

to be generated in the upper cortical layers of area 3b (Allison et al., 1991). There are 

several experimental parameters which may influence the efficacy of M1 PAS such as 

age (Fathi et al., 2010), attention (Stefan et al., 2004) and time of day (Sale et al., 2007). 

Similarly, SI PAS has shown great variability in its effects, as the same SEP modulations 

have not been observed across all studies (Krivanekova et al., 2011; Murakami et al., 

2008; Tamura et al., 2008). Important for the purpose of the present study, PAS may also 

be applied at high frequency (5 Hz) and is therefore known as rapid-rate paired 

associative stimulation (rPAS). RPAS also modulates corticospinal excitability but 

requires a shorter duration of stimulation and induces longer lasting effects (Quartarone et 

al., 2006). In contrast to traditional low-frequency PAS, rPAS has the ability to modulate 

sensorimotor circuitry.   

Short-latency afferent inhibition (SAI) is observed when median or digital nerve 

stimulation precedes a single TMS pulse by ~20-28 ms, leading to a decrease in the motor 

evoked potential’s (MEP) amplitude (Tokimura et al., 2000). SAI is considered to be 

cortically mediated and is suggested to indicate central cholinergic activity (Di Lazzaro et 

al., 2000). Reduced SAI is observed in Alzheimer’s disease (Di Lazzaro et al., 2002), 

Parkinson’s disease on levodopa medication (Sailer et al., 2003), Parkinson’s disease with 
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mild cognitive impairment (Yarnall et al., 2013), and cerebral autosomal dominant 

arteriopathy with subcortical infarcts and leukoencephalopathy patients (Palomar et al., 

2013b). Interventions such as muscarinic antagonist scopolamine (Di Lazzaro et al., 

2000) and GABAA agonist lorazepam (Di Lazzaro et al., 2005c) can reduce SAI in a 

typical population. To date, there have been few reports of increased SAI. Reduced SAI 

in Alzheimer’s disease can be restored by acetylcholinesterase inhibitor, rivastigmine (Di 

Lazzaro et al., 2005b). Similarly, a spatial attention task can also increase the degree of 

SAI (Kotb et al., 2005).  

Understanding the mechanisms that underpin SAI and the modulation of this 

circuit may allow for future intervention approaches in patient populations. In our 

laboratory we have observed that 30 Hz continuous theta burst stimulation (cTBS) 

applied over SI decreases SAI induced by the median or digital nerve (Tsang et al., 2014). 

Similarly, when rPAS is applied to M1 (M1 rPAS) there are decrease in SAI and 

increases in corticospinal excitability for up to one hour in controls but not in patients 

with Alzheimer’s disease (Quartarone et al., 2006; Terranova et al., 2013). Based on 

these findings, there is a strong speculation that SI modulation of corticospinal 

excitability and SAI may share a similar mechanism. This modulatory mechanism may 

occur via increased net activity of the late indirect waves (I-waves) generated by 

interneurons that are believed to excite the corticospinal neurons (Tsang et al., 2014).  

The present study explores the effects of rPAS over SI and M1 on corticospinal 

excitability and SAI. To date, there have been no investigations that explore the effects of 
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rPAS when TMS is applied to SI. No hypotheses were made for SI rPAS as it is a novel 

paradigm. 

METHODS 

Participants 

Twelve individuals participated in the study (4 Males, Mean age = 20.9 ± 2.9) of which 

twelve took part in Experiment 1 and eight in Experiment 2. All participants were deemed 

right handed as determined by a subset of the Edinburgh Handedness Scale (Oldfield
 

1971). All individuals participated in two experimental sessions separated by a minimum 

of one week. This study was approved by the McMaster Research Ethics Board and 

conformed to the Declaration of Helsinki.   

Electromyography (EMG) Recording  

Surface electrodes (9 mm diameter Ag-AgCl) were used to record electromyography 

(EMG) from the abductor pollicus brevis (APB) muscle of the right hand with a tendon-

belly arrangement. EMG recordings were band-passed filtered between 20 Hz and 2.5 

KHz, amplified x1000 (Intronix Technologies Corporation Model 2024F with Signal 

Conditioning; Intronix Technologies Corporation, Bolton, Ontario, Canada) and digitized 

at 5 KHz by an analog-to-digital interface (Power1404; Cambridge Electronics Design, 

Cambridge, UK).  

Neuronavigation and Single-Pulse Transcranial Magnetic Stimulation (TMS) 
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Single-pulse TMS was applied using a custom-built 50 mm diameter figure-of-eight 

branding coil connected to a Magstim 200
2
 stimulator (Magstim, Whitland, UK). The 

motor hotspot for APB of the right hand was determined within left-hemisphere M1.  The 

motor hotspot was identified as the optimal location that elicited MEPs with the lowest 

threshold and most consistent responses isolated in relaxed APB. The figure-of-eight coil 

was placed over the motor hotspot oriented 45 degrees to the mid-sagittal plane to induce 

a posterior to anterior monophasic current in the cortex.  The motor hotspots were marked 

by digital registration using a standard MRI template via Brainsight 2 Neuronavigation 

(Rogue Research, Canada).  This motor hotspot and the 50 mm figure-of-eight branding 

coil were used for all measures of MEPs and SAI. 

Somatosensory evoked potentials 

Subjects were seated in a relaxed position during SEP acquisition. SEPs were recorded 

over left-hemisphere SI following electrical stimulation of the right median nerve at 3 Hz. 

