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ABSTRACT

Mechanomyography (MMG) and transcranial magnetic stimulation (TMS) are two
non-invasive techniques that measure the mechanical responses of skeletal muscles and
stimulate the motor cortex, respectively. Combining these methods can provide a more
comprehensive understanding of the relationship between neural pathways and the
muscular system, with potential applications in rehabilitation and the development of new
treatments for muscle-related disorders. The primary objective of this study was to
investigate whether specific motor control points in the motor cortex are necessary to
generate a significant MMG peak amplitude (the maximum amplitude) that can produce
functional muscle contractions leading to movement. Additionally, we aimed to analyze
the relationship between TMS intensity and mechanical muscle output by analyzing the
MMG mean peak amplitude and knee extension angle produced. Fourteen participants
with no known neuromuscular or cognitive disorders underwent TMS with varying
stimulation locations and intensities at a resting state throughout. This study found that
specific point mapping of TMS locations did not produce significantly different muscle
output compared to localization mapping, indicating that the location of motor control
stimulation during TMS may not need to be specific to produce significant muscle
outcomes. Despite the absence of voluntary contraction during the TMS procedure, MMG
Mean Peak Amplitude increased with TMS intensity, and a specific threshold was
identified at which the MMG Mean Peak Amplitude is significant and knee extension
movement is present. This indicates that TMS can activate a sufficient number of motor
neurons to produce a measurable mechanical response by the muscles, supporting the use
of TMS for investigating the relationship between muscle output and joint angle during
movement. This study also investigated whether there were differences in MMG Mean
Peak Amplitude and knee angle responses to TMS-evoked contractions between active
and sedentary groups, as well as between male and female participants. We found out that

active participants and males had a lower threshold for TMS to produce a significant



mechanomyography response, likely due to greater cortical excitability in these groups.
Overall, the findings suggest that TMS with mechanomyography has potential
implications for the development of innovative approaches in studying and enhancing
muscle function, particularly in individuals with neuromuscular disorders. By providing
a direct measure of muscle output, mechanomyography can help quantify the
effectiveness of motor rehabilitation programs. This study contributes to the
understanding of the underlying mechanisms of muscle contraction and the use of TMS

with mechanomyography in clinical settings.

Keywords: Transcranial Magnetic Stimulation, Mechanomyography,

Electromyography, Muscle output, Lower Limbs.



ABSTRAK

Mekanomiografi (MMG) dan rangsangan magnet transkranial (TMS) merupakan dua
teknik mengukur respons mekanikal otot rangka dan merangsang korteks motor.
Menggabungkan kedua-dua kaedah ini dapat memberikan pemahaman yang lebih
komprehensif tentang hubungan antara laluan neural dan sistem otot, dengan aplikasi
berpotensi dalam rehabilitasi dan pembangunan rawatan baru untuk masalah berkaitan
otot. Objektif utama kajian ini adalah untuk menyiasat sama ada titik kawalan motor
secara spesifik dalam korteks motor diperlukan untuk menghasilkan amplitud puncak
MMG yang signifikan (amplitud maksimum) yang boleh menghasilkan kontraksi otot
yang berfungsi menyebabkan pergerakan. Selain itu, kajian ini bertujuan untuk
menganalisis hubungan antara intensity TMS dan hasil mekanikal otot dengan
menganalisis amplitud puncak MMG dan sudut gerakan lutut yang dihasilkan. Empat
belas peserta tanpa masalah neuromuskular atau kognitif menjalani TMS dengan intensiti
rangsangan yang berbeza pada keadaan rehat sepanjang kajian. Kajian ini mendapati
bahawa pemetaan titik spesifik lokasi TMS tidak menghasilkan hasil mekanikal otot yang
berbeza secara signifikan berbanding dengan pemetaan lokal, menunjukkan bahawa
lokasi rangsangan kawalan motor semasa TMS mungkin tidak perlu spesifik untuk
menghasilkan hasil otot yang signifikan. Walaupun subjek tidak melakukan kontraksi
otot secara sukarela semasa prosedur TMS, Amplitud Puncak MMG meningkat dengan
intensiti TMS, dan had batas tertentu dikenal pasti di mana Amplitud Puncak MMG
adalah signifikan dan sudut pergerakan lutut dapat dikesan. Ini menunjukkan bahawa
TMS boleh mengaktifkan jumlah neuron motor yang mencukupi untuk menghasilkan
respons mekanikal yang boleh diukur oleh otot, menyokong penggunaan TMS untuk
menyiasat hubungan antara hasil mekanikal otot dan sudut sendi semasa pergerakan.
Kajian ini juga menyiasat sama ada terdapat perbezaan dalam Amplitud Puncak Min

