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ABSTRACT

Temporal order judgment (TOJ) refers to one’s ability to successively report the
temporal order of two tactile stimuli delivered to independent skin sites. The brain regions
involved in processing TOJ remain unclear. Research has shown that TOJ performance
can be impaired with a conditioning background stimuli and this phenomenon, known as
TOJ synchronization (TOJ-S), is suggested to be mediated by inhibitory neural
mechanisms within the primary somatosensory cortex (Sl) that create perceptual binding
across the two skin sites. Continuous theta-burst stimulation (cTBS) over Sl impairs
tactile spatial and temporal acuity. This dissertation examines the effects of cTBS on TOJ
and TOJ-S performance on the hand. In Experiment 1, TOJ and TOJ-S were measured
from the right hand before and for up to 34 minutes following 50 Hz cTBS over Sl. In
Experiment 2, same measurements were obtained bilaterally for up to 42 minutes
following 30 Hz cTBS over SI. Compared to pre-cTBS values, TOJ was impaired for up
to 42 minutes on the right hand following 30 Hz c¢TBS. TOJ-S performance was
improved for up to 18 minutes on the right hand following 50 Hz cTBS. These
experiments reveal two major findings. First, cTBS act upon different inhibitory circuits
that are suggested to mediate TOJ and TOJ-S. Second, cTBS parameters may dictate
cTBS effects over Sl excitability. The findings of this work not only emphasize the
significant contributions of Sl on tactile temporal perception, it provides novel insight of

the underlying neural mechanisms of cTBS effects on Sl cortical excitability.
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CHAPTER 1 — Goal of Thesis

1.1 Overview of Thesis

This thesis aims to advance our understanding of underlying cortical processes in
the somatosensory system mediating tactile perception. Tactile perception refers to the
successful coordination of tactile inputs and motor outputs which is required for optimal
performances in a wide range of motor tasks (Goodwin & Wheat, 2004). Somatosensory
feedback from the hand plays a significant role for hand function and motor control in the
upper limb. However, the primary areas that are involved in processing tactile perception
remain unclear. There is common agreement that the primary somatosensory cortex (SI)
is an essential candidate for regulating tactile perception (Duncan & Boynton, 2007;Luna
et al., 2005;Lenz et al., 2012). Patients with movement disorders and lesions to Sl neural
pathways demonstrate sensory deficits, such as impaired tactile frequency, two-point and
temporal discrimination (Makous et al., 1996;Staines et al., 2002;Tamura et al., 2008).
One method to probe the underlying mechanisms that govern tactile perception is via
repetitive transcranial magnetic stimulation TMS (rTMS). Numerous evidence suggests
that rTMS is capable of altering intracortical excitability that persists after termination of
rTMS (Song et al., 2011). There is further support that briefly altering cortical excitability
within SI can disrupt or improve tactile perception depending on the protocol used. For
instance, previous studies have shown that rTMS delivered over Sl at high frequencies (>
5 Hz) improved tactile two-point discrimination performance (Tegenthoff et al., 2005). In
contrast, low frequency rTMS impairs frequency and two-point discrimination (Knecht et

al., 2003;Vidoni et al., 2010). Recently, theta-burst stimulation (TBS), a form of rTMS
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delivered at a high frequency and low intensity has also shown to impair tactile temporal

acuity (Conte et al., 2012;Rai et al., 2012).

Tactile temporal order judgment (TOJ) offers a new avenue to understand the role
of SI in processing tactile temporal acuity. TOJ refers to one’s ability to report the
temporal order of successive taps delivered over independent skin sites (Tommerdahl et
al., 2007;Takahashi et al., 2012). The underlying mechanisms that govern tactile TOJ
processing remain unclear despite the abundant knowledge of TOJ in both visual and
auditory domains (Hirsh.J., 1961;Allan, 1975;Woo et al., 2009;Bolognini et al., 2010).
This Master’s thesis work includes novel experiments to address the question of whether
Sl is involved in tactile temporal processing. TOJ in the presence and absence of

additional stimuli were taken as measures of tactile perception before and after cTBS.

1.2 Significance of Thesis Work

Experiment 1, performed at the University of Waterloo, revealed a reduction of
the synchronization effect following cTBS, suggesting that the activity of inhibitory
interneurons within SI may be altered by cTBS. This experiment adds new understanding
of the underlying neural mechanisms within the primary sensory areas involved in
processing tactile perception. Future experiments could aim to investigate other cortical
or sub-cortical areas that have direct or indirect projections to SlI. Understanding such
functional connectivity between Sl and its neighboring areas may help further understand

the involved regions in processing tactile perception and the complexity of sensory

2
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processing. Previous work has demonstrated suppression of tactile temporal and spatial
discrimination following the application of cTBS over Sl. Experiment 2 further examined
a modified cTBS paradigm in search for further understanding of the tactile perceptual
effects of cTBS. Experiment 2 which was conducted at McMaster University, revealed
significant impairments in temporal order judgment performance following stimulation.
This suggests that neural circuitries that mediate TOJ and TOJ-S may respond differently

to a modified form of cTBS.

In summary, both experiments provide important contributions to the
fundamentals of behavior neuroscience by confirming the cortical regions involved in
processing tactile temporal perception. This knowledge can be further applied to clinical
populations that demonstrate sensory and motor impairments due to altered cortical
excitability such as in autism and Focal hand dystonia (Casanova et al., 2003;Scontrini et
al., 2009). Finally, the mechanisms of TBS on suppressing cortical excitability allows for
a better understanding of the development of potential therapeutic tools for patients that

exhibit altered cortical excitability.

1.3 Outline of Thesis Chapter

The thesis is arranged as follows:

Chapter 1 outlines the motivation and significance of thesis. It also states key findings

from Experiment 1 and Experiment 2.
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Chapter 2 details the theory of repetitive TMS used in this experiment. Also, the role of
the primary somatosensory cortex in processing tactile stimuli and tactile perception will

be provided.

Chapter 3 presents the manuscript drafted for Experiment 1.

Chapter 4 presents the manuscript drafted for Experiment 2.

Chapter 5 addresses the goal of this thesis and provides conclusions from both

experiments.

1.4 Summary of Contributions

Experiment 1 sought to investigate the modulation of tactile temporal order judgment in
the presence and absence of synchronous stimuli on the right hand following 50 Hz cTBS
over SI. TOJ and TOJ synchronization (TOJ-S) performance were measured in eight

right-handed individuals prior to and following cTBS over left-hemisphere SI.

Experiment 2 investigates the modulation of tactile temporal order judgment in the
presence and absence of synchronous stimuli bilaterally following 30 Hz cTBS over left-
hemisphere SI. TOJ and TOJ-S performance were obtained from ten right-handed

individuals prior to and following the application of cTBS.
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CHAPTER 2 — Review of Literature

2.1 Peripheral Response to Tactile Stimuli

The human skin receives tactile stimuli through several low-threshold
mechanoreceptors. These receptors are morphologically located throughout different parts
of the skin and undergo deformation under the response of light stimulation (Maeno et al.,
1998). Mechanoreceptors can be classified into two major categories corresponding to
their ability to respond to vibrotactile stimuli: slowly adapting and rapidly adapting.
Slowly adapting type | fibers (SAI fibers) innervate the Merkel disc receptors which are
located beneath the epidermis of the skin. The abundance of Merkel cells near the surface
of the skin allow for sensitive responses to light touch and change in pressure (Hamann,
1995). Specifically, the anatomical arrangements of these cells in the fingertip provide a
precise localization to detect tactile stimuli (Haeberle & Lumpkin, 2008). Primary
afferent fibers originating from Merkel receptors transmit tactile information to the cortex
to its corresponding neural receptive field (Johansson & Vallbo, 1983). Merkel cells
typically have smaller defined receptive fields with high sensitivity (Johansson, 1978).
Rapidly adapting type | (RAI) receptors, also known as Meissners corpuscles are highly
sensitivity to light touch as they fire bursts of action potentials upon receiving initial
contact to stimuli (Talbot et al., 1968;Sathian et al., 1989). Similar to SAI, these receptors
are highly populated at the fingertips and represent small but highly sensitive receptive
fields (Johansson, 1978;LaMotte et al., 1998). Rapidly adapting type Il fibers (RAII)
terminate at the Pacinian corpuscles (PC) located deep in the subcutaneous tissue and

these receptors respond to vibration with a range of frequencies from 100-400 Hz (Talbot

5
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et al., 1968). Due to its large size, it captures a wide area of skin and hence represents a

larger receptive field (Johansson, 1978).

Vibrotactile stimulation applied over mechanoreceptors excites a whole
population of afferents including both SA and RA fibers. A chain of events occur upon
excitation of these peripheral nerve fibers (Mountcastle et al., 1967). First, changes in
permeability occur at the axonal endings of each nerve. When local depolarization at the
nerve ending reaches the threshold for the activated mechanoreceptor, an action potential
(receptor potential) is produced. Further, the action potential travels along the afferent
fibers which then synapse at the dorsal root of the spinal cord, eventually reaching the
somatosensory cortex. Overall, the initiation of neural transmission at the receptor level

allows for neural coding of touch.

2.2 Neural Transmission of Tactile Stimuli

The mechanism of which tactile stimuli is transmitted to the cortex can be
explained by the dorsal column medial lemniscuses pathway (DCML) (Mountcastle et al.,
1967). Action potentials generated at the nerve endings carry encoded touch information
through first-order afferent fibers (dorsal root ganglion) to form synapses at the dorsal
horn within the spinal cord. Touch fibers then ascend to the upper laminae through dorsal
columns located within the spinal cord. Once at the medulla, they synapse at the dorsal
column nuclei: the cuneate nucleus (Mountcastle, 2005). Second-order afferent fibers in
the dorsal column nuclei then cross over the midline in the medulla where they ascend in

the medial lemniscus to the ventral posterior lateral (VPL) and medial nuclei (VPM) of
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the thalamus (Mountcastle, 2005). Finally, third-order afferent fibers from the thalamus

then project to specific areas within the primary somatosensory cortex (SI).

2.3 Physiological Structure of SI

The primary somatosensory cortex spans four cytoarchitectureal areas along the
rostra-caudal axis of the parietal lobe, forming its anterior and posterior border by the
central sulcus and postcentral sulcus, respectively (Jones et al.,, 1982). These
morphologically and functionally distinct regions are commonly referred to as Brodmann
areas 3a, 3b, 1 and 2 (Brodmann, 1909). Within SI, Brodmann areas 3b and 1 mainly
receive mechanoreceptive inputs from the skin, whereas areas 3a and 2 mainly receive
proprioceptive information from receptors in muscles, joints and the skin (Mountcastle,
2005). Thalamocortical afferents terminate upon six different layers of cells exhibiting
both excitatory and inhibitory mechanisms (Mountcastle, 2005). Excitatory cells such as
the pyramidal neurons are highly populated at the superficial layer whereas inhibitory
cells such as the GABAergic, double-bouget cells (DB) all mainly presented in layers 11
and Il (Mountcastle, 2005). Axons from DB cells project vertically into bundles and
terminate upon both inhibitory interneurons and pyramidal cells (Mountcastle, 2005).
This arrangement imposes a strong stream of inhibition or dis-inhibition within SI. Other
inhibitory cells such as the large and small basket cells and chandelier cells also exert
inhibitory control on pyramidal cells (Markram et al., 2004). Local excitatory neurons
and interneurons of layers IV and Illb, which contain the spiny non-pyramidal or stellate
cells, receive post-synaptic targets of afferents from the VPL of the thalamus. Tactile

processing within SI can be explained by the principle of lateral inhibition, which is

7



M.Sc. Thesis — Lee, KGH McMaster University- Kinesiology

thought to be a delineation of individual cortical columns (minicolumns) from their
neighbors (Mountcastle, 2005;Favorov & Kelly, 1994). It is known that the cortex
consists of inhibitory DB cells that define minicolumnar organization in the brain.
GABAergic neurons play a vital role in lateral inhibition by creating an inhibitory
connection between adjacent minicolumns, thereby causing them to become functionally
dissimilar. Patient populations with a lack of these inhibitors would be affected in

discriminating between competing forms of sensory information (Casanova et al., 2003).

2.4 Neural Processing within Sl

How is tactile information perceived in the primary somatosensory cortex?
Changing the intensity, frequency or duration of the applied stimuli could change the
receptive field and specifically the excitability of neurons in the somatosensory cortex
(Tommerdahl et al., 2010;DiCarlo & Johnson, 2002). It has been shown that increasing
amplitude of vibrotactile stimuli would increase the ability to discriminate between two
stimuli (Francisco et al., 2008). Further, using optical intrinsic signal imaging (OIS) in
studying the vibrotactile stimulation response in Sl in squirrel monkeys, one study found
that increasing the duration of the vibrotactile stimuli would increase absorbances in
central regions of activation while suppressing responses (decreased absorbance) in areas
surrounding the activated areas, also known as surround inhibition. This increased in
absorbance in central regions is believed to be due to an increase in neuronal firing within
the area receiving maximal excitation (Tommerdahl et al., 2010;Simons et al., 2007).
These studies suggest that the somatosensory cortex is involved in sensory processing and

that neurons within receptive fields could be altered via changing the sensory modalities

8
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of the tasks. In fact, much emphasize has been focused on understanding the role of Sl in
perceiving precisely the spatial location of the applied stimuli. When two stimuli are
applied over the skin at different locations simultaneously, SI is capable of extracting the
code of the spatial differences between the two stimuli. While spatial aspects have been
studied thoroughly, the role of Sl in temporal processing, specifically the ability to
discriminate two stimuli being temporally different has also received much attention in
recent years. Reports on lesions of the dorsal column within the somatosensory system in
primates showed impairment in temporal processing. It has been shown that monkeys
with lesions to the dorsal column fail to discriminate between cutaneous stimulation

frequencies of 10-35 Hz (Makous et al., 1996).