The median nerve were stimulated using a surface bar electrode (square wave pulse, 0.2 

ms duration) at the right wrist (Grass SD 9, Grass Technologies, West Warwick, USA) 

with the cathode proximal to the anode. Median nerve stimulation was set to motor 

threshold defined as the minimum intensity to elicit a slight thumb twitch. The active 

electrode was placed at C3’ located 2 cm posterior to C3 (Nuwer et al., 1994b) and 

referenced to electrode Fz (International 10-20 System) with the ground electrode placed 

on the skin overlying the left clavicle. EEG recordings were amplified (x 10 K) and 

filtered from 2-2500 Hz (Intronix Technologies Corporation Model 2024F with Signal 
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Conditioning, Bolton, Canada). Electrode impedances were maintained at < 5 kΩ (UFI 

Checktrode, Model 1089 Mk III, UFI, Morro Bay, USA). Five hundred stimuli were 

delivered and time-locked averaged off-line. The N20 potential represents arrival of 

somatosensory afference to area 3b (Allison et al., 1991). These latencies were used to 

adjust the interstimulus interval (ISI) for SAI on each subject for all experiments.  The 

amplitude of the N20-P25 peak-to-peak potentials were used in Experiment 2 only. 

Rapid-Rate Paired Associative Stimulation (rPAS) 

RPAS involved repetitive pairing of median nerve stimulation and TMS at 5Hz. The 

median nerve was stimulated using a surface bar electrode (square wave pulse, 0.5 ms 

duration) at the right wrist (Grass SD 9, Grass Technologies, West Warwick, USA) with 

the cathode proximal to the anode. Median nerve stimulation was set to two time’s 

sensory threshold. Sensory threshold was defined as the minimum intensity at which the 

subject reported sensation of wrist stimulation on half of the trials (Quartarone et al., 

2006). 

The repetitive TMS for rPAS was applied using a Magstim Super Rapid stimulator 

(Magstim, Whitland, Dyfed, UK) connected to a figure of eight air cooled coil with the 

handle pointed 45 degrees to the mid-sagittal plane to induce the first current in the cortex 

in the posterior to anterior direction.   The rTMS was applied at intervals of 200 ms (5 

Hz) repeated at as described by Quartarone et al. (2006).   Resting motor threshold 

(RMT) was determined with the same coil and was defined as the minimum stimulus 

intensity required to evoke MEPs with amplitude ≥ 50 µV in 5 out of 10 consecutive 
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trials whilst the subject is quiescent (Siebner & Rothwell 2003). RTMS was delivered at 

70% of resting motor threshold (RMT) over the target location. SI location was defined at 

a position 2 cm posterior to the M1 APB hotspot using Brainsight 2 Neuronavigation as 

indicated by a previous study using near-infrared spectroscopy (Okamoto et al., 2004).  

RMT were calculated using the biphasic pulses of the Magstim Super Rapid stimulator 

and air-cooled coil.  

Motor Evoked Potentials and Short-Latency Afferent Inhibition  

MEPs were collected by averaging the response to 15 single TMS pulses over M1 at an 

intensity to evoke MEPs of ~1 mV peak-to-peak amplitude in APB.  The intensity to 

evoke ~ 1 mV MEP amplitude was determined prior to the pre-rPAS block and this 

intensity was held constant throughout the session.   

For SAI, the ISI between the median nerve stimulation and the TMS pulse were derived 

from the N20 component of the SEP (Tokimura et al., 2000). The median nerve 

stimulation was set at motor threshold (see above).  These intensities were determined 

prior to T0 and were adjusted if necessary prior to each time block. For each time block, 

fifteen trials were presented randomly for each of conditioned MEP (CS-TS) and 

unconditioned test stimulus (TS alone) for a total of thirty trials. 

Experiment 1: MEPs and SAI following M1 rPAS and SI rPAS 

Individuals participated in two sessions, one for M1 rPAS and the other for SI rPAS 

separated by a minimum of one week. For the M1 session, rPAS was applied at 5 Hz with 
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600 pairs of stimuli continuously delivered to the left M1 for ~2 minutes. Each stimulus 

consisted of a peripheral nerve stimulation applied to the right median nerve followed by 

a biphasic TMS pulse given to the left M1. There was an interstimulus interval (ISI) of 

N20 + 5 ms between the conditioning stimulus (CS) and the test stimulus (TS). An ISI of 

N20 + 5 ms was chosen to replicate the 25 ms ISI reported (Quartarone et al., 2006). The 

N20 latency represents the arrival of afferent information to the area 3b for each 

individual and 5 ms accounts for the time required for the afferent input to influence the 

sensorimotor cortices (Goldring et al., 1970). For the SI session, rPAS were set to an ISI 

of N20 as this allows for the median nerve afferent information to converge with the TMS 

pulse at SI. The two sessions of rPAS were separated by a minimum of one week apart. 

At the beginning of Experiment 1(M1 and SI), five subjects in the M1 rPAS session (2 

males, Mean age = 20.4 ± 1.3) and ten subjects in the SI rPAS session (3 males, Mean age 

= 21.3 ± 3.0) were instructed to use his/her first and second digit to pinch a load cell 

(Trandsucer Techniques, model THA-50-Q load cell) for approximately three seconds. 

Maximal pinch force (amplitude) was measured three times at the beginning of the 

experimental session and three times at the very end of the experimental session 

following the collection of the MEP and SAI data. 

Experimental Timeline 

The experiment timeline for Experiment 1 is depicted in Figure 10A.   Each session was 

divided into four time blocks: T0 (pre-rPAS), T1 (5 - 20 minutes), T2 (25 - 40 minutes), T3 
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(45 - 60 minutes). For Experiment 1, Max Pinch Force was measured at the start of the 

experiment and immediately after the 45 minute test session.   