MMG dan respons sudut lutut antara kumpulan aktif dan tidak aktif, serta antara peserta
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lelaki dan perempuan. Kami mendapati bahawa peserta yang aktif dan lelaki mempunyai
had batas yang lebih rendah bagi TMS untuk menghasilkan respons mekanomiografi
yang signifikan, mungkin disebabkan oleh kepekaan kortikal yang lebih tinggi dalam
kumpulan ini. Secara keseluruhan, hasil kajian menunjukkan bahawa TMS dengan
mekanomiografi mempunyai potensi untuk pembangunan inovatif dalam mengkaji dan
meningkatkan fungsi otot, khususnya dalam individu yang mempunyai masalah
neuromuskular. Dengan mengukur hasil mekanikal otot secara terus, mekanomiografi
dapat membantu mengukur keberkesanan program rehabilitasi motor. Kajian ini
menyumbang kepada pemahaman mengenai mekanisme asas kontraksi otot dan

penggunaan TMS dengan mekanomiografi dalam bidang klinikal

Keywords: Stimulasi Magnet Transkranial, Meknaomiografi, Elektromiografi, Hasil

Otot, Anggota Badan Bawah.

vii



ACKNOWLEDGEMENT

I would like to acknowledge and give my warmest thanks to Faculty of Sports and
Exercise Science, Universiti Malaya who had helped in lending an experimental area as
well as experiment devices. A special thanks to the faculty’s lab assistant, Encik Abdul
Rahman Mohd Yusof. My thanks also goes to Encik Mohd Khairul Amran, assistant
engineer for Biomechatronic Laboratory, Biomedical Engineering department. Both of

their help had made the research journey at ease.

I would like to give my warmest thanks to my beloved supervisors, Associate Prof Dr.
Nur Azah Hamzaid, Prof Mazlina Mazlan and Dr. Chung Tze Yang who made this study
possible. Their guide, advice and analytical skills had helped me to complete this research
and provide a deeper understanding of this field. Deepest gratitude to Dr. Victor
Selvarajah Selvanayagam from Faculty of Sports and Science Exercise, Universiti
Malaya and Dr. John Temesi from University of Northrumbia, UK for their critical

analysis and the development of different new perspectives of this study.

In addition, a special thanks to Vhinoth Magenthran, one of the undergraduate students
of Biomedical Engineering department that had provided great assistance during the
experimental procedures. His hard work had contributed greatly to the success of the

research.

Last but not least, my gratitude would be to my beloved mother who had given the full
support during this journey. She helped in so many different ways and her prayers had

brought this research to completion.