2.5 Somatosensory Evoked Potentials

Stimulation of primary afferent fibers elicits neural activity that travels along the
ascending DCML pathway. A portion of this activity can be measured in humans non-
invasively from the scalp. Cortical somatosensory evoked potentials (SEPs) can be
generated in response to stimulation of the contralateral median nerve at the wrist. These
SEPs are defined as short-latency potentials since they appear 40 ms after median nerve
stimulation (Allison et al., 1989). Cortical components such as the N20, P25 and N30
potentials are thought to be generated in the contralateral somatosensory cortex in areas
3b & 1, which mainly receives mechanoreceptive inputs from the skin (Allison et al.,
1989). Often, SEPs provides neuroscience research with a better understanding of the
sensory pathway since changes in amplitude and latencies could relate to impaired

sensory processing in patient populations.
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2.6 Cortical Metrics Device (CM)

The Cortical Metric device is a four-site vibrotactile stimulator that can be used to
provide reliable and accurate quantitative measures of tactile perception through various
psychophysical tasks that vary across different sensory modalities. These tasks are meant
to provide a further understanding of the cortical areas involved in controlling tactile
perception. The device consists of two components: a computer interface and a portable
four-site stimulator. A designed interface using C# programming language and Windows
Presentation Foundation (WPF) framework allows for control of the stimulator and the
administration of psychophysical protocols. The stimulator consists of four rotatory
cylindrical disks with a circular probe (5 mm inner diameter) attached individually to the
surface of each disk. Previous versions of the CM device have demonstrated changes in
spatial and temporal acuity with repetitive tactile stimulation to a maximum of two skin
sites (Tommerdahl et al., 2007;Rai et al., 2012). In this current version, the CM device
was designed to deliver repetitive stimulation simultaneously or sequentially to a
maximum of four fingertips. This device has been used in a study involving healthy
control subjects using a finger agnosia tool (Holden et al., 2012). See Figure 2.1 for
device and Holden et al. (2012) for full description. In both of our studies temporal order

judgment (TOJ) measures were performed using the CM device.

10
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Figure 2.1. Cortical Metrics Device (CM). Participant’s hand is placed on the device with
arm rested on the extended surface (Top). Portable stimulator device with stimulator
probes attached individually on four cylindrical disks (Bottom left). Digits 2 to 4 gently
rested on each stimulator probe. Digit 2 and 4 received tactile stimulation during TOJ

tasks (Bottom right).

2.7 Temporal Order Judgment

2.7.1 Temporal order Judgement (TOJ)

The application of TOJ involves two probes that vibrate at a certain frequency and
amplitude separated by a variable interstimulus interval (ISI). The subject reports which
finger they felt received the first stimulus. Responses are measured through a mouse click

with the non-stimulated hand. The ISI increases or decreases depending on the accuracy

11
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of the response by the subject. A correct response results in a decrease in ISI by a set
value while an incorrect response results in an increase in I1SI by the same value. As the
task becomes more difficult, the ISI value becomes small. In contrast, a large ISI value
makes the task easier. To assess TOJ performance, the lowest ISI value to correctly report
the order of the stimulus pair (i.e. TOJ threshold) has been used in both healthy and
clinical populations (Tommerdahl et al., 2007;Tommerdahl et al., 2008;Nelson et al.,

2012).

2.7.2 TOJ Synchronization

Similar to TOJ, the application of TOJ synchronization involves two probes that
vibrate at a certain frequency and amplitude separated by an ISI. However, subjects
perceive temporal order of the paired stimulus in the presence of a 25 Hz synchronized
conditioning stimuli delivered concurrently and periodically at the two skin sites. The
presence of the additional stimuli has been shown to disrupt normal TOJ performance in
healthy individuals (Tommerdahl et al., 2007). In contrast, certain patient groups with
cortical deficits do not show the impairment of TOJ. To assess TOJ synchronization
performance, threshold values have been used in both healthy and patient populations

(Tommerdahl et al., 2007; Tommerdahl et al., 2008;Nelson et al., 2012).

12
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2.8 Transcranial Magnetic Stimulation (TMS)

2.8.1 Mechanisms

Transcranial magnetic stimulation (TMS) is a non-invasive research tool often
used to study neural mechanisms and circuitries by inducing neural plasticity through the
induction of an electric field within the cortex (Rossi et al., 2009). The principles of
electromagnetic field in TMS can be understood based on the concepts of Faraday’s Law:
rapidly changing magnetic field induces an electric field in the brain (Faraday, 1839).
Magnetic fields are generated at a magnetic coil which induces a secondary electric
current perpendicular to the direction of the magnetic field (Nollet et al., 2003;Rossi et al.,
2009). The intensity of the magnetic field can reach up to 2 Telsa and depending on the
coil used, can lasts for about 150 microseconds (Nollet et al., 2003). Due to the low
impedance to magnetic fields presented at the skull, the induced electric current can
activate neural tissues (Nollet et al., 2003;Hallett, 2007). A figure-of-eight coil which
allows stimulation at a depth of 1.5-3.0 cm beneath the scalp is typically employed to
obtain a focal stimulation (Rossi et al., 2009). When the coil is positioned on the scalp,
the induced electric current reaches the cortex and thereby causes neuronal firing through
the depolarization of a targeted neuron membrane (Hallett, 2007). Depending on the
stimulation intensity and the positioning of the coil, the activation of cortical neurons
generates a descending volley of the pyramidal tract which results in muscle activation
that could be measured via surface electromyography (EMG). TMS can be applied in
various forms to assess and alter cortical excitability in the form of excitatory and

inhibitory neural pathways.

13
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2.8.2 Single-pulse TMS

Applying single-pulse TMS over cortical areas that control for types of muscles
such as the primary motor cortex (M1) could induce a motor evoked potential (MEP)
often described as a visible muscle twitch. For instance, applying TMS over the hand area
of M1 could trigger MEPs at the specific hand muscles. Two hand muscle commonly
used for the measurement of muscle activity is the first dorsal interosseous muscle (FDI)
and the abductor pollicis brevis (APB). Accurately localizing the cortical area (‘motor
hotspot”) for inducing MEPs depends on both stimulation intensity and coil orientation
(Kobayashi & Pascual-Leone, 2003). Motor thresholds represent the lowest intensity for a
single-pulse TMS to evoke an MEP in the target muscle during rest or voluntary
contraction (Kobayashi & Pascual-Leone, 2003). Resting motor threshold (RMT) is
commonly used in TMS studies and it is defined as the minimum intensity to elicit an
MEP of > 50 puV peak-to-peak amplitude from the muscle in at least 50% of successive
trials at rest (Kobayashi & Pascual-Leone, 2003). Subsequently, the active motor
threshold (AMT) is defined as the minimum intensity to evoke an MEP of > 200 pV
during 10% of maximal voluntary contraction in a target muscle (Huang et al., 2005).
Motor threshold reflects membrane excitability of the pyramidal neurons and possibly the
interneurons projecting onto these neurons. The intensity for different forms of TMS

protocols such as repetitive TMS rely on the obtained AMT.

14
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2.8.3 Single-pulse TMS and Tactile Perception

Single-pulse TMS over specific cortical areas have shown to alter tactile
perception. For instance, a reduction of behavioral performance for discrimination of
congruent multisensory touch than for unisensory touch was observed after application of
single-pulse TMS over the posterior parietal cortex (Pasalar et al., 2010). A study
investigating the effects of single-pulse and paired-pulse TMS over S1 suggested changes
in perception and sensory processing during a sensorimotor task (Meehan et al., 2008).
Vibrotactile stimulation discrimination was suppressed after single pulse TMS was
applied over S1 (Morley et al., 2007). The influence of TMS over S1 altering tactile
perception could be confirmed furthermore by Hannula and colleagues. This group found
that monophasic TMS pulses delivered over S1 impaired tactile temporal discrimination

(Hannula et al., 2008).

2.8.4 Repetitive TMS (rTMS)

Depending on the form of TMS administered, cortical excitability could outlast
the stimulation protocol itself (Ridding & Ziemann, 2010). Repetitive TMS (rTMS)
protocols require multiple TMS pulses to be delivered at a constant rate up to 50 Hz
(Huang et al., 2005). Previous studies have shown that rTMS at low frequencies (< 5 Hz)
results in suppression of cortical excitability (Chen et al., 1997;Romero et al., 2002),
whereas stimulation at high frequencies (> 5 Hz) results in facilitation of cortical
excitability at the stimulated area (Ragert et al., 2004). Similar to single-pulse TMS,

previous studies suggested that rTMS over Sl suppresses tactile perceptual performances.

15



M.Sc. Thesis — Lee, KGH McMaster University- Kinesiology

For instance, low frequency 1-Hz and 0.9-Hz rTMS delivered over Sl reduced tactile
frequency discrimination (Knecht et al., 2003) and two-point discrimination
performances (Satow et al., 2003), respectively. In contrast, high frequency 5-Hz and 15-
Hz rTMS over Sl improved two-point discrimination performances (Tegenthoff et al.,

2005) and tactile perceptual learning (Karim et al., 2006), respectively.

2.8.5 Theta burst TMS (TBS)

Theta burst stimulation, a type of rTMS developed by Huang and colleagues has
led to new insights on how TMS could alter cortical excitability at targeted regions. Theta
burst stimulation is applied at a lower intensity, higher frequency and at longer durations.
This protocol consists of bursts of three pulses given at 50 Hz repeated at every 200 ms,
as a result a total of 600 pulses are produced (Huang et al., 2005). Applied at an intensity
of 80% active motor threshold (AMT), TBS is known to induce changes in corticospinal
excitability that outlasts the stimulation itself (Huang et al., 2005). Two types of TBS,
intermittent TBS (iTBS) and continuous TBS (cTBS) have been shown to effectively alter
cortical excitability through excitatory or inhibitory neural pathways. ITBS is applied
using a 2s train of TBS, repeated every 10 s for up to 190s (Huang et al., 2005). Previous
work has proposed that iTBS over the primary motor cortex (M1) generates a facilitatory
effect reflected by an increase in motor evoked potentials (MEPs) (Huang et al., 2005).
On the contrary, cTBS is recognized for inducing inhibitory effects when delivered over
M1 (Cardenas-Morales et al., 2010). During cTBS, a train of pulses are emitted

continuously without interruption for 40s (Huang et al., 2005).
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Figure 2.2. Different modalities of theta burst stimulation (TBS). (A) Intermittent TBS
(iTBS) paradigm with a 2 second train of TBS repeated every 10 seconds; a total of 600
pulses for a total duration of 191.84s. (B) Continuous TBS (cTBS) paradigm with a train
of TBS delivered over a total duration of 40s with 600 pulses. (C) Description of a
general theta-burst paradigm with three stimulation pulses delivered at 50 Hz repeated

every 200 ms.

2.8.5.1 ITBS

ITBS has been shown to increase excitability at the motor cortex (Cardenas-
Morales et al., 2010). Similarly, previous work demonstrated that TBS also exerts similar
excitatory effects on the somatosensory cortex in humans (Katayama et al.,
2010;Katayama & Rothwell, 2007;Ragert et al., 2008;Premiji et al., 2010). For example,
somatosensory evoked N20qnse-N20peax potentials were facilitated following iTBS over

S1 (Katayama & Rothwell, 2007). Neural mechanisms within Sl can also be examined
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through changes in behavioral measurements after TBS. For instance, Ragert and
colleagues applied iTBS over Sl and showed an improvement in two-point discrimination

(Ragert et al., 2008).