Experiment 2: SI rPAS at N20 + 2.5 ms 

Experiment 2 investigated whether SI rPAS, with a longer ISI (N20 + 2.5 ms), would 

modulate SAI. In Experiment 1, SI rPAS the ISI was set to each individual’s N20 and 

facilitated MEPs but did not modulate SAI. The N20 latency represents the arrival of 

afferent information to area 3b which does not have direction projections to M1. We 

speculated that SI rPAS, set at an ISI of N20, may not be inducing STDP in the 

population of interneurons that may modulate SAI. Since ISI is crucial to the effects of 

PAS and rPAS (Quartarone et al., 2006; Wolters et al., 2003), we wanted to increase the 

length of the ISI by 2.5 ms to target the population of neurons later in the afferent 

pathway, which may be responsible for modulating SAI. Eight individuals who also 

participated in Experiment 1 were studied (2 Males, Mean age = 21.6 ± 3.3).  Similar to 

Experiment 1, MEPs and SAI were measured at baseline and at 5 minutes (T1), 25 

minutes (T2) and 45 minutes (T3) after SI rPAS (N20 + 2.5ms).  

SEPs and paired-pulse inhibition were recorded for each subject at the beginning of the 

experiment and 45 minutes following rPAS. Both measurements were recorded over left-

hemisphere SI following electrical with the same montage mentioned above. For SEPs, 

stimulation of the right median nerve was set to motor threshold (0.2 ms duration) at a 

frequency of 3 Hz (Ishikawa et al., 2007). To assess changes in SI intracortical inhibition, 

paired-pulse inhibition was elicited by paired stimulation of the median nerve with an ISI 
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of 30 ms (Ragert et al., 2003). MNS was applied at motor threshold (0.2 ms duration) and 

paired stimuli were applied at 2Hz. Five hundred epochs of SEPs and paired-pulse 

inhibitions were recorded, time-locked, and averaged off-line. 

Experimental Timeline 

The experiment timeline for Experiment 2 is depicted in Figure 10B.   Each session was 

divided into four time blocks: T0 (pre-rPAS), T1 (5 - 20 minutes), T2 (25 - 40 minutes), T3 

(45 - 60 minutes). For Experiment 2, SEPs and paired-pulse inhibition were measured at 

the start of the experiment and after the 45 minute test session.   

Data Analysis 

The area of the MEP was calculated for each participant and each time block. MEP area 

was measured instead of peak-to-peak amplitude because several polyphasic MEPs were 

observed when recording from right APB. For SAI, the averaged conditioned MEP areas 

(CS-TS) were normalized to the averaged unconditioned MEP areas (TS alone) for each 

participant and for each time block (ie.      
     

        
). Two-tailed paired t-tests were 

run to test for significant reduction of conditioned MEP area (CS-TS) in comparison to 

unconditioned MEP area (TS alone). 

For Experiment 1, MEPs and SAI were analyzed with a two-way repeated measures 

analysis of variance (ANOVA) using within subject factors TIME (4 levels; T0, T1, T2, 

T3) and SITE (2 levels; M1, SI). Post hoc Tukey’s honest significant difference (HSD) 
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test was used to identify significant differences among the means in the event of 

significance. Significance was set at p ≤ 0.05. 

Maximal pinch force (amplitude) was averaged across three trials. Two-tailed paired t-

tests were run to compare Max Force before and after rPAS was applied over M1 and SI. 

For Experiment 2, MEPs and SAI were analyzed with one-way repeated measures 

ANOVAs using within subject factors TIME (4 levels; T0, T1, T2, T3). Post hoc Tukey’s 

honest significant difference (HSD) test was used to identify differences among the 

means in the event of significance. For all ANOVAs, the Greenhouse-Geisser method 

was used to correct for non-sphericity. Significance was set at p ≤ 0.05. 

For SEP analysis, peak-to-peak amplitudes of the cortical N20-P25 potentials component 

were analysed and compared before and 45 minutes after SI rPAS (N20 + 2.5). Paired-

pulse inhibition was expressed as a ratio (A2/A1) of the amplitudes of the second (A2) 

and the first (A1) N20-P25 peaks (see Figure 11 for example of SEP potentials and 

paired-pulse inhibition).  

Two-tailed paired t-tests were run to compare SEP amplitude and paired-pulse inhibition 

before and 45 minutes after SI rPAS (N20 + 2.5ms). 

RESULTS 

 

Experiment 1: MEPs and SAI following M1 rPAS and SI rPAS  
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All 12 participants successfully completed the two sessions (4 Males, Mean age = 20.9 ± 

2.9). The average maximal TMS output for rPAS delivery was 40% (± 6.1) and 38.8% (± 

5.5) for the M1 and SI session, respectively, and were not significantly different (two-

tailed paired t-test, p = 0.39). Similarly, the average nerve stimulation for M1 rPAS and 

SI rPAS was 14.7V (± 8.9) and 16.3V (± 8.0), respectively, and were not significantly 

different (two-tailed paired t-test, p = 0.30).     

MEPs 

The group-averaged MEP amplitude was not significantly different at T0 between the M1 

and SI session (two-tailed paired t-test, p = 0.28).  Two-way ANOVA revealed a 

significant main effect of TIME (F(3, 33) = 3.32, p = 0.03) without SITE (F(3, 33) = 0.65, p = 

0.44) or interaction effects (F(3, 33) = 2.47, p = 0.08).  Post hoc Tukey’s HSD revealed 

significantly greater MEPs at T3 compared to T0 (p < 0.05) indicating that MEPs were 

significantly facilitated following M1 rPAS, but only after 45 minutes following 

stimulation. Figure 12 displays the group-averaged data (with standard error of the mean) 

for MEPs following M1 rPAS and SI rPAS at each time point. 