viii



TABLE OF CONTENTS

ADSTIACT .. Vi
ADSTIAK ... vii
ACKNOWIBAGEMENTS ...ttt e st e e b e e sbeeanaeenree s viil
Table OF CONENES ... 9
[T o) o U= SO PO PRURTRRURN 10
LISt OF TADIES. ...t 11
List of Symbols and ABDrevIations.............coeeieiiiiieiiee s 12
LISt OF APPENAICES ...ttt bbbt ne e ae e 13
CHAPTER 1: INTRODUCTION ..ottt 15
1.1  ReSEarch QUESTIONS ......cccuiieiiiieiitie ettt ettt e e e sare e e ear e e e bae e aeas 19
1.2 ODJECLIVES ..oiiiiiiieiiie ettt 19
CHAPTER 2: LITERATURE REVIEW. ..o 20
CHAPTER 3: METHODOLOGY ..ottt 28
3.1 SUDJECES ASSESMENT ....eciiiiieeiie ittt ba e srae e be e rreere e 28
3.1.1  Subject detailS......ccooouieiiiiiic 28
3.1.2 Physical Activity QUESLIOANNAITE ........cceeivieiiieiieeee e 28
3.1.3  TMS QUESLIONNAITE ....eevieiieciiie ettt 29
3.2 EXPeriment ProtOCOl .........coviiiiiiiecee e 30
3.2.1  Subjects POSItIONING @t RESt ........ccoiiiiieiiieiie e 30
3.2.2  Electromyography (EMG)........cccoveiiiiiiiiiiiiie e 30
3.2.3  Mechanomyography (MMG) ........cccceiiiiiiiiiie e 31
324  GONIOMELET ...ttt 32
3.3 RESPONSE ACQUISITION ....vviiivieiiieciie ettt sttt e et e ne e ere e 32



3.3.1  Maximum Voluntary Contraction (MVC) ........ccceoerinieiiieireiesieseaiens 33

3.3.2  LOCAtiONS MaPPING ....cviiireiiiiesieeie e sieete e ste e e teeaessaessaeae e e sreaneeas 33
3.3.3  Familiarization SESSION ..........ccceiiiiriiiiiiniese e 34
3.3.4  TIMS PrOCEUUNE ... .ccveeieeieeteetie st te et e te e e esba e e e te e e snaesreennesreenreaneeas 35
335 SHALISTICS. ..t 38
3.3.6  Data @NalYSIS......coueiiiiiiiiieieiee e 38
3.3.7  Minimization Crosstalk ..o 39
CHAPTER 4: RESULTS ... 45
4.1 MMG Mean Peak Amplitude at mapped 10CatioNS ...........ccceevviiiriiieiiiii e 45
4.2 MMG Mean Peak Amplitude and TMS INtENSItY .......ccoooeviiiiiiiiiniieiice e 46
4.3 Area under Curve Estimation for MMG reSPONSES ........cceevverviieieeiiieesiesineesieeans 49
4.4  Knee Extension Angle at different TMS INtensity ........ccococvviiievieiie s 52

4.5 Relationship between MMG Mean Peak Amplitude and Knee Extension Angle..53

4.6 Difference in MMG responses to TMS in Active and Sedentary............c.cccceeenee 54
4.7 Difference in MMG responses to TMS in Male and Female ............c..cccecveeneee, 54
4.8 SENSALION SCOME......iiiiiiiiiieiietit ettt bbbt ne e r bbb nne s 57
CHAPTER 5: DISCUSSION ..ottt 58
CHAPTER 6: CONCLUSION ......coiiiiiieiit ettt 69
6.1 LEMITALIONS ...ccueiitieiteiteeie ettt n b ere s 71
8.2 FULUIE WOTK.....ecuiiitiiiitite ettt 72
2SS (S (o) (011U 73
List of Publications and Paper PreSented..........cccveiveiieeiieiiec e 86
TN 0153 T £ SO TSP T RO RS URT PR RURPTOPRPRN 87

10



Figure 2.1
Figure 3.1
Figure 3.2
Figure 3.3
Figure 3.4
Figure 3.5

Figure 3.6

Figure 4.1

Figure 4.2
Figure 4.3
Figure 4.4

Figure 4.5

Figure 4.6

LIST OF FIGURES

Representation of TMS experimental study and output analysis.............. 22
Distance of oot from ground ............ccoooeiiieniiie e 30
EMG and MMG electrodes placement...........cccooovevieiiiiiii i, 31
Mapped locations on the primary motor COMteX .........covvvvivvereeiiieeinesinnans 33
Flowchart for TMS procedure...........c.oviviiiiiiiiiieeiei e 34
TMS MaChine. .......oiuiiii e 35