2.8.5.2 CTBS

CTBS has been proposed to inhibit SI excitability. One study administered cTBS
over left Sl and found a decrease in the amplitude of ipsilateral SEPs for at about 13
minutes following stimulation (Ishikawa et al., 2007). CTBS to Sl also decreased
oxygenated hemoglobin levels in the non-stimulated contralateral SI (Mochizuki et al.,
2007). Recent evidence also suggested that cTBS over Sl impaired performances of
temporal (Rai et al., 2012;Conte et al., 2012) and spatial discrimination (Rai et al., 2012)

for about 18 minutes following application of cTBS.
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3.1 Abstract

Background: Temporal order judgement (TOJ) is the ability to detect the order of
occurrence of two sequentially delivered stimuli. Previous research has shown that TOJ
in the presence of synchronized periodic conditioning stimuli impairs TOJ performance,
and this phenomenon is suggested to be mediated by GABAergic interneurons that cause
perceptual binding across the two skin sites. Application of continuous theta-burst
repetitive TMS (cTBS) over primary somatosensory cortex (SlI) alters temporal and
spatial tactile perception. The purpose of this study was to examine TOJ perception in the
presence and absence of synchronized periodic conditioning stimuli before and after
cTBS applied over left-hemisphere SI. A TOJ task was administered on the right index
and middle finger (D2 and D3) in two separate sessions in the presence and absence of
conditioning stimuli (a background low amplitude sinusoidal vibration). Results: CTBS
reduced the impact of the conditioning stimuli on TOJ performance for up to 18 minutes
following stimulation while sham ¢TBS did not affect TOJ performance. In contrast, the
TOJ task performed in the absence of synchronized conditioning stimulation was
unaltered following cTBS. Conclusion: We conclude that cTBS suppresses inhibitory
networks in Sl that mediate perceptual binding during TOJ synchronization. CTBS offers
one method to suppress cortical excitability in the cortex and potentially benefit clinical
populations with altered inhibitory cortical circuits. Additionally, TOJ measures with
conditioning stimuli may provide an avenue to assess Sensory processing in

neurologically impaired patient populations.
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3.2 Introduction

Tactile input is essential for fine motor control of the hand. Patients with impaired
hand control often demonstrate abnormalities in touch processing that may contribute to
their motor symptoms (Abbruzzese & Berardelli, 2003;Scontrini et al., 2009). Primary
somatosensory cortex (SI) is one cortical area that is clearly involved in touch perception
(Duncan & Boynton, 2007;Luna et al., 2005;Tremblay et al., 1996) and importantly, has
demonstrated plasticity with a number of methods including approaches utilizing
repetitive transcranial magnetic stimulation (rTMS) (Conte et al., 2012;Meehan et al.,

2008;Ragert et al., 2008;Rai et al., 2012;Song et al., 2011).

Previous studies suggest that Sl is involved in temporal processing of tactile
information. In Focal hand dystonia, functional (Abbruzzese & Berardelli, 2003) and
anatomical abnormalities in SI (Elbert et al., 1998;Nelson et al., 2009) are present. These
individuals also demonstrate impaired temporal discrimination threshold (TDT) which is
defined as the ability to detect the presence of one versus two stimuli when the pair is
delivered over the skin and separated by a varied time interval (Tinazzi et al., 1999;Rai et
al., 2012;Pastor et al., 2004;Lacruz et al., 1991). TDT impairments are greatest when
lesions affect SI compared to the frontal, temporal and occipital cortex (Lacruz et al.,
1991). However, other cortical areas are considered important in TDT processing
including the prefrontal cortex, inferior parietal lobe, the basal ganglia, cerebellum, the
pre-supplementary motor area and anterior cingulate (Pastor et al., 2004). Temporal order
judgment (TOJ) represents another feature of tactile temporal processing in which

subjects are required to detect the temporal order of two sequential stimuli delivered
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across skin sites. In humans, it remains unclear as to what cortical areas are involved in
processing TOJ. There is some evidence in animal studies, however, suggesting the role
of Sl in TOJ. One study reported an increase in c-Fos expression, a task-relevant neural
activation marker in SI of mice following a temporal order judgment task performed with
tactile stimuli delivered to the whiskers (Wada et al., 2010). C-Fos was greatly increased
in the barrel fields of Sl following a TOJ task in which mice were trained to detect the
order two tactile air-puff stimuli by orienting their head towards the first or second
stimulus (Wada et al., 2010). These results suggest that SI may play a part in TOJ

processing.

A perceptual phenomenon called the ‘synchronization effect’ (TOJ-S) occurs
when TOJ is performed in the presence of low amplitude background synchronized
vibration (low frequency flutter or 25 Hz) delivered to both skin sites such that TOJ
thresholds are impaired in healthy individuals by a factor of 2-4 times (Nelson et al.,
2012;Tommerdahl et al., 2007). The impact of TOJ-S is thought to occur by the co-
activation of adjacent and/or near-adjacent cortical ensembles in Sl that results in
conditioning tactile stimuli applied synchronously to adjacent digits. The co-activation of
these cortical ensembles perceptually bind adjacent skin sites such that a stimulus
presented at one site evokes a response in the adjacent cortical representation, and this
leads to impaired TOJ performance (Tommerdahl et al., 2007). Inhibitory interneurons
are thought to participate in TOJ-S as it is well documented that inhibition plays a role in

cortical synchronization (Singer, 1996;Uhlhaas & Singer, 2010). For example, there is
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growing evidence that deficiencies in GABA play a role in autism (Casanova et al., 2003)
and the TOJ synchronization effect is abolished in these individuals (Tommerdahl et al.,
2008). Dopaminergic neurotransmitter systems may also contribute such that Parkinson’s
patients on L-dopa do not demonstrate the synchronization effect but show typical
impairments when off medication (Nelson et al., 2012). In the present study we
investigate the role of SI in TOJ processing in the presence and absence of the

synchronization effect.

One method to investigate the role of Sl in TOJ processing is via the application
of continuous theta burst stimulation (cTBS) (Huang et al., 2005). Previous studies
observed impairments in TDT for 5 - 18 minutes following cTBS over Sl (Conte et al.,
2012;Rai et al., 2012). Such impairment was not observed when cTBS was applied to the
dorsal lateral prefrontal cortex and lateral cerebellum (Conte et al., 2012). Similarly,
tactile two-point discrimination was also impaired for up to 18 minutes following
stimulation over SI (Rai et al., 2012). Previous reports examining Sl physiology
demonstrated that cTBS over Sl suppresses ipsilateral somatosensory evoked potentials
(P25/N33) for 13 minutes following stimulation. Further, decreased oxy-hemoglobin
concentrations in the contralateral SI and M1 was also observed following stimulation
(Mochizuki et al., 2007). In the present study we investigate the influence of cTBS over
Sl on TOJ and TOJ synchronization. Psychophysical measures were obtained from the
right hand before and for up to 34 minutes following real and sham cTBS over left-

hemisphere SI.
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3.3 Methods

3.3.1 Participants

Sixteen healthy adults participated in one of two experiments (mean age = 23.1 +
5.2 years, range 19 — 36 years, 5 males). For experiment 1, eight subjects (mean age =
26.5 £ 5.4 years, range 19 — 36 years, 3 males) participated in two sessions separated by a
minimum of 1 week. For experiment 2, a different group of eight subjects participated
(mean age = 19.7 £ 1.4 years, range = 19 — 23 years, 2 males) in a single session. All
participants were right handed determined using a subsection of the Edinburgh
Handedness Inventory (Oldfield, 1971). Subjects wore earplugs and headphones to
minimize auditory cues during the experiments. All participants provided written consent
and the study was approved by the Office of Research Ethics at the University of

Waterloo and conformed to the Declaration of Helsinki.

3.3.2 Experimental approach

3.3.2.1 Electromyography (EMG) recording

Measurements of muscle activity were recorded using 9 mm diameter Ag-AgCl
surface electrodes. The active electrode was placed over the muscle belly of the right
dorsal interosseous muscle and the reference electrode was placed over the
metacrapophalangeal joint of the right index finger. EMG was amplified at 1000 gain,
bandpass filtered (2Hz — 2.5 kHz, Intronix Technologies Corporation Model 2024F,

Bolton, Ontario, Canada), and digitized (5 kHz, Micro 1401, Cambridge Electronics
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Design, Cambridge, UK). Signal software (v4.02, Cambridge Electronic Design Limited,
Cambridge, UK) was used to acquire and analyze EMG data. Data was stored on a

computer for analysis purposes.

3.3.2.2 TMS and Neuronavigation

TMS was delivered through a MagPro stimulator (MCF-B65; Medtronic,
Minneapolis, MN, USA) connected to a figure-of-eight coil with a 90 mm diameter with
the current flowing away from the handle of the coil. The motor hotspot was defined as
the location in the left hemisphere that elicited a MEP in the relaxed right FDI muscle
with the TMS coil oriented at 45 degrees to the mid-sagittal line. Active motor threshold
(AMT) measurements were performed at this location and defined as the lowest intensity
required to evoke MEPs > 400 uV in 5 out of 10 consecutive trials during 10% maximum
voluntary contraction (MVC). AMT was calculated using biphasic pulses inducing
anterior to posterior current followed by posterior to anterior current. MVC was
determined by having participants abduct their right index finger against an immovable
post with maximal force. Participants maintained 10% MVC using their EMG feedback
from the FDI muscle that was displayed on an oscilloscope. Brainsight Neuronavigation
software (Rogue Research, Montreal) was used to locate M1 motor hotspot. SI was
defined as a point 2 cm posterior to the M1 motor hotspot (Ishikawa et al., 2007). CTBS
was applied over Sl using the 600 biphasic pulse protocol (Huang et al., 2005;Katayama
et al., 2010) at 80% AMT with the handle oriented backwards and laterally at a 45 degree
angle to the mid-sagittal line to induce current in the anterior to posterior direction during

the initial phase of the pulse (Premji et al., 2010;Rai et al., 2012). The orientation and
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position of the coil were marked using the Brainsight software to ensure theta burst

stimulation was delivered with minimal variability.

3.3.2.3 Cortical Metrics Device (CMD)

Subjects were seated comfortably in a chair with their left hand rested on a
computer touch pad and their right hand placed on the Cortical Metric Device, version
CM-4 (Holden et al., 2012). Both the computer laptop and the CM-4 were positioned at a
comfortable arm level in front of the participants. The CM-4 device is equipped with 4
circular probes that are located on the surface of each individual rotatory cylindrical disk
(Holden et al., 2012). Each disk was rotated independently to adjust for different finger
lengths for each participant. Digits 2 through 5 of the right hand were comfortably rested
on the surface of the circular probes such that a single probe (5 mm diameter) maintained
contact with the glabrous pad of each digit. The finger tips were locked in place prior to
each TOJ task. The probes were further indented 500 pm prior to stimulation onset to
ensure adequate skin contact across the surface area of the probe. An optical position
(force) sensor was attached to each circular probe to provide feedback to the CM-4 device
to ensure that the contact force of each fingertip was constant throughout the TOJ task

(Holden et al., 2012).
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3.3.3. Experimental Conditions
3.3.3.1 Experiment 1A: cTBS influences on TOJ and TOJ Synchronization
Temporal order Judgement (TOJ)

TOJ was performed on digit 2 and 3 of the right hand. A single TOJ trial delivered
a vibro-tactile stimulus (25 Hz, 40 ms and 200 um) to the volar surface of the 2" and 3
digit tip on the right hand separated by an interstimulus interval (ISI) (see Figure 3.1).
The participant was queried to identify which stimulus occurred first (i.e. the 2" or 3"
digit) and respond as quickly as possible by making a key press with the left hand; left
key = 2" digit, right key = 3" digit. The digit selected to receive the first stimulus was
randomized on a trial-by-trial basis. The ISI was initially set at 150 milleseconds (Nelson
et al., 2012;Tommerdahl et al., 2007) and was subsequently altered by a step size of 15%
based on the accuracy of the participant’s response. TOJ was performed in blocks of 20
trials During the first 10 trials, a 1 up/ 1 down tracking paradigm was used, allowing a
single correct answer to cause a 15% reduction of the ISI in the subsequent trial. On the
contrary, if an incorrect response was made, the ISI increased by 15% in the following
trial. For the last 10 trials, a 2 up/ 1 down tracking algorithm was employed in which two
correct responses were required to decrease the 1SI by 15%. The combination of these
two tracking algorithms enables rapid and reliable determination of each subject’s TOJ
thresholds (Nelson et al., 2012;Tommerdahl et al., 2007). The inter-trial interval was set

at 5 seconds. The threshold for TOJ was defined as the average ISl measured from the
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last five trials with each block (trials 16 to 20) as performed elsewhere (Tommerdahl et

al., 2007).

TOJ Synchronization (TOJ-S)

TOJ-S was performed on digit 2 and 3 of the right hand. Specifically, a
conditioning sinusoidal vibration (25 Hz, 20 um) was applied to digit 2 and 3 before,
concurrently and after the TOJ stimulus pair (Tommerdahl et al., 2007). The task
requirements were identical to the TOJ task in that participants were queried to report
which stimulus occurred first within the pair. Twenty TOJ-S trials were performed using
the identical 1 up/ 1 down and 2 up/ 1 down structure used for the TOJ task. The TOJ-S
threshold was taken as the average of the last five trials within a block. A schematic of the

TOJ-S task is shown in Figure 3.1.
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Figure 3.1. (A) Temporal order judgement (TOJ). Two sequential vibrotactile stimuli
were delivered in random order to digit two and digit three. Two trials shown with subject
response from the first trial resulting in a decrease in the interstimulus interval (ISI). (B)
Temporal order judgement with synchronization (TOJ-S). 25 Hz conditioning stimulus
delivered concurrently with TOJ task. Two trials shown with subject response from the
first trial resulting in a decrease in the interstimulus interval (1SI).
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Timeline

TOJ and TOJ-S were measured in different sessions separated by a minimum of
one week. 5 participants performed TOJ first while the other 3 participants performed
TOJ synchronization first. Within each session, the psychophysical task was performed in
7 blocks (20 trials each) before (To) and after cTBS at 3-6 min (Ty), 7-10 min (Ty), 11-14
min (T3), 15-18 min (Ty4), 23-26 min (Ts), and 31-34 min (Te), in line with our previous
report (Rai et al., 2012). The timeline is depicted in Figure 3.2. Prior to performing To
participants completed training trials that required five consecutive trials to be performed
correctly. During training, visual feedback was displayed on the computer; “Good job”
was presented if a correct response was made and “Please try again” was presented if an
incorrect response was made. Once performance criteria on the training trials were met,

the pre-cTBS block began. No feedback was delivered during the 7 time blocks.