SAI 

Two-way repeated measures ANOVA revealed significant effects of TIME (F(2, 22) = 4.64, 

p = 0.008) and TIME x SITE (F(3, 33) = 3.99, p = 0.016) without a main effect of SITE 

(F(1, 11) = 3.33, p = 0.095). Post hoc Tukey’s HSD revealed a significant interaction at T3 

where SAI was reduced following M1 compared to SI rPAS (p < 0.05). At T3, SAI was 

substantially decreased in the M1 rPAS session whereas following SI rPAS, SAI not 
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significantly changed. For M1 rPAS, SAI was reduced to an extent where the conditioned 

MEPs were not significantly different than the unconditioned MEPs at T3. Two-tailed 

paired t-tests showed that conditioned MEPs were not significantly different in 

comparison to unconditioned MEPs (p = 0.07). In summary, it appears that M1 rPAS 

decreases SAI, but SI rPAS does not significantly modulate SAI. Figure 13 displays the 

group-averaged data (with standard error of the mean) for SAI following M1 rPAS and SI 

rPAS at each time point. 

Maximal Pinch Force 

In M1 rPAS Max Pinch Force was measured in five participants (2 Males, Mean age = 

20.4 ± 1.3). Mean for Max Pinch Force was 11.6N before and 24.6N following M1 rPAS. 

Ten participants (3 males, Mean age = 21.3 ± 3.0) completed the Max Pinch Force 

measurement following SI rPAS. Mean for Max Pinch Force was 16.5N before and 19.8N 

following SI rPAS. Two-tailed paired t-test comparing Max Pinch Force before and after 

rPAS revealed no significant changes when applied to M1 (p = 0.11) or SI (p = 0.32). 

These data indicate that M1 rPAS and SI rPAS did not significantly change Maximal 

Pinch Force. 

Experiment 2: SI rPAS at N20 + 2.5 ms 

All subjects successfully completed the session (n = 8, 2 Males, Mean age = 21.6 ± 3.3). 

The average maximal TMS output for rPAS delivery was 38% (± 6.1) for the session, 

similar to Experiment 1 (38.8%). Also similar to Experiment 1 (16.3V), the average nerve 

stimulation for rPAS was 13.6V (± 9.6).    
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MEPs 

One-way repeated measures ANOVA revealed a significant main effect of TIME (F(3, 21) 

= 3.97, p = 0.02).  Post hoc Tukey’s HSD revealed a similar increase as Experiment1, 

where MEP amplitudes were greater at T3 compared to T0 (p < 0.05). Figure 14 displays 

the group-averaged data (with standard error of the mean) for MEPs following SI rPAS 

(N20 + 2.5 ms) at each time point. 

SAI 

One-way repeated measures ANOVA revealed a non-significant main effect of TIME 

(F(1.9, 13) = 0.55, p = 0.58).  Post hoc Tukey’s HSD revealed significantly greater MEPs at 

T3 compared to T0 (p < 0.05). Figure 15 displays the group-averaged data (with standard 

error of the mean) for SAI following SI rPAS (N20 + 2.5 ms) at each time point. 

SEP and Paired-pulse Inhibition 

Two-tailed paired t-tests comparing the N20-P25 amplitude at baseline (T0) and at 45 

minutes after rPAS (T3) revealed no significant change (p = 0.48). Similarly, two-tailed 

paired t-tests comparing paired-pulse inhibition at baseline (T0) and 45 minutes after 

rPAS (T3) revealed no significant change (p = 0.47).  These data indicate that there were 

no measurable changes in SI cortical excitability following SI rPAS (N20 + 2.5 ms) 

DISCUSSION 

Novel findings of this study include the effects of rPAS applied to SI. When rPAS 

is directed to SI, there was a differential effect on MEPs and SAI. MEPs increased while 
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there was no effect on SAI. When the ISI of SI rPAS was increased by 2.5 ms, to 

encourage STDP in the upper layers of SI, there were no changes in SAI and the 

facilitation of MEPs was very similar to Experiment 1. These results indicate that rPAS 

over SI can modulate corticospinal excitability from M1, but does not significantly 

modify SAI circuitry. These results further support SI having multiple pathways that may 

influence activity in motor cortex. Further, in support of the literature, rPAS directed to 

M1 increased MEP amplitude and decreased SAI (Quartarone et al., 2006). 

These data have shown that SI rPAS is capable of modulating M1 circuits. 

Although the precise mechanisms for the modulation are unclear, it is likely that STDP is 

occurring in SI and this plasticity is specific to the projection that influences the 

corticospinal output neurons in M1. SI is known to have direct excitatory projections to 

pyramidal output neurons residing in layer V of M1 (Ghosh & Porter 1988) and the STDP 

may be happening within this subset of SI to M1 projection neurons. Conversely, we note 

that rPAS to SI did not create STDP in the circuitry that projects to the motor cortical 

circuitry of SAI. This suggests that the effects of SI rPAS may be specific to discrete 

neuronal populations that mediate separate influences on distinct circuits in motor cortex.  

We also note that rPAS over SI does not alter N20-P25 potentials or paired-pulse 

evoked potential inhibition. The fact that evoked potentials are not changed by SI rPAS 

does not rule out that plasticity is not occurring in SI. Plasticity must be present in the 

sensorimotor cortex for corticospinal excitability to have increased. Therefore, these data 

further support that SI rPAS may be selectively potentiating a discrete population of 
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neurons that do not contribute to observable changes in SEP amplitude and do not 

contribute to the SAI circuitry.   