Placement of the double cone coil on the locations mapped on the primary

[p[0) (0] gef0] (=) U 36

A representation of MMG peak amplitude at each TMS intensity

(SUBJECES) ..o 45
Area Estimation vs TMS Intensity for RF...........ccocoiiiiiiiie 49
Area Estimation vs TMS intensity for VL .......cccccooveviiieviecce e 50
Mean Knee Extension angle vs TMS INtenSity .......cccccvevevveevveieiivennaiens 51

Relationship between MMG Peak Amplitude for RF and VL with Knee
EXIENSION ANGIE ..o 52
Mean Knee Extension Angle (Active vs Sedentary) and MMG Mean Peak

Amplitude (Male vs Female) at different TMS Intensity...........c.ccocevvnnene 54

11



Table 3.1

Table 3.2

Table 3.3

Table 3.4

Table 4.1

Table 4.2

Table 4.3

Table 4.4

LIST OF TABLES

Sensation score during TMS proCedure ..........cooeveeereenenieeseenesee e 36
Leisure time phySiCal aCHIVILY..........cooeeiiriiiiiee e 40
Work related physical aCtiVity..........cccccoeiiiiiie i 41
Transportation related physical activity ...........cccccoeveviiiiiecie s 42
MMG MPA of RF at different mapped locations ............cccceeevevieeiieinnns 44
MEP by MMG and MPA by MMG for RF and VL.......c.ccccooiiiiinnennnne 47

Mean Knee Extension Angle at different TMS Intensity (Male and
Female. .. .o 95

Sensation score at each TMS INteNSItY.......cccveviveiiieiie i, 56

12



TMS

MMG

EMG

MEP

MPA

RF

VL

LIST OF SYMBOLS AND ABBREVIATIONS

Transcranial Magnetic Stimulation

Mechanomyography

Electromyography

Motor Evoked Potential

Mean Peak Amplitude

Rectus Femoris

Vastus Lateralis

13



Appendix A

Appendix B

Appendix C
Appendix D
Appendix E
Appendix F

Appendix G

LIST OF APPENDICES

: Abstract Conference for 13" Annual Malaysian Rehabilitation Medicine
CONTETENCE ... nieiitit et et 81
: Gold Certificate for Oral Presentation in 13" Annual Malaysian
Rehabilitation Medicine Conference...............ccooviiiiiiiiiiiiinnnnn... 82
cEthics Approval..... ..o, 83
2 Consent FOrm.......oiuiii i 84
T TMS QUESHIONNAITE. ...\ttt eteeee e et e e et e e e e ee e e eae e, 85
: Tabulation Sensation SCOTe .........c.ovviiiiiiiiiiiiii i, 86
" TPAQ QUESHIONAITE. . ...vvtes ettt et et et eeeeee e eee s 86

14



CHAPTER 1: INTRODUCTION

Movement is crucial for maintaining neurological function and preventing
deficits, particularly after an injury or illness. A comprehensive rehabilitation program is
essential for promoting recovery from neurological deficits and restoring functional
movement. Transcranial magnetic stimulation (TMS) is a promising intervention for
neurological rehabilitation, as it can stimulate and modulate neural activity in specific
brain regions involved in motor function. TMS has shown significant potential in
improving motor recovery and reducing disability in individuals with neurological
deficits such as stroke, traumatic brain injury, and Parkinson's disease (Demirtas-
Tatlidede et al., 2012; Somaa et al., 2022). One of the aims of TMS studies is to be a part
of the physical rehabilitation tool for neurophysiological disabilities. This includes stroke,
which is one of the leading causes of disability worldwide that may be presented with
functional impairment involving motor skills that badly affect patients’ activities of daily
living (Elsner et al., 2013). One intervention known as repetitive TMS could promote the
excitability of motor cortex and support the recovery of motor function after stroke
(Petersen et al., 2003). The year 1980 marked the application of stimulating the motor
cortex stimulation in humans by using transcranial electrical stimulation (TES) by Merton
and Morton (Klomjai et al., 2015). However, the uncomfortable feeling reported from
high voltage TES had caused the TES use to decline (Moscatelli et al., 2021). This opened
up the windows of possibilities on the use of TMS. Anthony Baker from University of
Sheffield in England was the first person to discover TMS in 1985 (Basil et al., 2005). As
in the early 1900s, there has been progressive studies that probe into the use of TMS for