3.3.3.2 Experiment 1B: Sham cTBS and Timeline

Participants performed the TOJ-S task as described above. The protocol was
identical to the TOJ-S protocol performed by the real group. The timeline is shown on
Figure 3.1. Prior to performing T, participants also completed training trials that required
five consecutive trials to be performed correctly. Once performance criteria on the
training trials were met, T began. No feedback was given during the 7 time blocks. Sham
stimulation delivered the real cTBS protocol. The cTBS coil was placed over Sl and
rotated 90 degrees such that the handle of the coil pointed vertically upward away from

the scalp. The coil maintained scalp contact during stimulation.
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Figure 3.2. Timeline for Experiment 1A and B. Experiment 1A: TOJ and TOJ
synchronization performances were obtained before and following real cTBS over left-
hemisphere SI. Measurements were taken following cTBS at 3-6 min (T;), 7-10 min (T>),
11-14 min (T3), 15-18 min (T,4), 23-26 min (Ts), and 31-34 min (Ts). Experiment 1B: TOJ
synchronization performances were obtained before and following sham cTBS for up to

34 minutes.

3.3.4 Data Analysis

To assess the effects of cTBS on TOJ versus TOJ-S over time, post-cTBS values

(Tq, To, T3, Ty, Ts, Te) were normalized to pre-cTBS values (To) for each task, respectively.

a two-way repeated measure analyses of variance (ANOVA) with within-subject factors
‘TIME” (6 levels: 3-6 min (T1), 7-10 min (T2), 11-14 min (T3), 15-18 min (T4), 23-26 min
(Ts), and 31-34 min (Te)) and ‘TASK’ (2 levels: TOJ, TOJ SYN) was performed. Two

separate one-way repeated ANOVA with within-subject factor ‘TIME’ (7 levels: 0 min
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(To), 3-6 min (T1), 7-10 min (T), 11-14 min (T3), 15-18 min (T4), 23-26 min (Ts), and 31-
34 min (Tg)) were performed for TOJ and TOJ-S, respectively. A priori hypotheses were
tested using contrast estimations and Bonferroni correction for cTBS effects on TOJ (4
comparisons: To vs Ty, To VS Ta, To VS T3, To VS T4). No hypothesis was created for TOJ-S.
Post-hoc analysis was performed using the Dunnett’s test to test for differences following
CTBS. To assess the effects of ¢cTBS on TOJ-S (sham group) over time, a one-way
repeated measure of ANOVA with within-subject factor ‘TIME’ (7 levels: Ty, 3-6 min
(T1), 7-10 min (T3), 11-14 min (T3), 15-18 min (T4), 23-26 min (Ts), and 31-34 min (Tg))
was performed. All statistical analysis was performed using SAS 9.2 Windows software

(SAS Institute Inc., Cary, North Carolina, US). Significance level was set at p < 0.05.

3.4 Results

3.4.1 Experiment 1A: cTBS influence on TOJ and TOJ-S

All participants successfully completed the experiment. The group-averaged AMT
(with standard deviation) for TOJ was 45.4 + 7.6% of the maximum stimulator output
(MSO) with cTBS delivered at 36.3 + 6.1% MSO. The mean AMT for TOJ-S was 43.4 £
8.2% MSO of the stimulator output with cTBS delivered at 34.8 £ 6.6% MSO. A paired t-
test (two-tailed) revealed no significant differences between the MSO for TOJ and TOJ-S

(p = 0.18).

Two-way ANOVA revealed a significant main effect of TASK (F 1,7y =8.12,p =
0.0247), no effect of TIME (F (5 35y = 1.16, p = 0.35) or interaction between TASK and

TIME (F 5 35 = 1.55, p = 0.19). Two separate one-way repeated ANOVAs were

33



M.Sc. Thesis — Lee, KGH McMaster University- Kinesiology

performed for each task (TOJ, TOJ-S) with factor ‘TIME’ (To, T1, T, T3, Ta, Ts, Te). FOr
TOJ, ANOVA revealed no significant main effect of TIME (F ( 42) = 0.78, p = 0.59). A
paired t-test with Bonferroni corrected contrasts (corrected for four comparisons) was
performed to compare pre-cTBS values (To) to post-cTBS values (Ti, To, T3, Ta)
individually for up to 18 minutes following cTBS. Performance was not significantly
different between all four blocks versus To. One way ANOVA revealed a significant main
effect of TIME (F (6,42 = 2.27, p = 0.05). Post-hoc analysis using Dunnett’s test revealed
that TOJ-S values were significantly lower at time blocks T; (3-6 min, p = 0.049), T, (7-
10min, p = 0.022) and T4 (11-18 min, p = 0.05). The group-averaged data (with standard
errors) for TOJ and TOJ-S are shown in Figure 3.3. Group-averaged trial-by-trial TOJ
and TOJ-S performance is shown in Figure 3.4. Note that TOJ and TOJ-S performances
begins to plateau at ~ trial 10 as shown in previous experiments (Tommerdahl et al.,
2007;Rai et al., 2012) and that the effects of cTBS on TOJ-S occur during optimal
performance. To investigate whether cTBS significantly altered performance during non-
optimal performance (trials 6 through 10) and as threshold values were approached (trials
11 through 15) two one-way ANOVAs with factor TIME were performed. These
analyses revealed no significant main effect of TIME for non-optimal performance (trials
6 to 10, F , 420 = 0.57, p = 0.75) and no significant main effect of TIME as threshold

values were approached (trials 11 to 15, F (s, 42) = 0.96, p = 0.46).
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Figure 3.3. Experiment 1A: cTBS influence on TOJ and TOJ synchronization. Left:
Group-averaged TOJ (with standard errors) before and at each time block following cTBS.
*p <0.05. Time blocks measured To, 3-6 min (T1), 7-10 min (Ty), 11-14 min (T3), 15-18
min (T4), 23-26 min (Ts), and 31-34 min (Tg). Right: Group-averaged TOJ
synchronization (with standard errors) before and at each time block following cTBS. * p

<0.05.
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Figure 3.4. Experiment 1A: CTBS influence on TOJ and TOJ synchronization. Left:
Group-averaged performance for each trial in each time block for the TOJ condition.

Right: Group-averaged performance for each trial in each time block for TOJ

synchronization.
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3.4.2 Experiment 1B: Sham cTBS on TOJ-S

All participants completed the experiment successfully. The mean AMT for the
TOJ-S sham group was 53 £ 7.5% MSO with cTBS delivered at 42 + 5.8% MSO. The
ANOVA revealed no significant effect of TIME (F (,42) = 0.35, p = 0.904). Figure 3.5
displays the group-averaged TOJ-S (with standard errors) before and following sham
cTBS. Group-averaged trial-by-trial TOJ-S performance before and following sham cTBS
is shown on the right graph of Figure 3.5. Note that sham TOJ-S performance

improvement plateaus at ~ trial 10.
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Figure 3.5. Experiment 1B: Sham cTBS on TOJ synchronization. Left: Group-averaged
TOJ synchronization (with standard errors) before and at each time block following sham
c¢TBS. * p <0.05. Time blocks measured Tp, 3-6 min (T1), 7-10 min (T,), 11-14 min (T3),
15-18 min (T4), 23-26 min (Ts), and 31-34 min (Ts). Right: Group-averaged performance
for each trial in each time block following sham cTBS for the TOJ synchronization

condition.
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3.5 Discussion

The present study investigated the influence of cTBS over left-hemisphere SI on
TOJ performance and the TOJ synchronization effect in the contralateral hand. Novel
findings indicate that cTBS reduced the TOJ synchronization effect for up to 18 minutes
while sham c¢TBS had no such effect. We attribute cTBS effects to changes in the
excitability of neural activity within SI. We discuss these findings and their neural

mechanisms below

In the present study, TOJ performance was unaltered following cTBS which
questions the role of Sl in TOJ processing. This finding was unexpected as previous
studies showed changes in tactile perception after suppression-inducing protocols such as
low frequency repetitive TMS (Satow et al., 2003;Knecht et al., 2003) and cTBS (Rai et
al., 2012;Conte et al., 2012). However, it should be noted that TDT and TOJ tasks are
not identical. Therefore, cTBS may act differently on the populations of neurons that
mediate each of these percepts (Conte et al., 2012;Rai et al., 2012). Alternatively, the lack
of change in TOJ may relate to cTBS technical parameters such as intensity and the
direction of induced current flow, which are known to determine cTBS effects (Jacobs et
al., 2012;Doeltgen & Ridding, 2011;Siebner et al., 2009). For instance, cTBS delivered
over the primary motor cortex (M1) at 80% AMT yields different results in MEP
amplitudes when delivered at 70% RMT (McAllister et al., 2009). Another explanation
may be that other cortical areas may be dominant in the TOJ task, including the
secondary somatosensory cortex (Pons et al., 1992;Romo et al., 2002), parietal cortex

(Seyal et al., 1995;Nager et al., 2004), anterior cingulate, supplementary motor areas
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(Lacruz et al., 1991;Pastor et al., 2004) and the cerebellum (Manganelli et al., 2013),
which may compensate for changes in Sl excitability induced by cTBS. There is also
growing evidence for the specialized role of the superior temporal gyrus in tactile
temporal perception (Bolognini et al., 2010). Most recently, functional magnetic
resonance imaging data indicate that prefrontal and parietal cortices may play an integral
part in TOJ (Takahashi et al., 2012). Hence, contributions from different cortical or

subcortical areas may suggest the complexity of tactile TOJ.

Following cTBS, we observed a reduction of the TOJ-S effect. TOJ-S thresholds
were reduced for up to 18 minutes. Significant reduction of the TOJ-S effect occurred
from 3 to 10 minutes and again from 15-18 minutes following cTBS. The maximum
effect was observed from 7-10 min following cTBS, which is the timeframe for maximal
physiological effects of cTBS seen elsewhere (Ishikawa et al., 2007;Katayama et al.,
2010;Di Lazzaro et al., 2005). We observed that the TOJ-S effect is abolished from 7 to
10 minutes following cTBS such that thresholds were not different from TOJ pre-cTBS
values (paired t-test, TOJ baseline versus TOJ-S at T, p = 0.21). The time varying effect
of cTBS on TOJ is also similar to the effects on TDT (Rai et al., 2012). Specifically, both
studies observed significant impairments immediately following cTBS, followed by no
significant change from 11 to 14 minutes and followed again by significant perceptual
impairments from 15 to 18 minutes (Rai et al., 2012). Further, both studies indicate that
cTBS effects persist for up to 18 minutes and not at later time blocks. Exposing such
variability in the time course of cTBS effects may be a result of the frequency sampling

intervals used in our study (i.e. every 3 minutes without inter-block breaks).
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The mechanisms that underpin TOJ and TOJ-S are not fully understood although
GABAergic activity via lateral inhibition across cortical columns and in-field inhibition
within cortical columns likely mediates these percepts. For the TOJ task, the
somatosensory cortex provides information about the loci of the two tactile stimuli, and in
the absence of the synchronized conditioning stimulus, this information is robustly
delivered. In the presence of periodic and synchronous conditioning stimuli to D2 and D3,
it has been proposed that the evoked response of the cortical representations of D2 and
D3 become functionally linked in a manner that a tap to one digit results in a response at
both sites and a consequent degradation of spatial resolution between digit representations
(Tommerdahl et al., 2007; Tommerdahl et al., 2008). Recent observations from in vivo
non-human primate studies support that idea (T.M.Forshey et al., 2012), and although the
mechanisms of this synchronization effect are not fully understood, GABAergic mediated
activity (e.g., lateral inhibition) is a necessary component. Stimulation of afferent fibers
creates excitation in corresponding cortical columns that evoke lateral inhibition between
the excited columns. The amount of lateral inhibition depends on the magnitude and
duration of the initial excitation within the cortical columns (Chen et al., 2003;Friedman
et al., 2008). Lateral inhibition dissipates over time, resulting in decreased lateral
inhibition received from neighbouring columns (Gardner & Costanzo, 1980). We
speculate that correct TOJ performance occurs when lateral inhibition dissipates to allow
the cortical columns receiving the second stimulus in the TOJ pair to be excited. There is
some evidence that lateral inhibition is also fundamental for the TOJ-S effect. Patients

with autism demonstrate a narrowing of neuropil space between minicolumns, an effect
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associated with a reduction in GABAergic interneurons (Casanova et al., 2002) that
mediate lateral inhibition. In contrast to control subjects, autistic patients do not
demonstrate the TOJ-S effect (Tommerdahl et al., 2008). Further, the absence of the TOJ-
S effect in migraineurs and concussed individuals has been postulated to be the result of
an imbalance between cortical excitation and GABA mediated inhibition (Nguyen et al.,
2013;De et al., 2012). In addition to lateral inhibitory mechanisms that function across
the columns, in-field inhibition occurs within cortical columns whereby the period of
initial excitation is followed by a period of inhibition that persists from ~ 60 to 100 ms
(Gardner & Costanzo, 1980). We speculate that this type of inhibition may be particularly
relevant to the TOJ-S task whereby the low-amplitude background vibration creates
synchronous excitation in adjacent cortical columns. For TOJ to be performed in the
presence of such synchronous vibration, the excitation of the cortical columns evoked by
the second stimulus in the TOJ pair must exceed both in-field inhibition created by the

low-amplitude vibration and the lateral inhibition.