In support of the literature, we note that MEP increases and SAI is reduced 

following M1 rPAS. The specific timing of rPAS was defined at N20 + 5ms, to allow for 

afferent information to traverse to M1 through SI (Goldring et al., 1970; Quartarone et 

al., 2006). Therefore, these data do not rule out the importance of SI in the SAI circuitry, 

but they do indicate that STDP must occur within motor cortex in order to change SAI. 

The mechanisms that may mediate such changes are likely to include the later I3 

generating interneurons (Tokimura et al., 2000; Tsang et al., 2014) that may be recipient 

to superficial projections from SI to M1 (Kaneko et al., 1994a; Kosar et al., 1985).  We 

speculate that M1 rPAS is likely causing LTP at these specific excitatory projections 

leading to a net increase in corticospinal excitability and decreases in SAI. However, it is 

possible that M1 rPAS may potentially act on two different neuronal circuits where one 

modulates a net increase in corticospinal excitability whilst the other modulated SAI 

circuitry. 

Though PAS and rPAS both use heterosynaptic stimulation to induce STDP, some 

differences should be addressed. Differential plasticity effects of PAS in comparison to 

rPAS should not be a surprise as these two protocols likely induce STDP differently. For 

example, SAI is relatively unchanged following low-frequency PAS (Stefan et al., 2002), 

whereas M1 rPAS induces decreases in SAI in our present findings and other reports 

(Quartarone et al., 2006; Terranova et al., 2013).Similar to previous reports of PAS to SI, 

we observed no changes in motor circuitry including MEPs (Krivanekova et al., 2011), 
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whereas SI rPAS induced increases in MEPs. Another contrast between PAS and rPAS 

are changes observed in sensory cortical excitability. SI rPAS did not induce any 

measureable changes to SEPs or paired-pulse inhibition, whereas low-frequency PAS to 

SI facilitated the N20-P25 potential (Litvak et al., 2007; Wolters et al., 2005), though not 

all reports have found the same modulation (Krivanekova et al., 2011).  

There are limitations which must be considered for this present experiment. First, 

SI rPAS may be at the wrong ISI to induce the correct STDP, as past literature indicates 

that a shorter ISI creates such plasticity in PAS (Litvak et al., 2007; Wolters et al., 2005). 

Second, the N20-P25 potentials and paired-pulse inhibition, measured in Experiment 2, 

may not be sensitive to SI physiological changes induced via SI rPAS. These 

measurements are strongly driven by the activation of area 3b pyramidal neurons, which 

were unaltered via STDP (Allison et al., 1991; Ragert et al., 2003). Future studies may 

use measurements such as high frequency oscillations that are more sensitive to changes 

in inhibitory interneurons (Katayama et al., 2010) to detect changes following SI rPAS.  
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FIGURES  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10: rPAS Experimental Timeline 

A) Experiment Timeline for Experiment 1: RPAS was delivered to M1 and SI in the same group of participants.  

Measures of MEPs and SAI were acquired from right APB before (T0) and at 5-20 minutes (T1), 25-40 minutes 

(T2) and 45-60 minutes (T3) following rPAS delivery.  Motor threshold intensities (MT) were determined prior 

to baseline and were re-evaluated before each time block B) Experimental Timeline for Experiment 2: RPAS was 

delivered to SI in eight of the participants from Experiment 1. Measures of MEPs and SAI were acquired from 

right APB before (T0) and at 5-20 minutes (T1), 25-40 minutes (T2) and 45-60 minutes (T3) following rPAS 

delivery.  SEPs and paired-pulse inhibition were acquired at the start and very end of the experiment as well. 
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Figure 11: Sample SEP Traces 

Example of SEP and paired-pulse inhibition traces from one participant before the application 

of rPAS: A) N20-P25 potential recorded from C3’ B) Paired-pulse inhibition measured by 

normalizing the later N20-P25 potential (A2) by the earlier N20-P25 potential (A1). 
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Figure 12: MEP Modulation following rPAS 

Group-averaged (n = 12) MEP area with standard error of the mean following M1 rPAS (solid) and SI rPAS 

(diagonal lines) at pre-rPAS, 5-20 minutes, 25-40 minutes, and 45-60 minutes for the right abductor pollicus 

brevis (RAPB). An asterisk over a single time block indicates that MEP area was significantly greater at T3 

compared to pre-rPAS.  Significant differences were tested at p ≤ 0.05. 
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Figure 13: Modulation of SAI following rPAS 

Group-averaged SAI with standard error of the mean following M1 rPAS (solid) and SI rPAS (diagonal 

lines) at pre-rPAS, 5-20 minutes, 25-40 minutes, and 45-60 minutes for the right abductor pollicus 

brevis (RAPB). An asterisk over a single time block indicates where SAI was significantly reduced 

following M1 rPAS in comparison to SI rPAS. Significant differences were tested at p ≤ 0.05. 
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Figure 14: MEP Modulation by Modified SI rPAS 

Group-averaged MEP with standard error of the mean following SI rPAS (N20 + 2.5ms) at pre-rPAS, 5-20 

minutes, 25-40 minutes, and 45-60 minutes for the right abductor pollicus brevis (RAPB). An asterisk over a 

single time block indicates it was significantly greater than pre-rPAS. Significant differences were tested at p 

≤ 0.05. 
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Figure 15: SAI After Modified SI rPAS 

Group-averaged SAI with standard error of the mean following SI rPAS (N20 + 2.5ms) at pre-rPAS, 5-20 

minutes, 25-40 minutes, and 45-60 minutes for the right abductor pollicus brevis (RAPB). No significant 

changes were observed following SI rPAS (N20 + 2.5 ms). Significant differences were tested at p ≤ 