neurophysiological change in healthy adults and stroke patients (Butler & Wolf, 2007).
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A common application of TMS is the mapping of the primary motor cortical
system (MCS), which stimulates certain parts of the brain leading to specific muscle
response (i.e., abductor pollicis brevis or tibialis anterior muscles). This stimulation
response is elicited, respective to the cortical location, thereby generating an
individualized functional map of the MCS (Schramm et al., 2020). Neurons in specific
superficial regions of cerebral cortex were stimulated with a short lasting electric current
pulse that is carried by magnetic field (Siebner et al., 2009). To be precise, a high voltage
capacitor discharge system is used to provide electric current that passes through a small
coil on the scalp that eventually produces magnetic field that painlessly passes through

the brain tissues, over the appropriate region of motor cortex (Barker et al., 1985).

TMS has been the first tool showed that in human, there is a direct monosynaptic
connection from the motor cortex to the spinal motor neurons in human, thus a good
technique in the analysis of motor control (Petersen et al., 2003). This however requires
necessary care during data interpretation (Petersen et al., 2003). In the pursuit of motor
control study, a response known as motor evoked potential (MEP) has to be induced in
the targeted muscle when the TMS induced a magnetic pulse over the contralateral
primary cortex (M1) through the scalp, which is then picked up by surface EMG, which
measures electrical signal via electrodes placement over the muscle of interest (Butler &
Wolf, 2007). Reliable muscle sensors to record the muscle activity are said to be the EMG
and MMG in order to record the muscle activity (Ibitoye, Estigoni, et al., 2014; Ibitoye et
al., 2016; Ibitoye, Hamzaid, et al., 2014). EMG measures the electrical activity of the
muscles using surface electrodes placed on the skin over the targeted muscles

(Chowdhury et al., 2013).
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Studies involving EMG had been increasing since 1950 (Vigotsky et al., 2017).
EMG analysis can be carried out using visual inspection and auditory assessment, but

quantitative EMG had been used extensively for research purposes (Tankisi et al., 2020).

However, muscles also generate mechanical vibrations as a result from
contracting muscle fibers and the tension they produce. Unfortunately, research that
focuses on these mechanical vibrations of muscles is very limited. These vibrations can
provide valuable information about the contractile properties and force output of the
muscle, making them an essential target for study in the field of biomechanics.
Understanding the mechanical vibrations in muscles can help researchers gain insights
into muscle function as well as develop new techniques for rehabilitation and training,
which can be useful in clinical applications such as in the treatment of movement
disorders and conditions that affect muscle function. Therefore, the study of mechanical
vibrations in muscles is a crucial area of research with far-reaching implications. To
achieve this, MMG can be used to measure the mechanical vibrations of muscle activities.
It is a tool to record muscles surface oscillations due to the mechanical activity of the
motor units (Orizio et al., 2003). However, the usage of MMG with TMS is limited as
found in literature publications over the years, which brought a new insight that can be

investigated.

The use of MMG to understand the mechanical vibrations of muscle fibers in
response to TMS-induced MEPs is crucial as it offers valuable information on the
muscle's contractile properties and force output (Ibitoye, Hamzaid, et al., 2014). MMG
provides direct measurements of the mechanical vibrations and tone produced by muscle
fibers, which are the primary sources of force generated by muscle contractions, resulting
in forces acting upon the kinematic properties of the system, as measured by devices like

force transducers (Pascal et al., 2011). Therefore, comprehending the mechanical
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response of muscles to TMS-induced MEPs could provide valuable insights into the
clinical applications of TMS, especially for treating movement disorders and other related

conditions.