Although the mechanisms by which cTBS alters neural activity are not fully
understood, there is evidence to indicate that inhibitory networks within Sl are suppressed.
Previous work demonstrates that late sub-components of high frequency oscillations
(HFO) evoked potentials from SI, which are associated with GABA inhibitory
interneurons in superficial layers within SI (Hashimoto et al., 1999;Hashimoto et al.,
1996), are suppressed by cTBS over Sl at 15 min (Katayama et al., 2010). In the present

study, cTBS is likely to have suppressed lateral and/or in-field inhibitory circuits that
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mediate tactile perceptual binding across cortical columns, thereby reducing the

synchronization effect for up to 18 minutes following stimulation.

The present research demonstrates that cTBS alters TOJ synchronization
performance and we believe that these changes are not attributed to cTBS altering
learning processes. CTBS affects motor learning in healthy individuals (Clerget et al.,
2012;lezzi et al., 2010) and in post-stroke patients (Meehan et al., 2011). Further, cTBS
has shown to degrade timing accuracy of a sensorimotor synchronization task
(Bijsterbosch et al., 2011). However, in rats, cTBS does not alter the learning of a tactile
discrimination task (Mix et al., 2010). We implemented approaches to minimize such
learning in the present study. First, training trials were presented in advance of the testing
trials.  Such training trials required subjects to correctly complete 3 blocks of 5
consecutive correct trials prior to data acquisition. Second, thresholds were calculated as
the average of the last five trials within each block, that is, from trials 16 through 20.
Performance during TOJ plateaus at ~ trials 10 and beyond (Tommerdahl et al.,
2007;Tommerdahl et al., 2008). Therefore, we are using data only from trials in which

there is no further change in performance.

In summary, we found that continuous theta-burst stimulation over the primary
somatosensory cortex reduced the synchronization effect that led to an improvement in

TOJ performance. There were no significant changes to TOJ performance when cTBS
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was delivered over SI. This study adds direct evidence that cTBS induces temporal
changes in the Sl that lead to altered tactile perception (Rai et al., 2012;Conte et al.,
2012). It has provided a more refined hypothesis regarding the underlying mechanisms of

tactile perception that can be tested in future studies.
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CHAPTER 4 — Experiment 2

Investigation of tactile temporal order judgment on the hand following 30 Hz

continuous theta-burst stimulation over the primary somatosensory cortex

4.1 Introduction

The human brain is equipped to process tactile inputs from the hand at temporal
resolutions (Johansson & Vallbo, 1979) essential for precise hand control. Impairments in
tactile temporal acuity are found in neurological disorders that exhibit compromised hand
function (Artieda et al., 1992;Tinazzi et al., 1999;Sanger et al., 2001;Abbruzzese &
Berardelli, 2003;Scontrini et al., 2009). Temporal order judgment (TOJ) and temporal
discrimination (TD) are two psychophysical tools used to assess tactile temporal acuity.
TOJ is the ability to distinguish the order of sequential stimuli delivered over distinct skin
sites (Shore et al., 2005;Tommerdahl et al., 2007;Nelson et al., 2012) while TD
represents the ability to report the presence of one or two stimuli delivered over the same
or distinct skin surfaces (Lacruz et al., 1991;Hoshiyama et al., 2004). Although the
cortical regions involved in tactile temporal perception remain unclear, numerous lines of
evidence from non-human primates, humans and mice suggest that the primary
somatosensory cortex (SI) participates in both TD and TOJ (Lacruz et al.,

1991;Recanzone et al., 1992;Pastor et al., 2004;Wada et al., 2010).

The use of non-invasive repetitive trancranial magnetic stimulation (rTMS)
presents an ideal opportunity to investigate the role of Sl in tactile perception. Low-
frequency 0.9 and 1-Hz rTMS increases 2-pt spatial and vibrotactile frequency
discrimination thresholds, respectively (Satow et al., 2003;Knecht et al., 2003). RTMS
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delivered continuously at 50 Hz (Huang et al., 2005), known as continuous theta-burst
stimulation (cTBS), has not only shown to impair TD thresholds (Rai et al., 2012;Conte
et al., 2012) but also suppress Sl cortical physiology as indicated by reduced dipole peak-
to-peak N20-P25 amplitudes and SI-hemoglobin levels (Ishikawa et al., 2007;Mochizuki

et al., 2007).

TOJ thresholds in healthy individuals are typically between 30 and 50 ms
indicating that the order of the two stimuli is indistinguishable at lower values. An
interesting phenomenon called TOJ synchronization (TOJ-S) occurs when TOJ is
performed in the presence of a synchronous low-amplitude vibration such that TOJ
thresholds are impaired and thresholds may be increased up to 100 ms in healthy subjects
(Tommerdahl et al., 2008). The difficulty in detecting the order during TOJ-S has been
attributed to perceptual binding caused by the low-amplitude vibration that occurs
between two adjacent cortical columns that receive inputs from the two stimulated digits.
Further, the perceptual binding is thought to be mediated by GABA inhibitory
interneurons (Tommerdahl et al., 2008). In a previous study, we demonstrated that TOJ-S
effects were largely reduced (i.e. performance improved) following cTBS over Sl. In
contrast, TOJ performance was not significantly altered. We previously speculated that
cTBS suppresses GABA-mediated inhibitory interneurons between the two digits such
that subjects were no longer impaired by the binding of the two digits during the presence

of additional vibration.

The lack of cTBS effects on TOJ performance observed in Experiment 1 may

relate to the specific cTBS stimulation parameters. Specifically, stimulation frequency
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may dictate cTBS effects. Unlike 50 Hz cTBS, which was employed previously in
Experiment 1 and identical to that used in other reports (Huang et al., 2005;Rai et al.,
2012), a modified version consisting of a burst of three stimuli repeated at 30 Hz over
primary motor cortex (M1) has been suggested to induce stronger and more reliable
inhibitory effects. When comparing 50 Hz and 30 Hz cTBS on corticospinal excitability,
a previous study suggested that 30 Hz cTBS over M1 produced a greater magnitude of
MEP suppression and resulted in lower inter-subject variability (Goldsworthy et al.,
2012). It is previously known that 50 Hz cTBS over M1 produces long-term depression
(LTD)-like effects that causes modification of synaptic connectivity of neurons within
M1, yet it is unknown whether 30 Hz cTBS contributes to the same or different
stimulation pattern that leads to more robust neuroplastic changes in corticospinal
excitability. When delivered over SI, 50 Hz cTBS has been associated with reduced
excitability of GABA inhibitory interneurons, as indicated by removal of the TOJ-S effect
(Experiment 1). Hence, it is reasonable to suggest that the stronger net inhibition induced
by 30 Hz cTBS may be due to greater LTD-like effects on either excitatory or inhibitory

neurons.

Experiment 1 revealed changes of TOJ-S performance on the hand contralateral to
the hemisphere receiving c¢TBS. Studies have revealed that unilateral tactile stimuli
activate bilateral receptive fields within SI. Such activation in both hemispheres is
potentially due to transcollsal connections projecting from one hemisphere (contralateral
to stimuli) to the opposite hemisphere (ipsilateral to stimuli). It remains unclear whether

cTBS effects may extend to the ipsilateral hand via transcallosal connections. One study
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suggests this possibility by demonstrating an increase in inter-hemispheric inhibition

following cTBS over left-SI (Zapallow, 2012).

To clarify whether Sl is involved in processing TOJ we delivered 30 Hz cTBS
over left-hemisphere SI. TOJ and TOJ-S performance was assessed bilaterally prior to
and up to 42 minutes following stimulation. We hypothesized impairment in TOJ
performance on the hand contralateral to 30 Hz cTBS. Further, in line with our previous
study we hypothesized an improvement in TOJ-S performance on the contralateral hand

(Experiment 1).

4.2 Methods

4.2.1 Participants

20 healthy young adults participated in one of two experiments (mean age = 20.9
+ 2.1, 13 females). For Experiment 2A, 10 subjects (mean age = 20.2 £ 2.2 years, range
18 — 25 years, 8 females) participated in two sessions separated by a minimum of 1 week.
For experiment 2B, 10 different subjects (mean age = 21.7 + 1.8, 5 females) participated
in a single session. All participants were right handed determined using a subsection of
the Edinburgh Handedness Inventory (Oldfield, 1971). Subjects wore earplugs covered by
earmuffs to minimize auditory cues during the psychophysical sessions. All participants
provided written consent and the study was approved by the Office of Research Ethics at

McMaster University and conformed to the Declaration of Helsinki.
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4.2.2. Experimental Approach
Electromyography Recordings

Electromyographic (EMG) recordings of the right dorsal interosseous muscle

(rFDI) in Experiment 2 followed that for Experiment 1 (Chapter 3, methods).
TMS and Neuronavigation

TMS was delivered through a Magstim Super Rapid? stimulator (Magstim
Company, Whitland, Wales, UK) connected to a figure-of-eight coil with an air-cooled
double 70 mm diameter with the current flowing in a direction away from the handle of
the coil. The motor hotspot was defined as the location in the left hemisphere that elicited
a MEP in the relaxed right FDI muscle with the TMS coil oriented at 45 degrees to the
mid-sagittal line. Active motor threshold (AMT) measurements were performed at this
location and defined as the lowest intensity required to evoke MEPs > 200 puV in 5 out of
10 consecutive trials during 20% maximum voluntary contraction (MVC) (Goldsworthy,
2012). AMT was calculated using biphasic pulses inducing posterior to anterior current
followed by anterior to posterior current. MVVC was determined by having participants
abduct their right index finger against an immovable post with maximal force.
Participants maintained 20% MVC using their EMG feedback from the FDI muscle that
was displayed on an oscilloscope. Brainsight Neuronavigation software (Rogue Research,
Montreal) was used to mark the location of the M1 motor hotspot. SI was defined as a
point 2 cm posterior to the motor hotspot and digitally marked using Brainsight. The

paradigm for 30 Hz cTBS consisted of a total of 600 pulses applied in burst of three TMS
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pulses delivered repetitively at 33.3 ms (Figure 4.1) (Nyffeler, 2006; Goldsworthy, 2012).
CTBS was applied over Sl at 80% AMT with the handle oriented backwards and laterally
at a 45 degree angle to the mid-sagittal line to induce current in the anterior to posterior
direction during the initial phase of the pulse. The orientation and position of the coil
were marked using the Brainsight software to ensure theta burst stimulation was delivered
with minimal variability over the cortex. . In all experiments, cTBS was applied over left-

hemisphere SI.
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50 Hz cTBS

20 ms
~

200 ms

30 Hz ¢cTBS

33.3ms
——

T
167 ms

33.3s

Figure 4.1 A comparison of two cTBS paradigms. Above: cTBS delivered at 50 Hz, with
repeated bursts at 200 ms. Below: cTBS delivered at 30 Hz, with repeated bursts at 167
ms. Figure adapted from (Goldsworthy et al., 2012).