0.05. 
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GENERAL DISCUSSION 

Summary of Experiments 

Experiment 1 investigated the effects of homosynaptic plasticity stimulation 

applied to cortical areas M1 and SI on the sensorimotor SAI circuitry. To investigate 

these effects, MEPs and SAI were recorded from right FDI and cTBS was delivered to 

M1 and SI in the same individuals. When cTBS was applied to M1, MEPs were 

decreased at 5-20 minutes while SAI remain unchanged. For SI cTBS, MEPs were 

trending towards an increase at 45 minutes and SAI was significantly reduced at 45 

minutes. These results indicate that cTBS over SI and M1 increases and decreases 

corticospinal excitability, respectively. Further, a homosynaptic plasticity protocol over 

SI is capable of modulating SAI; a finding which has never been demonstrated previously 

with other repetitive TMS protocols (Baumer et al., 2007; Fischer & Orth 2011; Zamir et 

al., 2012).  

Experiment 2 investigated the effects of heterosynaptic plasticity stimulation 

applied to cortical areas M1 and SI on the sensorimotor SAI circuitry. Measures of MEPs 

and SAI were recorded in APB before and after M1 and SI rPAS. It is important to note, 

that the location and timing of rPAS was modified to promote STDP in SI. MEPs were 

facilitated at 45 minutes following M1 and SI rPAS while SAI was decreased at 45 

minutes following M1 rPAS only. 
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Experiments 1 and 2 present evidence that neural activity in M1 and SI modulate 

corticospinal excitability and sensorimotor circuitry that outputs to the hand.  In these two 

experiments, MEPs were facilitated following cTBS and rPAS, with the exception of 

cTBS applied to M1 which is well-known to cause suppression (Goldsworthy et al., 

2012a; Jacobs et al., 2013). However SI cTBS and M1 rPAS both decrease SAI in 

comparison to baseline. The summary of modulatory effects on MEP and SAI are shown 

in Figure 16 below.  The following discussion will explore the effects of cTBS and rPAS 

of sensorimotor areas on MEPs and SAI, potential neural mechanisms, possible 

implications of these findings, and limitations of this work. 
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Figure 16: Differential Modulation of MEPs and SAI 

Homosynaptic and heterosynaptic plasticity stimulation over M1 and SI and the resultant effects on A) MEP B) SAI. 
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Different effects of cTBS and rPAS on MEP amplitude  

In Experiment 1, 30 Hz cTBS applied to M1 led to MEP suppression in right first 

dorsal interroseous (RFDI) for up to 5 minutes. However, in contrast, rPAS was applied 

to M1 (Experiment 2) lead to MEP facilitation of APB at 45 minutes. The contrast in 

direction and timing of effects is likely due to the different approaches of these plasticity 

protocols. 30 Hz cTBS uses homosynaptic stimulation to induce LTD-like effects on the 

corticospinal tract. High frequency bursts of TMS are applied in order to induce 

suppression in cortical excitability (Goldsworthy et al., 2012a). In contrast, rPAS is a 

heterosynaptic stimulation, which incorporates Hebbian principles of association to 

induce LTP-like effects. When the afferent input and postsynaptic action potential are 

timed to promote the coincident activity at the postsynaptic neuron with the right 

latencies, STDP can increase the synaptic efficacy of the corticospinal neurons 

(Quartarone et al., 2006; Stefan et al., 2000; Stefan et al., 2002). CTBS is known to 

produce MEP suppression whether it is applied at 50 Hz (Huang et al., 2005) or 30 Hz 

(Goldsworthy et al., 2012a). Though past reports of 50 Hz cTBS have observed MEP 

increases and inter-subject variability (Hamada et al., 2013), 30 Hz cTBS has been 

reported by investigators to induce consistent suppression of MEPs (Goldsworthy et al., 

2012a; Jacobs et al., 2013). In contrast, PAS and rPAS applied at an ISI of ~25 ms, is 

known to induce MEP increases when applied to M1 (Quartarone et al., 2006; Stefan et 

al., 2000; Wolters et al., 2003). It is important to note that suppression of MEPs following 

rPAS was not observed in Experiment 2 or elsewhere (Quartarone et al., 2006). Taken 

together, these data suggest that an increase of MEPs via M1 modulation seems to be 



M.Sc. Thesis –Tsang, P                        McMaster University- Kinesiology 

72 
 

most effective through heterosynaptic stimulation (rPAS) while decreases in MEPs are 

most effectively driven through homosynaptic stimulation (cTBS). 

       There have been few investigations where MEPs have been measured 

following modulation of SI. Previous reports of cTBS applied to SI have observed no 

changes in MEPs (Ishikawa et al., 2007), but MEP increases were observed when current 

direction (Jacobs et al., 2012) and frequency (Jacobs et al., 2013) of cTBS were modified. 

Similar to past reports, Experiment 1 showed trends for increased MEPs at 45 minutes 

following the homosynaptic cTBS plasticity protocol to SI.  Experiment 2 applied the 

heterosynaptic plasticity protocol, rPAS, which evoked an increase in MEPs at 45 

minutes following SI stimulation. It is also interesting to note that MEP increases were 

very similar in SI rPAS whether an ISI of N20 or N20 + 2.5 ms was used. This may 

suggest that ISI and timing may not be as important of a factor for changes in MEPs but, 

instead, emphasizes the importance of STDP location. Together, these data suggest that 

SI plasticity by homosynaptic and heterosynaptic stimulation increases corticospinal 

excitability, but in a delayed manner. This is consistent with previous reports where 

plasticity induced in somatosensory cortex (Jacobs et al., 2013; Jacobs et al., 2012) or 

higher order somatosensory cortex (Chao et al., 2013b; Premji et al., 2011), had maximal 

increases in MEPs after a delay of at least 25 minutes.     