In conclusion, understanding the extent and mechanical effects of MEPs using
MMG via TMS on the muscles is critical to achieving functionality in neurological
rehabilitation. Additionally, MMG can be a useful complementary measurement tool for
studying the mechanical vibrations in muscles. Together, TMS and MMG can offer a
powerful combination for developing new techniques for rehabilitation and training,
enabling the restoration of functional movement in individuals with neurological deficits
and advancing our understanding of the extent and effects of MEPs via TMS on muscle
outcomes. This had led to three main research questions and outlined objectives to be

achieved:

18



1.1 Research questions

1) To what extent does TMS affect the mechanical muscle output, and how is the
location of motor control stimulation related to the mechanical muscle output?
2) Can MMG be used to quantify the muscle output responses evoked by TMS?

3) Does gender and activity level affect muscle output responses evoked by TMS?

1.2 Objectives

There are three main objectives of this study as represented below:

i.  To identify the TMS locations to produce muscle mechanical output measured
through MMG
ii.  Toinvestigate the relationship between the TMS intensity, MMG peak amplitude
and knee extension angle for Rectus Femoris (RF) and Vastus Lateralis (VL)
evoked by TMS
iii.  To identify the differences in MMG parameters and knee extension angle
produced by TMS-evoked contraction for male and female as well as between

active and sedentary groups
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CHAPTER 2: LITERATURE REVIEW

Complex circuits throughout the body equipped with effector muscles and glands
facilitated voluntary and involuntary movements. Upper motor neuron is habitually
injured due to the large areas of cortex occupied by the motor areas as well as the
extensive pathways from cerebral cortex to the spinal cord (Purves D, 2001). Trauma,
infections, cerebrovascular accidents, metabolic disorders and neurodegenerative
disorders are one of the reasons (Emos MC, 2022). This UMN injury may lead to inputs
deprivation from the brain termed as initial spinal shock but spinal cord circuits are said
to regain much of the functionalities (Purves D, 2001). Besides that, stroke also had been
known as one of the leading causes of disability worldwide that may be presented with
functional impairment involving motor skills that badly effecting patients’ activities of
daily living (Elsner et al., 2013). As with stroke, brain neuroplasticity had been one of the
possible explanations as such brain can heal. The ability of the undamaged areas to remap
different pathways as a compensatory mechanism. In order to regain the motor
functionality, neuroplasticity is the basal principle in rehabilitation (Takeuchi & lzumi,
2013). The more targeted the approach or the more specific a movement is, the stronger
the brain pathways for that movement become and the easier it gets to achieve movements
in the future (Perrey, 2013). The connection from the primary motor cortex to muscles of

the body is so important that any damage leads to an impaired ability to move.

Impaired chronic stroke patients are the population that needs a well-equipped and
refined rehabilitative measures. Furthermore, reliable measures for studying the
underlying physiological mechanisms and effectiveness of interventions are crucial. In
this context, cortical motor maps appear to be promising, i.e., by assessing the cortical
representation of the affected muscles as measured by MEP following TMS (Trunk et al.,

2022). This advancement in rehabilitation is crucial as gait and mobility impairments
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contributed largely to long term disability subsequent to stroke (van de Port et al., 2006).
While the normal brain behavior for upper-limb motor control has been widely explored,
the same is not true for lower-limb control (de Almeida et al., 2015). Related to this, one
of the emerging research is in understanding the neural pathway involves TMS. TMS has
also proved useful in characterizing the corticospinal correlation of behavioral deficits in

several neurologic disorders (Badawy et al., 2012; Stinear et al., 2015).