4.2.3 Psychophysical Tasks
4.2.3.1 Experiment 2A: Temporal Order Judgment (TOJ)

TOJ was performed on digit 2 and 3 of one hand. A single TOJ trial delivered a

vibro-tactile stimulus (25 Hz, 40 ms and 200 pm) to the volar surface of the 2" and 3™
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digit tip separated by an interstimulus interval (ISI) using the Cortical Metrics Device
(Holden, 2011). The participant was queried to identify which stimulus occurred first (i.e.
the 2" or 3" digit) and respond as quickly as possible by making a key press with the
opposite hand; left key = 2" digit, right key = 3" digit. The ISI was initially set at 150 ms
(Nelson et al., 2012;Tommerdahl et al., 2007) and was subsequently altered by a step size
of 15% based on the accuracy of the participant’s response. TOJ was performed in blocks
of 20 trials. During the first 10 trials, a 1 up/ 1 down tracking paradigm was used,
allowing a single correct answer to cause a 15% reduction of the ISI in the subsequent
trial. If an incorrect response was made, the ISI increased by 15% in the following trial.
For the last 10 trials, a 2 up/ 1 down tracking algorithm was employed in which two
correct responses were required to decrease the ISI by 15%. The combination of these
two tracking algorithms enables rapid and reliable determination of each subject’s TOJ
thresholds (Nelson et al., 2012; Tommerdahl et al., 2007). The digit selected to receive the
first stimulus was randomized on a trial-by-trial basis. The inter-trial interval was set at 5
seconds. The threshold for TOJ was defined as the average ISI measured from the last
five trials with each block (trials 16 to 20) as performed elsewhere (Tommerdahl et al.,
2007;Tommerdahl et al., 2008;Nelson et al., 2012). TOJ measures were obtained from
both right and left hand. The order of obtaining right versus left hand TOJ measurements
was counter balanced across participants. A schematic of the TOJ synchronization task is

shown in Figure 4.2A.
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TOJ Synchronization (TOJ-S)

The TOJ-S task was identical to TOJ task. However, a conditioning sinusoidal
vibration (25 Hz, 20 um) was applied to digit 2 and 3 before, and after the TOJ stimulus
pair (Tommerdahl et al., 2007). Participants were queried to report which stimulus
occurred first within the TOJ pair. Twenty TOJ synchronization trials were performed
using the identical 1 up/ 1 down and 2 up/ 1 down structure used for the TOJ task. The
TOJ-S threshold was taken as the average of the last five trials within a block (trials 16-
20). TOJ synchronization performances were obtained from both right and left hand. The
order of obtaining right versus left hand measurements was counter balanced across

participants. A schematic of the TOJ synchronization task is shown in Figure 4.2B.
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Figure 4.2. (A) Temporal order judgement (TOJ). Two sequential vibrotactile stimuli
delivered in random order to digit two and digit three. Two trials shown with subject
response from the first trial resulting in a decrease in the interstimulus interval (ISI). (B)
Temporal order judgement with synchronization (TOJ-S). 25 Hz conditioning stimulus
delivered concurrently with TOJ task. Two trials shown with subject response from the

first trial resulting in a decrease in the interstimulus interval (I1SI).

Experiment 2A Timeline

In two separate sessions, TOJ and TOJ-S performance were assessed following 30
Hz c¢TBS. In one of two sessions, TOJ performances were recorded from both hands

before and after application of cTBS at 3-10 minutes (T1), 11-18 minutes (T,), 19-26
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minutes (T3), 27-34 minutes (T4), and 35-42 minutes (Ts) minutes. TOJ-S performances
on both hands were also measured following the same timeline as in the TOJ session. The
order of task administration was counterbalanced across subjects such that 5 subjects
started with TOJ while the other half started with TOJ-S. Figure 4.3 displays the timeline

for Experiment 2A.

4.2.3.2 Experiment 2B: Sham cTBS on TOJ and timeline

Participants performed the TOJ task as described above. The protocol was
identical to the TOJ protocol performed by the real group. TOJ was assessed bilaterally
following sham cTBS. The timeline used to assess TOJ follows that used for the real
cTBS session. Prior to performing TOJ baseline (To) participants completed training trials
that required five consecutive trials to be performed correctly. T, was measured once
performance criteria on the training trials were met. No feedback was given during the 6
testing blocks. For sham cTBS, a figure-of-eight sham coil with a double 70 mm diameter
sharing an identical appearance with the real cTBS coil was placed over left-Sl to deliver
sham stimulation. A continuous ‘clicking’ sound equivalent to that produced during real
cTBS was generated from the coil during sham stimulation. It is important to note that
participants received no real cTBS during this session. TOJ performances were recorded
from both hands before and after application of sham cTBS at 3-10 minutes (T;), 11-18
minutes (T2), 19-26 minutes (T3), 27-34 minutes (T4), and 35-42 minutes (Ts) minutes.
The order of obtaining right versus left hand TOJ measurements was counter balanced

across participants. Figure 4.3 displays the timeline for Experiment 2B.
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Figure 4.3 Timeline for Experiment 2A and 2B. Experiment 2A: TOJ performances were
obtained bilaterally before and following real 30 Hz cTBS over left-hemisphere SI.
Measurements were taken at 3-10 min (T1), 11-18 min (T5), 19-26 min (T3), 27-34 min (T4)
and 35-42 min (Ts) following application of cTBS. TOJ-S performances were obtained
bilaterally following the same timeline as in the TOJ session. Experiment 2B: TOJ
performances were obtained bilaterally before and following sham cTBS following the

same timeline as in Experiment 2A.

4.3. Data Analyses

The goal of Experiment 2 is to report whether Sl is involved in processing tactile
temporal perception by examining the influence of cTBS on TOJ and TOJ-S performance.
An impairment of TOJ performance is hypothesized for both hands for up to 18 minutes
(Rai et al., 2012) following stimulation. Further, TOJ-S performance is hypothesized to
improve for up to 18 minutes (Experiment 1) on both hands. Four separate one-way
repeated ANOVAs with within-subject factor ‘TIME’ (6 levels: To, 3-10 min (T;), 11-18
min (Ty), 19-26 min (T3), 27-34 min (T4), 35-42 min (Ts)) were performed for TOJ (right

hand), TOJ (left hand), TOJ-S (right hand) and TOJ-S (left hand), respectively. To test
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whether the data violated the assumptions of ANOVA, sphercitiy was tested using the
Huynh-Feldt (H-F) estimate for each analysis. A priori hypotheses were tested using
contrast estimations and Bonferroni corrected for cTBS effects on TOJ on the right hand
(2 comparisons: Tp vs Ty and To vs T). Post-hoc analysis was performed using the
Dunnett’s test to test for differences in performance following cTBS application. To
assess the effects of cTBS on TOJ (sham group) over time, a one-way repeated measure
of ANOVA with within-subject factor ‘TIME’ (6 levels: To, 3-10 min (Ty), 11-18 min (T>),
19-26 min (T3), 27-34 min (T4), 35-42 min (Ts)) was performed. All statistical analyses
were performed using SAS 9.2 Windows software (SAS Institute Inc., Cary, North

Carolina, US). Significance level was set at p < 0.05.

4.4. Results

4.4.1 Experiment 2A: The influence of 30 Hz ¢cTBS on TOJ and TOJ-S

All participants successfully completed the experiment. The group-averaged AMT
(with standard deviation) for TOJ was 43 £ 8 % of the maximum stimulator output (MSO)
with cTBS delivered at 34.6 + 6.5% MSO. The mean AMT for TOJ-S was 43 + 8.2%
MSO of the stimulator output with cTBS delivered at 34.2 + 6.6% MSO. A paired t-test
(two-tailed) revealed no significant differences between the MSO for TOJ and TOJ-S (p =

0.67).
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One-way ANOVA revealed no significant effects of TIME for TOJ on the left
hand (F (s 59y = 1.56, p = 0.19). There was a significant effect of TIME (F (5, 59y = 3.21, p =
0.01) for TOJ on the right hand. A priori contrasts (Bonferroni corrected) revealed
significant impairments of TOJ performance (right hand) at 3-10 minutes (p = 0.013) and
at 11-18 minutes (p = 0.005) following stimulation. Dunnett’s post hoc analyses further
revealed impairments of TOJ at 19-26 minutes (p = 0.007), 27-34 minutes (p = 0.0003)
and 35-42 minutes (p = 0.012) compared to pre-cTBS values (p < 0.05). Figure 4.4
displays the group averaged TOJ data (with standard error) at each time block tested and
the group-averaged trial-by-trial TOJ performances on both hands. There were no
significant effects of TIME for TOJ-S on the right (F 5,59y = 0.89, p = 0.49) or the left
hand (F (s, 59y = 1.45, p = 0.22). Figure 4.5 displays the group averaged TOJ-S data (with
standard error) at each time block tested and the group-averaged trial-by-trial TOJ-S

performances on both hands.
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Figure 4.4. Experiment 2A: cTBS influence on TOJ. Group-averaged TOJ (with standard
errors) on right hand (top left) and left hand (bottom left) before and at each time block
following cTBS. Significance value was set at p < 0.05. Time blocks measured at baseline
(To), 3-10 min (T4), 11-18 min (T2), 19-26 min (T3), 27-34 min (T4) and 35-42 min (Ts).
TOJ performance on the right hand were significantly impaired (*) at time blocks Ty, Ty,
T3, T4 and Ts compared to baseline values. Group-averaged performance for each trial in
each time block for the TOJ on right hand (top right) and left hand (bottom right). Note
that impaired TOJ performance (right) by cTBS occurs at subjects’ best performance

(threshold level).
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Figure 4.5. Experiment 2A: cTBS influence on TOJ synchronization (TOJ-S). Group-
averaged TOJ-S (with standard errors) on right hand (top left) and left hand (bottom left)
before and at each time block following cTBS. Time blocks measured at baseline Ty, 3-10
min (T,), 11-18 min (T), 19-26 min (T3), 27-34 min (T,4) and 35-42 min (Ts). Group-
averaged performance for each trial in each time block for the TOJ on right hand (top
right) and left hand (bottom right).

4.4.2 Experiment 2B: The influence of sham cTBS on TOJ

All participants completed the experiment successfully. The mean AMT for the
TOJ sham group was 47.8 = 5.2% MSO with cTBS delivered at 38.3 + 4.1% MSO. One-

way ANOVA revealed no significant effects of TIME for TOJ-S on the right hand (F s, s9)
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= 0.89, p = 0.49). Figure 4.6 displays the group averaged TOJ data (with standard error)

for the right hand at each time block tested and the group-averaged trial-by-trial TOJ

performances following sham 30 Hz cTBS.
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Figure 4.6. Experiment 2B: Sham ¢TBS on TOJ of the right hand. Left: Group-averaged
TOJ (with standard errors) before and at each time block following cTBS. Time blocks
measured at baseline Ty, 3-10 min (Ty), 11-18 min (T,), 19-26 min (T3), 27-34 min (Ty)
and 35-42 min (Ts). Right: Group-averaged performance for each trial in each time block

for the TOJ on the right hand.
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4.5 Discussion

The present study demonstrated that 30 Hz cTBS over left-hemisphere Sl
impaired TOJ performance in the contralateral but not the ipsilateral hand for up to 42
minutes following stimulation. TOJ-S performance remained unchanged bilaterally

following cTBS. The mechanisms of 30 Hz cTBS on TOJ and TOJ-S are discussed below.

In contrast to a previous report that demonstrated no change in TOJ performance
following 50 Hz cTBS, results in this study suggests that TOJ performance was
significantly impaired following 30 Hz cTBS. To explain the different results seen on
TOJ performance, the mechanisms of cTBS effects using different stimulation
frequencies should be highlighted. In a previous study, switching to a different
stimulation protocol revealed suppression of cortical excitability in the motor cortex
(Goldsworthy et al., 2012). Interestingly, when compared to 50 Hz cTBS, the inter-
subject response variability to this modified 30 Hz cTBS paradigm was much lower. One
explanation for the robust changes in M1 cortical excitability has been associated with
specific frequency bands within the theta range. 30 Hz cTBS consists of intra-burst
frequencies of 6 Hz, which is at a higher end of the theta-band compared to 5 Hz from the
50 Hz protocol. The authors who developed 30 Hz cTBS attributed the stronger and long-
lasting MEP suppression following motor cortex stimulation to be due to the intra-burst
frequency being more close to the end of the theta band which has been associated with
voluntary motor behavior (Vanderwolf, 1969). Based on these results, it remains unclear
whether changes of cTBS intra-burst frequency on M1 would contribute to changes in

tactile perception if cTBS is delivered over SI.
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The stronger and less variable corticospinal responses to 30 Hz cTBS may be
attributed to greater long term depression (LTD-like) effects on motor circuitry induced
by cTBS (Chen et al., 1997;Cardenas-Morales et al., 2010;Goldsworthy et al., 2012).
Hence, it is possible that changes in cortical excitability in other cortical areas following
cTBS may also involve similar LTD-like effects on neural circuitries. Sl is comprised of
highly populated GABA inhibitory circuits and cTBS has been shown to change alter the
activity of these inhibitory pathways. For instance, 50 Hz cTBS suppresses high-
frequency oscillations that are thought to be generated by GABAergic interneurons
(Katayama et al., 2010). It is reasonable to suggest that 30 Hz cTBS exhibits stronger
LTD-like effects on GABAergic inhibitory interneurons within Sl that are associated with
mediating lateral inhibition in TOJ and TOJ-S (Tommerdahl et al., 2007; Tommerdahl et
al., 2008). Although the mechanisms of TOJ remain unclear, two main processes are
required for TOJ to occur. First, lateral inhibition must be projected to neighboring
columns by the initial excitation to the columns representing the first digit. Second, lateral
inhibition must dissipate over time to allow for the columns representing the third digit to
excite. Therefore, TOJ relies on sequential and successful excitation of columns for both
digits. The suppression of lateral inhibition by cTBS would prevent the initial spatial
contrast for detecting the first tactile stimulus of the TOJ pair. The fact the subjects were
still able to identify the order but at longer inter-stimulus intervals suggests that there is
dis-inhibition of lateral inhibition over time such that the initial suppression of lateral

inhibition returns over time to allow for detection of the first tactile stimulus.
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The impairment of TOJ on the right hand which lasts for up to 42 minutes
following cTBS represents a novel finding as no previous study has recorded changes in
tactile discrimination performances at such time course following 30 Hz cTBS over SI.
Previous experiments showed that the temporal effects of cTBS typically last for up to 15
to 34 minutes (Ishikawa et al., 2007;Rai et al., 2012;Conte et al., 2012). Our data
suggests that TOJ was impaired at 3-10 min and 11-18 min. This time course of tactile
changes aligns with previous experiments (Rai et al., 2012;Conte et al., 2012). TOJ was
further impaired at 19-26 min, 27-34 min and for up to 35-42 min which was not reported
elsewhere. It is interesting to highlight a further decline in TOJ performance at block 5
(42 min). This prolonged impairment of TOJ performance suggests that 30 Hz cTBS may
not only act upon inhibitory neurons that mediate lateral inhibition, but also produce
tactile perceptual changes that outlast the stimulation itself for up to 42 min. It should be
noted that impaired TOJ performance only occurs on the contralateral hand following
stimulation. Sham 30 Hz cTBS revealed no change in TOJ performance on either hand
suggesting that the impairment occurred only at the hand contralateral to receiving cTBS.
To examine the ipsilateral effects of 30 Hz cTBS on SI, TOJ and TOJ-S performance
were also assessed on the ipsilateral hand. However, there were no significant changes to
both tasks on the left hand. We conclude that cTBS does not affect TOJ and TOJ-S

performance on the hand ipsilateral to receiving stimulation.