Different effects of cTBS and rPAS on SAI 

 SAI is believed to be cortically mediated by muscarinic receptors (Di Lazzaro et 

al., 2000) and is also modulated by GABA-A receptors (Di Lazzaro et al., 2005c; Di, V et 
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al., 2006). In Experiment 1, 30 Hz cTBS over M1 led to no changes on SAI. In contrast, 

for Experiment 2, rPAS over M1 lead to decreases in SAI at 45 minutes. Unaltered SAI 

following 30 Hz cTBS on M1 is in line with previous reports where other forms of 

homosynaptic stimulation like 1 Hz rTMS (Fischer & Orth 2011) and iTBS (Zamir et al., 

2012) yielded no change in SAI. In Experiment 2, M1 rPAS was set to the specific ISI of 

N20 + 5 ms to allow for STDP to occur in M1. This specific STDP, led to decreases in 

SAI at 45 minutes. These results support previous reports where M1 rPAS at ISI 25ms 

leads to reductions in SAI (Quartarone et al., 2006; Terranova et al., 2013).  The data in 

this thesis indicate that heterosynaptic and not homosynaptic protocols, may be better 

suited for targeting the interneuronal population involved in modulating SAI when 

delivered over M1.   

 30 Hz cTBS applied to SI decreased SAI for more than an hour. Regardless of 

whether SAI was induced via median nerve or digital nerve stimulation, 30 Hz cTBS 

decreased the level of inhibition. This is in contrast to past reports using homosynaptic 

stimulation, where low-frequency rTMS applied to SI did not induce changes to SAI 

(Baumer et al., 2007). Homosynaptic plasticity (ie. rTMS and cTBS) of SI has frequently 

been used to induce changes in SEPs but not sensorimotor circuitry (Enomoto et al., 

2001; Ishikawa et al., 2007; Ragert et al., 2003). Similarly, heterosynaptic plasticity of SI 

has frequently been used to modulate SEP (Litvak et al., 2007; Wolters et al., 2005) but 

not motor circuitry except for one investigation (Krivanekova et al., 2011). To our 

knowledge, there have been no previous attempts or reports of using heterosynaptic 

plasticity to modulate SAI. SI rPAS however, induced no changes in SAI regardless of 
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ISI. It is also interesting to note that in Experiment 2 there were no measurable changes in 

SEPs or intracortical inhibition observed following SI rPAS.  Therefore the data from this 

thesis suggests that homosynaptic and not heterosynaptic stimulation of SI changes SAI 

circuitry. 
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Figure 17: Neural Mechanism - Pre-cTBS 

or rPAS 

(Adapted from Jacobs et al. 2013)  

1. Interneuron circuitry in layer II/III 

produces I-wave excitatory drive (blue 

arrows)  and synapse to activate layer V 

output neurons  

2. SAI acts on I3 interneuron (red arrow) to 

decrease the excitatory drive and decrease 

corticospinal output 
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Figure 18: Neural Mechanism - SI cTBS or M1 

rPAS  

(Adapted from Jacobs et al. 2013) 

1. cTBS alters interneurons in SI which drives a 

net facilitation of M1 interneurons (large blue 

arrows) 

2. Similarly, rPAS facilitates the M1 

interneurons (large blue arrows) 

3. Facilitated I-wave excitatory drive leads to an 

increased corticospinal output 

4. Increased drive from I3 interneuron also 

decreases the degree of inhibition from SAI  

1 
2 

3 
4 
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Figure 19: Neural Mechanism - M1 cTBS or SI 

rPAS  

(Adapted from Jacobs et al. 2013) 

1. cTBS has an inhibitory effect on the early 

interneurons of M1 (medium red arrow) 

2. This creates a net inhibitory drive to the 

corticospinal output neurons (large red arrow) 

3. SI rPAS potentiates neurons in SI  

4. SI neurons generate net facilitation of either 

interneurons or corticospinal output neurons in 

M1 (large blue arrow) 

5. SAI is unaffected by SI facilitation 

1 

2 

3 

4 

5 
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Neural Substrates and Mechanisms 

This research is the first to explore changes in SAI following SI cTBS, and also the first 

to investigate the effects of rPAS applied to SI. It is known that M1 may receive somatosensory 

afference via direct thalamocortical projections, as well as through SI-M1 projections (Lemon & 

Porter 1976a). However, SAI is believed to be a cortically mediated sensorimotor circuit 

(Tokimura et al., 2000). Therefore, neural mechanisms of SI and M1 will be primarily discussed.  

MEPs and SAI are mediated by interneurons and corticospinal output neurons of the 

motor cortex. These output neurons primarily reside within layers III and V of the motor cortex 

(Ghosh & Porter 1988). The vertical output neurons project to form a large portion of the 

descending corticospinal tract (Kaneko et al., 2000). In contrast, the interneurons and horizontal 

output neurons reside primarily in layers II/III of M1(Kosar et al., 1985). These horizontal 

neurons have excitatory projections to the corticospinal output neurons residing in layer V. 

MEPs measured via TMS are primarily activated through these horizontal fibres and 

interneurons (Di Lazzaro et al., 2004). Increased excitatory drive from I-wave interneurons leads 

to net increased corticospinal output as reviewed by previous reports (Di, V et al., 2012; Rusu et 

al., 2014) and Chapter 2 of the thesis (Literature Review). Similarly, SAI decreases corticospinal 

output by decreasing the excitatory drive from late I-wave generating interneurons (Tokimura et 

al., 2000). Figure 17 shows the neural mechanisms of the interneurons, the corticospinal output 

neurons, and SAI.      