This opened the windows of possibilities on the use of TMS. Since the discovery
of TMS by Anthony Baker in England in 1985, psychiatric disorders had been the main
interest of studies using non-invasive and painless tool to stimulate certain areas of the
brain (Basil et al., 2005). TMS allows for a non-invasive investigation of corticospinal
excitability. TMS applied over the primary motor cortex (M1), elicits MEPs in
contralateral limb muscles, which are valuable indicators of corticospinal excitatory at
the time of stimulation (Vassiliadis et al., 2018). In the early 1900s, studies progressively
looked into the use of TMS for neurophysiological change in healthy adults and stroke
patients (Schramm et al., 2020). Since then, efforts were made to enhance training
induced cognitive and motor learning through brain stimulation (Siebner et al., 2009).
TMS is also used to understand brain plasticity, which comprise of modifications in
cortical properties such as representational patterns or modifications on neurons, either

structurally or functionally (Barker et al., 1985).
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Figure 2.1: Representation of TMS experimental study and output analysis

Brain stimulation can be utilized as a rehabilitation treatment tool, which involves
upper limb and lower limb. In 1997, TMS started to be used for activating the lower limbs
and upper limbs but more studies reported the use of TMS on the upper limbs compared
to lower limbs. Hand muscles are the main focus during gait rehabilitation experiments
to study the neuroplasticity model (Butler & Wolf, 2003). In 2007, researchers compared
the effectiveness of training interventions between unilateral training and bilateral
training for upper limb motor function in chronic stroke patients (Summers et al., 2007).
Besides training interventions, development of TMS in upper limbs have led to the
establishment of rTMS to enhance the motor function recovery (Brouwer & Hopkins-
Rosseel, 1997). rTMS could promote the excitability of motor cortex and supports the
recovery of motor function after stroke (Petersen et al., 2003) However, its first use was

only restricted to diagnosis of neuromotor disorders (Noohi & Amirsalari, 2016).

In 1998, Classen et al and colleagues had investigated the establishment of
consistent thumb movements by using TMS (Classen et al., 1998). In 2004, Kim and
colleagues had studied the effect of rTMS on the motor cortex involving sequential finger
movements (Kim et al., 2004). Upper limbs have been the main focus on the muscles

study within the primary motor cortex.
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Besides upper limbs, Davies (2020) had used TMS for quantitative analysis of
the cortical representation of various muscles ranging from resting tibialis anterior
muscles, resting quadriceps femoris, active rectus femoris as well as vastii muscles
(Davies, 2020). However, reports on TMS with hamstring and gastrocnemius muscles are

still limited.

One reason of limited studies that employs TMS for the lower limbs is because of
the difficulties to access and evoke responses of lower limbs motor control areas, whereby
the cortical representation is located deeper from the scalp surface (Groppa et al., 2012).
Very clearly, studies involving the mapping of the corticomotor pathway for lower limbs
using TMS are much notably less compared to those investigations involving upper limb
muscles (Kesar et al., 2018). It is worth to note that neuroplasticity of the corticospinal
pathway can be impactful on the lower limb rehabilitation but more TMS studies are
performed on upper limbs compared to lower limbs (Chowdhury et al., 2013). As to date,
the main challenges faced in the lower extremity corticomotor pathway study is the fact
that the lower extremity homunculus is located at a deeper location in the brain. Thus, it
has been a challenge to accurately as well as the issue to target individual muscles of the

lower extremity (Chowdhury et al., 2013).

Besides that, studies on corticospinal excitability involving lower extremities have
always evolved around specific task performance, which is mostly isometric knee
extensions, and lately isometric squats as it is @ more similar representation of everyday
joint movements. One study reported a higher reliability of corticospinal excitability
measures for isometric knee extension than isometric squats, which indicates that task

specificity plays a crucial role in TMS assessments (Proessl et al., 2021).
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The outcome measures and data nevertheless should have good reliability as the
MEP amplitudes constitute a wide variability. One of the most common outcome
measurement tool for TMS is EMG. The earliest study on motor control by Johansson
team involves TMS input and the use of EMG during precision grip, reported in 1994

(Johansson et al., 1994).