This study demonstrated no significant changes in TOJ-S on bilateral hands. This
was unexpected since we hypothesized 30 Hz cTBS would suppress GABA inhibitory

neurons, in line with speculations from a previous experiment (Experiment 1), thereby
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removing the synchronization effect that leads to improvement of TOJ-S task on the
contralateral hand. It is worth noting that the baseline measurements obtained from both
studies were significantly different (unpaired t.test, p = 0.01), the subjects in the present
study revealed thresholds of 61.8 ms. This value is below the typical thresholds of 100 ms
previously shown in other studies (Tommerdahl et al., 2008). The subjects from the
present study also demonstrated better TOJ performance than the previous experiment
suggesting that the sample population pool had overall better tactile temporal perception.
We suggest that the level of TOJ-S depends on the amount of lateral inhibition created by
the first cortical column. It is possible that better TOJ-S performances from the present
group are due to less in-field inhibition created within the cortical columns at baseline and
therefore participants may not be as affected by the synchronization effect as compared to
previous studies. In the present study, 30 Hz cTBS did not alter TOJ-S while 50 Hz
improved TOJ-S. One possibility is that 30 Hz and 50 Hz cTBS act on separate inhibitory
circuits. Nevertheless, future studies should look to investigate the effects of 30 Hz cTBS
over Sl on TOJ-S by using subjects that demonstrate similar impairments as shown in

previous studies.

In summary, we found that continuous theta-burst stimulation delivered at 30 Hz
over the primary somatosensory cortex impaired TOJ performance on the hand
contralateral to stimulation. There were no significant changes to TOJ-S performance
bilaterally when 30 Hz ¢cTBS was delivered over SI. This study adds direct evidence that
cTBS induces temporal changes in the Sl that lead to altered tactile perception (Rai et al.,

2012;Conte et al., 2012). It has provided a more refined hypothesis regarding the
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underlying mechanisms of tactile temporal perception and the temporal dynamics of

cTBS effects that can be tested in future studies.
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CHAPTER 5 — General Discussion

The goal of the Master’s thesis was to address the question of whether the primary
somatosensory cortex is involved in processing tactile temporal order judgment. Two
studies were conducted to investigate whether temporal order judgment alone or in the
presence of low-amplitude background vibration (synchronization) maybe modulated
following two forms of cTBS delivered over left-hemisphere SI. In the first of two studies,
changes in TOJ and TOJ synchronization (TOJ-S) on the right hand were recorded before
and following traditional 50 Hz cTBS. Results from the first study demonstrated that 50
Hz c¢TBS over Sl improves TOJ synchronization performance, as indicated by reduced
TOJ-S thresholds that persisted for up to 18 minutes follow stimulation. However, TOJ
performance was left unaltered following 50 Hz cTBS. In the second study, TOJ and
TOJ-S performance were assessed bilaterally before and following 30 Hz c¢TBS and
revealed impairments of TOJ that persists for up to 42 minutes following stimulation
while TOJ-S performance remained unaltered. It is interpreted that changes in
performance of either task, as seen in both experiments, would suggest that Sl is involved
in processing temporal perception. Recent findings have also shown that TOJ and TOJ-S
may be mediated by different neural circuits. It is therefore possible that changes in TOJ
or TOJ-S performance following cTBS may indicate that such changes are due to cTBS
acting upon different mechanisms. This work opens the possibility of determining
whether Sl plays a part in temporal perception, and will allow further elucidation of the
temporal dynamics of cTBS effects on SlI. The novel research findings and postulated

neural correlates involved in processing TOJ and TOJ-S will be discussed below.
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TOJ and TOJ-S are mediated by inhibitory pathways

The potential mechanisms for TOJ and TOJ-S are summarized in Figure 5.1. It is
important to note that a single TOJ or TOJ-S trial must include two main components.
First, lateral inhibition must be present to allow for sufficient spatial contrast between
cortical ensembles. FMRI studies have shown that the temporal order of tactile inputs rely
on the processing of spatial representations of stimuli in the parietal cortices (Takahashi
et al., 2012) suggesting the importance of initial spatial discrimination for correct order
judgment. In contrast, a lack of initial spatial contrast between the two receptive fields
representing adjacent skin sites would disrupt the ability to detect the presence of two
distinguished tactile stimuli. For instance, the presence of synchronizing stimuli delivered
simultaneously over the two digits during a TOJ-S trial may reduce initial spatial contrast
between cortical columns that represent each digit and thereby impair overall TOJ-S
performance (Tommerdahl et al., 2007). Second, lateral inhibition created by the first
group of cortical columns must dissipate over time to allow for excitation of cortical
columns receiving the second stimulus. In addition to lateral inhibition, it is reasonable to
suggest that initial excitation of cortical columns induced by low synchronous vibrotactile
stimuli creates in-field inhibition within those cortical columns (Gardner & Costanzo,
1980) thereby also preventing excitation of cortical columns that receive the second
stimulus in the TOJ pair. In summary, any source that prevents initial spatial contrast
between cortical units or hinders the excitation of the cortical columns representing the

second digit may eventually disrupt TOJ and TOJ-S performance.
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Figure 5.1. Schematic describing neural processes mediating TOJ and TOJ-S. (A) i.
In this example of a TOJ trial, the delivery of a vibrotactile stimulus to the 2" digit
excites its corresponding cortical column (red; positive signs on digit 2). ii. Such
excitation creates two types of inhibition. First, in-field inhibition occurs within the
cortical columns representing digit 2 (blue; negative signs on digit 2). This type of
inhibition prevents further excitation of neurons within its own cortical columns. Second,
lateral inhibition (shown as arrow from columns of digit 2 to 3) is created by the initial
excitation of digit 2 and acts to inhibit adjacent cortical columns (blue; negative signs on

digit 3). TOJ percept depends on sequential excitation of columns in digit 2 and 3. Lateral
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inhibition imposed on columns representing digit 3 must dissipate over time before
columns in digit 3 may be excited. iii. The inter-stimulus interval (ISI) may reflect the
time it takes for the excitation of columns in digit 3 to exceed the lateral inhibition within
these same columns. If the ISI exceeds 40 ms, the cortical columns in digit 3 are allowed
to excite and therefore TOJ can be performed correctly. iv. In contrast, if the ISI is below
40 ms, the cortical columns in digit are not allowed to excite due to the existing lateral
inhibition, and therefore TOJ cannot be performed correctly. (B) i. In this example of a
TOJ-S trial, simultaneous vibrotactile stimuli to digits 2 and 3 create weak simultaneous
excitation in cortical columns representing both digits (pink; small positive signs). ii.
Such excitation is followed by simultaneous in-field inhibition within both cortical
columns and also lateral inhibition (bi-directional arrow) that occurs on adjacent columns
(light blue; note that small negative signs represent both in-field and lateral inhibition
created by weak synchronous stimuli). iii. The first stimulus from the TOJ pair excites
cortical columns representing digit 2 (red, big positive signs) and evokes lateral inhibition
in columns representing digit 3 (arrow from digit 2 to 3; large negative signs in digit 3).
The second stimulus from the TOJ pair will only excite columns in digit 3 if excitation
exceeds existing inhibition caused by lateral inhibition (weak synchronous stimulus from
digit 2 and 1* pair of TOJ stimulus) and also existing in-field inhibition created by weak
excitation of columns in digit 3 itself (black). iv. The inter-stimulus interval (ISI) may
reflect the time it takes for the excitation of columns in digit 3 to exceed the inhibition
(lateral and in-field) within these same columns. If the ISI exceeds 80 ms, the cortical

columns in digit 3 are allowed to excite and therefore TOJ-S can be performed correctly.
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v. In contrast, if the ISI is below 80 ms, the cortical columns in digit 3 are not allowed to
excite due to existing inhibition (lateral and in-field), therefore TOJ-S cannot be

performed correctly.

Mechanisms of cTBS on TOJ and TOJ-S

In Experiment 1, 50 Hz c¢TBS improved TOJ-S performance without affecting
TOJ. One possible explanation for the improvement in TOJ-S performance is that cTBS
may be suppressing inhibitory neurons that mediate in-field inhibition. Specifically,
cTBS suppresses in-field inhibition that is evoked by the initial excitation caused by the
low-amplitude vibration. This has the effect of reducing the overall magnitude of
inhibition within those cortical columns and allows them to be excited at an earlier point
in time (i.e. a shorter inter-stimulus interval which equates to improved TOJ-S
performance). The lack of impairment in TOJ performance suggests that lateral inhibition
remains unaltered in this study. One possibility for the lack of 50 Hz cTBS effects on
lateral inhibition could be due to the higher resistance of inhibitory neurons mediating
lateral inhibition. It is possible that these neurons contain high-threshold receptors and are
therefore less susceptible to generating receptor potentials following 50 Hz cTBS. In
summary, since TOJ-S performance was not impaired but rather was improved, one

speculation is that 50 Hz cTBS acts by suppressing in-field inhibition.

In Experiment 2, 30 Hz c¢TBS over Sl revealed impairments of TOJ without

significantly altering TOJ-S performance. One possible explanation for the impaired TOJ

70



M.Sc. Thesis — Lee, KGH McMaster University- Kinesiology

performance may be due to 30 Hz cTBS suppressing lateral inhibition. By suppressing
inhibitory neurons that mediate lateral inhibition, a decrease in spatial contrast would
disrupt the ability to report the presence of one or two stimuli, which is an essential
component for TOJ. In contrast, TOJ-S performance remains unchanged following 30 Hz
cTBS which suggests that this protocol does not alter in-field inhibition. An alternative
explanation for the lack of improvement on TOJ-S by 30 Hz cTBS may be related to an
initial reduction of in-field inhibition during TOJ-S baseline measurements. It is clear that
reduced lateral and in-field inhibition would decrease the total amount of inhibition
within the cortical columns that receives the second stimulus. This may reduce the time it
takes for the total amount of inhibition to dissipate which allows the cortical column to
excite in a shorter time (i.e. shorter ISI). In Experiment 2, the average baseline
performance of TOJ-S (ISI ~ 62 ms) was lower than the average baseline TOJ-S
performance from Experiment 1 (ISI ~ 104 ms). This reduction of ISI at baseline
observed in Experiment 2 may suggest that the sampled population were less affected by
the weak synchronous vibration and therefore experienced less in-field inhibition created
by the weak stimuli. It should be carefully noted that the lower ISI in TOJ-S might be due
to reduction in lateral inhibition since the performance of TOJ in Experiment 1 (ISI ~ 55
ms) was still greater than the performance of TOJ (ISI ~ 35 ms). The difference in TOJ
and TOJ-S performance between Experiment 1 and Experiment 2 is about ~ 20 ms and 40
ms, respectively. Although this is a relative comparison between the two sampled
populations in Experiment 1 and 2, it should be noted that a 40 ms difference in TOJ-S

baseline values suggests that in-field inhibition may contribute to a greater extent to the
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reduction of the total amount of inhibition on cortical columns that receive the second
stimulus. In Experiment 1, it is suggested that 50 Hz cTBS suppresses in-field inhibition
as demonstrated by an improved TOJ-S performance. It is possible that 30 Hz cTBS
exhibits the same mechanism in Experiment 2. However, if subjects in Experiment 2
experienced less in-field inhibition, it could be due to an overall reduced excitability of
inhibitory neurons that mediate in-field inhibition. In this respect, 30 Hz ¢cTBS may not

target these inhibitory neurons thereby the performance of TOJ-S remains unaltered.