Facilitation of late I-wave generating interneurons of M1 is a possible mechanism of SI 

cTBS and M1 rPAS effects. Increased activity of late interneurons leads to decreases in SAI and 

increases in MEPs. It is known that SI projects to layers III and V of M1 (Zarzecki et al., 1978). 
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However, area 2, which sends the densest projections to M1 (Yumiya & Ghez 1984) terminates 

mostly in layers II/III (Kaneko et al., 1994b; Kosar et al., 1985; Porter & Sakamoto 1988). 

Similar to a model proposed by Jacobs et al. (2013), I speculate that SI cTBS may modulate 

corticospinal excitability and SAI indirectly through a SI-M1 relay which ultimately facilitates 

the interneurons in layers II/III of M1 (Kaneko et al., 2000). It is well-known that SI projections 

to M1 are largely excitatory (Kosar et al., 1985) and that tetanic stimulation of SI may lead to 

LTP in M1 layer II/III neurons (Iriki et al., 1989). Likewise in rodent models, homosynaptic 

theta burst stimulation induces LTP in layers II/III neurons when GABA receptors are modulated 

via bicuculine (Hess et al., 1996). CTBS, which is known to modulate GABA levels in the 

human cortex (Stagg et al., 2009), was used in Experiment 1 to induce these LTP-like effects. In 

contrast, for Experiment 2, facilitation of M1 interneurons was induced via heterosynaptic 

stimulation (rPAS) without alterations to GABA levels (Quartarone et al., 2006; Stefan et al., 

2002). Hess et al. (1996) suggests a mechanism where vertical afferent input neurons gate 

GABAergic inhibitory neurons that normally generate a tonic inhibition of LTP in the horizontal 

output motor neurons residing in layers II/III. Similarly, I speculate that M1 rPAS in Experiment 

2 used low intensity TMS to activate the horizontal fibres of M1 and median nerve stimulation to 

provide vertical afferent input to M1, ultimately leading to the facilitation of layer II/III 

interneurons within M1. The collective data suggest that homosynaptic SI stimulation and 

heterosynaptic M1 stimulation may modulate corticospinal excitability and SAI through the late 

interneurons of M1. Figure 18 presents the possible mechanism for the modulation of SAI and 

MEPs via SI cTBS and M1 rPAS in the present work. 

M1 cTBS and SI rPAS may be modulating the early I-wave interneurons or corticospinal 

neurons directly. M1 cTBS has widely been reported to induce LTD-like effects (Goldsworthy et 
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al., 2012a; Jacobs et al., 2013) by modulating earlier I1 waves (Di Lazzaro et al., 2005a). If SAI 

is primarily mediated by later interneurons (ie. I3-waves), as mentioned previously, then M1 

cTBS modulation of I1-waves would change corticospinal excitability (MEPs), but not SAI. 

With the present data, it is not clear whether SI rPAS directly modulates corticospinal neurons or 

early I-wave interneurons. However, SI rPAS may facilitate a more direct SI-M1 projection (ie. 

to layers III and V of motor cortex). SI rPAS modulation of MEPs and not SAI seems to suggest 

that late inhibitory interneurons (I3-wave) are not the mechanism by which corticospinal 

excitability is increased. Figure 19 presents the possible mechanisms for the modulation of MEPs 

via M1 cTBS and SI rPAS in the present work. 

Limitations 

A few limitations must be considered in this work. First, somatosensory afferent input via 

median nerve stimulation may relay to M1 directly through thalamocortical projections (Lemon 

& Porter 1976b). If this was the case then the ISI for M1 rPAS should be modified (ie. ISI of 

N20) in order to induce STDP. However, pilot data from eight participants (who were from 

Experiment 1) revealed no significant changes in MEPs or SAI, suggesting that somatosensory 

afference needs to traverse from SI to M1 for LTP-like effects to occur. Second, MEPs are not 

only modulated via cortical neuronal excitability but also spinal motoneuron excitability as well. 

In order to further investigate whether rPAS or cTBS induced changes in spinal motoneurons, H-

reflexes should be measured following these protocols. However, H-reflexes are extremely 

difficult to induce in intrinsic muscles of the hand (Hultborn & Nielsen 1995).  
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Conclusions 

 In summary, this research demonstrates that different approaches of plasticity stimulation 

to the primary somatosensory cortex and primary motor cortex may influence sensorimotor 

circuitry of the hand. Sensorimotor integration is integral to motor control of the hand 

(Johansson & Westling 1984) and motor learning (Pavlides et al., 1993). Although many 

investigators explore the influence of somatosensory plasticity on cortical sensory changes, few 

have investigated sensorimotor circuitry following the modulation of SI. Using non-invasive 

cTBS and rPAS, we have shown that these stimulation protocols are able to produce selective 

facilitation or suppression of neural circuitry. These differential modulations of select 

sensorimotor circuitry can be manipulated by the appropriate protocols of rPAS and cTBS. Aside 

from contributing to our fundamental understanding of sensorimotor circuitry of the human 

hand, selective modulation may have significant clinical relevance in populations with altered 

hand control. Motor and sensorimotor circuitry may be manipulated by targeting cortical areas. 

Sensory re-training induces plasticity and improves motor function in patients with movement 

disorders and peripheral nerve lesions, suggesting that plasticity may drive cortical 

reorganization and functional motor recovery (Byl et al., 2008; Miller et al., 2012). Using CTBS 

and rPAS, to increase or decrease neural activity in hand representations may be used to further 

explore somatic influence on motor circuitry in humans or as part of a functional rehabilitation 

therapy to improve hand function. 
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