There are several alternative explanations for the obtained differences in TOJ-S
baseline performance between Experiment 1 and 2. First, an unpaired t-test (two-tailed)
revealed significant age differences (p = 0.01) between Experiment 1 (26.5 + 5.43, range
19-32) and Experiment 2 (20.2 + 2.18, range 18-25). Previous studies have suggested
that an increase in age may contribute to the decline in tactile temporal acuity (Craig,
2010). Therefore, the younger sampled population from Experiment 2 may account for
the better performance in TOJ-S, as indicated by lower average baseline ISIs. Second,
gender may also play a role in tactile acuity. In Experiment 1, 5 out of 8 subjects (62.5%)
recruited were females as opposed from 8 of 10 subjects (80%) that participated in
Experiment 2. Studies have revealed females are more sensitive to vibrotactile stimuli
than men (Peters et al., 2009). Hence it is reasonable to suggest that the larger proportion

of females may also explain for the lower ISI obtained in Experiment 2.
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How can 30 versus 50 Hz cTBS yield different effects on inhibitory circuits within SI?

The results from both experiments suggest that 50 Hz and 30 Hz c¢TBS induce
neuroplastic changes via different neural mechanisms. It appears that 50 Hz cTBS acts
upon lateral inhibition as indicated by impairment of TOJ performance while 30 Hz cTBS
acts upon in-field inhibition as demonstrated by improvement of TOJ-S performance.
Understanding neural circuits that mediate in-field inhibition and lateral inhibition may
help explain the different results from Experiment 1 and 2. Although the specific
neurotransmitters involved in both in-field and lateral inhibition remains unclear,
GABAEergic inhibitory interneurons are suggested to play a role in mediating both types
of inhibition. Therefore, it is reasonable to suggest that excitation or suppression of

GABAergic circuitry would lead to changes in TOJ and TOJ-S performances.

Current understanding of the mechanisms of 50 Hz cTBS stems from studies
applying cTBS over the motor cortex in rats and humans. In rats, 50 Hz cTBS reduces
calbindin D-28k expressions in fast-spiking neurons that affect control of dendritic
integration of synaptic inputs to pyramidal cells which ultimately alters excitability of
inhibitory interneurons (Benali et al., 2011). Further, strengthening of GABAergic
synapses can be observed via increased GADG65 expressions, a marker of GABA
inhibitory activity, following cTBS (Trippe et al., 2009). In humans, using magnetic
resonance spectroscopy, one group demonstrated an increase in GABA levels of the
motor cortex following cTBS stimulation (Stagg et al., 2009). These results show that 50

Hz cTBS over motor cortex may increase or decrease the excitability of inhibitory circuits.
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In SI, 50 Hz cTBS suppresses inhibitory interneurons in superficial layers of Sl as
indicated by reduced amplitudes of late components of high frequency oscillations
(Katayama et al., 2010). However, evidence suggests that inter-subject variability exists
in the responses to 50 Hz c¢TBS (Ridding & Ziemann, 2010). More importantly in
Experiment 1, this variability of cTBS can also be found in both TOJ and TOJ-S task.
Although TOJ was not significantly altered following stimulation, an initial improvement
was followed by impairment that lasts up to 10 minutes post stimulation. During TOJ-S,
improvement of performance was followed by impairment then again followed by
improvement that lasts up to 18 minutes. This plasticity-inducing response variability was
diminished during the TOJ task in Experiment 2 but remained present in the TOJ-S task.
TOJ was significantly impaired following 30 Hz c¢TBS on the right hand and this
impairment was shown to worsen as time progresses. Less variable responses to 30 Hz
cTBS may suggest that such protocol produces stronger behavioral effects compared to
50 Hz cTBS. Studies that have applied 30 Hz cTBS over various sensory areas including
the oculomotor cortex (Nyffeler et al., 2006) and the posterior parietal cortex (Nyffeler et
al., 2008) revealed robust behavioral changes following stimulation. Stronger impacts of
30 Hz cTBS may be more effective for inducing neuroplastic cortical changes, thus the
application of 30 Hz cTBS over cortices that control sensory processing such as Sl should

be investigated further.

Temporal dynamics of cTBS effects on TOJ and TOJ-S

One interesting finding from Experiment 1 revealed improved TOJ-S performance

relative to baseline for up to 15-18 minutes following 50 Hz cTBS. Previous studies have
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also shown 50 Hz cTBS effects on tactile perception follow a similar time course (Rai et
al., 2012;Conte et al., 2012). The findings of both experiments add to the understanding
of how neurons react to brief burst of theta frequency stimulation and also the time it
takes to recover from imbalance of inhibitory interneuronal substrates that may contribute
to the interplay between both feedback of feed-forward inhibitory mechanisms. One
notable finding from Experiment 2 revealed impairments of TOJ performance following
30 Hz cTBS for over 42 minutes which outlasts the expected temporal changes induced
by 50 Hz cTBS on Sl physiology and perception. These findings may suggest that
inhibitory neurons mediating both lateral and in-field inhibition can be suppressed
following cTBS stimulation depending on the frequency of cTBS parameters. Although it
remains unclear whether the extended periods of suppression on TOJ performance reflect
greater strength of 30 Hz cTBS over 50 Hz cTBs on inhibitory neurons, it is reasonable to
suggest that altering cTBS parameters such as frequency could elicit different temporal
effects on tactile temporal perception. This piece of information constitutes a solid step
forward to the understanding of temporal aspects of cTBS effects that could assist in

identifying optimal plasticity-inducing protocols for further clinical applications.

Is Sl involved in tactile temporal perception?

Although neural mechanisms of cTBS remain unclear, ample evidence suggests
that cTBS acts on Sl physiology, particularly somatosensory evoked potentials (SEP) and

high frequency oscillations (HFOs). Previous work has demonstrated a suppression of
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peak-to-peak amplitudes of both SEPs and HFOs (Ishikawa et al., 2007;Katayama et al.,
2010). It is considered that the origins of SEP’s stems from depolarization of apical
dendrites of pyramidal cells (Allison et al., 1991) while late subcomponents of HFOs are
thought to reflect excitability of GABAergic inhibitory interneurons and cholinergic
transmission in superficial layers in SI (Hashimoto et al., 1996). The observed changes of
cTBS on both SEP’s and HFO’s suggests that excitability of pyramidal neurons and

inhibitory interneurons underlying Sl cortex could be suppressed following stimulation.

Studies have demonstrated that modifying SI physiology via cTBS paradigms
disrupts temporal discrimination performances for up to 15-18 minutes following
stimulation (Rai et al., 2012;Conte et al., 2012), suggesting the importance of Sl not only
in processing sensory information but also performing higher-order discriminating
abilities. The results from Experiment 1 and 2 explicate the process of modifying
temporal order judgment performances following cTBS over Sl. Interestingly, changes in
tactile discrimination behavior have been shown to parallel changes in Sl cortical
physiology (Pleger et al., 2001;Duncan & Boynton, 2007), therefore changes in Sl
physiology may reflect upon changes in tactile temporal perception. Besides human
behavioral studies, animal studies have demonstrated an increase in c-fos expression, a
neuronal activation marker, in SI of mice after performing tactile TOJ (Wada et al., 2010).
Combining the interpretations from both cTBS and animal studies from S| behavioral and
physiological markers, it is reasonable to highlight the importance of Sl in processing

tactile temporal perception.
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Other cortical and subcortical areas may contribute to tactile temporal perception

It is naive to suggest that one cortical area processes or controls tactile temporal
order judgment without appreciating the complexity of temporal processing of sensory
signals that may rely on coding of firing patterns of individual neurons from multiple
cortices (Luna et al., 2005). Neuroimaging studies reveal activation of bilateral premotor
cortices, the bilateral middle frontal gyri, bilateral inferior parietal cortices and
supramarginal gyri as well as the superior and middle temporal gyri during a tactile TOJ
task (Takahashi et al., 2012). It is important to consider cortical and sub-cortical areas
that are widely accepted to be involved in timing processes such as the basal ganglia, the
cerebellum and temporal parietal junction which may also be candidates for mediating
temporal perception (Pastor et al., 2004;Davis et al., 2009). One interesting area
suggested to be involved in processing touch information but has been underexplored is
the secondary somatosensory cortex (Sll). Studies have demonstrated that SII neurons
encode stimulus frequency and may play a role in decision-making of sensory
information (Romo et al., 2002). Nevertheless, although the focus of this thesis was
solely on SlI, it is possible that cortices that are anatomically connected via direct or
indirect projections to SI may also experience changes in excitability induced by cTBS on

Sl (Ishikawa et al., 2007).

Importance of tactile temporal perception

Tactile perception relies on spatiotemporal patterns of neural activity processed at

multiple sensory layers. The spatial aspects are important for helping detect or localize
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the skin sites that receive the afferent stimuli. The coherence of temporal information is
much more complex as the arrival of sequential tactile stimuli to the skin must be
processed in a temporal manner such that the sequence of tactile events would make sense
for cognitive processing. One possible view of temporal processing of touch can be
related to the neuronal firing rates during temporal perception. It’s been shown that
neurons code firing patterns during tactile discrimination (Salinas et al., 2000;Luna et al.,
2005). The importance of this feature becomes more prominent in populations that exhibit
sensory deficits in vision while touch remains intact. For instance, it’s been shown that
congenitally blind individuals have quicker processing of touch as demonstrated by
quicker ability to read braille than the normal sighted population (Bhattacharjee et al.,
2010). Further, inability to process temporally segregated tactile events may also affect
one’s comprehension. There is evidence that dyslexic individuals show difficulties in
temporal order judgment and temporal processing of tactile information (Laasonen et al.,
2001).Therefore it is reasonable to suggest that the ability to process sequential tactile

patterns may help aid in cognition, memory and learning.

The sensory areas of the brain receive a rich array of somatosensory information
from activation of sensory afferent nerves in the glabrous skin, joints and tendons. Fine
hand control optimizes the extraction of this information upon contact with an object or a
surface. A number of studies have highlighted the importance of tactile perception on
hand function. These studies have showed that somatosensory discrimination changes
corticospinal excitability (Rosenkranz & Rothwell, 2004). Also, corticomotor excitability

was enhanced as indicated by an increase in MEPs in the hand engaged in performing the
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tactile discrimination task (Master & Tremblay, 2009). Specifically, sensory information
coded temporally in the fingers may be important for providing online sensory feedback
during manipulation of objects. One study showed that when monkeys picked up pellet
with their fingers, the grasping of the pellet led to increased activity of excitatory neurons
followed by increased activity in inhibitory neurons (lwamura et al., 1985). These data
suggests that tactile temporal acuity also plays an important role in manipulation of

objects and exploration of the environment.

Future avenues and significance of work

This thesis has shown cTBS over left SI can modulate temporal order judgment
performance on the fingertips of the right hand in the presence and absence of weak
vibrotactile stimuli. To emphasize the importance of Sl in processing tactile temporal
perception, tactile TOJ performances across multiple digits should be investigated. This
will be important because the manipulation of tools and active exploration of the
environment rely heavily on somatosensory feedback from skin surfaces on multiple
digits. In this respect, detection of the temporal order of three or four sequential tactile
stimuli delivered over adjacent fingers would increase the complexity of TOJ.
Understanding TOJ in such context may reveal the extent of the role of Sl and its neural
constraints on tactile temporal processing. This thesis has focused on cTBS and
demonstrated changes in TOJ and TOJ-S performance. ldentifying ways to alter
perceptual behavior indirectly by inducing physiological changes within SI may allow for
better understanding of the neural substrates involved in tactile temporal perception.
Results from Experiment 1 and 2 suggest that 30 Hz and 50 Hz cTBS acts upon different

79



M.Sc. Thesis — Lee, KGH McMaster University- Kinesiology

inhibitory mechanisms. Future studies are needed to investigate the different cTBS
parameters such as duration, current direction and intensity of stimulation on Sl cortical
excitability and behavioral changes. Alternatively, the application of non-cTBS methods
to study TOJ percepts may also help to confirm the contributions of inhibitory neurons in
mediating TOJ and TOJ-S percepts. Future studies may examine this by administrating a
GABAergic antagonist such as bicuculline to assess the level of inhibitory activity during
TOJ or TOJ-S. It is worth noting that TOJ or TOJ-S can also be employed as a
neurosensory assessment tool to evaluate tactile temporal acuity and Sl function. This
could be particularly interesting in the context of patient groups that demonstrate tactile
temporal deficits. Abnormal values of TOJ or TOJ-S performance may reveal
impairments of inhibitory mechanisms within Sl. Identifying these impairments may help
understand the manifestation of certain diseases, specifically those with altered inhibitory

mechanisms within SI such as in Autism and stroke.

In conclusion, this Master’s thesis work provides a unique contribution to the field
of human tactile perception and the usage of non-invasive brain stimulation techniques in
showing that perceptual changes following cTBS over SI may depend on the application
of different cTBS parameters. Also, the present findings provide support for two types of
inhibitory mechanisms that mediate TOJ and TOJ-S percepts. Finally, this work
emphasizes the importance of Sl in processing tactile temporal perception. Identifying
such brain areas and its underlying neural mechanisms that control tactile perception may

provide better understanding of fine motor control of the hand.
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