The EMG was used across TMS studies that shows the excitation or signals
received from the brain to the muscles. EMG studies the electrical activity of the muscles
during contraction at which the contraction and relaxation of the muscles are controlled
by the nervous system. Surface electrodes were placed on the skin over the targeted
muscles (Vigotsky et al., 2017). Anatomical and physiological properties of the muscle
may influence the EMG signals obtained (Raez et al., 2006). TMS studies had extensively
used EMG as the quantitative tool to analyze the outcomes of MEPs. One group of
researchers were able to detect the existence of cortical silent period during a voluntary
muscle contraction administered using TMS with an analysis of the pause compartment

in EMG activities after the TMS stimulation (Farzan et al., 2013).

This led to the idea of using TMS to generate an inhibitory response (Farzan et
al., 2013). The combination of TMS and EMG can investigate the motor system
excitability at rest and during task performances by analyzing metrics that includes MEP
onset latency, MEP duration as well as MEP peak to peak amplitude (Jackson &
Greenhouse, 2019). To serve as a valid and meaningful assessment tool that allows for
veridical inferences about corticospinal excitability, TMS-induced MEP measures need
to be stable and reliable. Whether they actually are reliable, however, has been subjected

for controversial debate (Schilberg et al., 2021).
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However, reports about spontaneous fluctuations of MEP amplitudes causing high intra-
individual variability to have led to increased concerns about the reliability of this
measure. Besides that, severely impaired patients with extended damage of the
corticospinal tract often show no MEP when standard TMS procedures are applied (Trunk

etal., 2022).

The high variability of the MEPs and the absence of MEP with chronic patients
might lead to another side of perspective. MEPs are the physiology interpretation at the
muscles but the interest is shifted to the resultant physical output from the muscles
produced by the physiology mechanisms elicited by TMS. The proof of the established
and measurable mechanical outputs might be the onset of future research on the use of
TMS as a neurorehabilitation tool to strengthen the motor control pathway for gait and

motor control specializations.

While the electrical activity of the motor system has long been a focus of research
in neuroscience, it is becoming increasingly clear that the mechanical counterpart of the
motor system is equally important to explore to provide a complete understanding of
corticomotor pathway (Alves & Chau, 2010).Muscle function and contractile properties
are key determinants of motor output, and as such, an understanding of the mechanical
characteristics of the motor system is necessary for a full appreciation of its function. To
achieve the best outcomes for lower limb motor improvements with TMS-assisted
rehabilitation, it is potential to incorporate the use of a complementary measurement tool

to quantify the mechanical muscle output from the muscles elicited by TMS.
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Therefore, MMG has the potential to be a complementary measurement tool to
EMG, which can be used to measure the mechanical response of a muscle to TMS,
providing valuable insights into the excitability of the corticomotor pathway and the
underlying neural mechanisms involved in muscle function. As to date, MMG is a tool to
record muscles surface oscillations due to the mechanical activity of the motor units
(Talib et al., 2022; Tankisi et al., 2020) Changes in skin impedance due to sweating will
not affect MMG (Fang et al., 2023). MMG can also offer more precise and reliable
measurements of muscle activity, especially in situations involving changes in muscle
length or joint angle. For instance, Claire et al. had employed the use of MMG and inertial

measurement units (IMUs) to study the upper limb movements in stroke patients.

(Meagher et al., 2020). Recent studies have used TMS with MMG to investigate the

effects of high-frequency repetitive TMS on corticomotor excitability and muscle

function in stroke patients, resulting in promising findings for upper limb rehabilitation.

Specifically, MMG use specific transducers such as microphones, accelerometers
or piezoelectric contact sensors (Islam et al., 2013). MMG had been used as a reliable
tool to study muscle function, which involves amplitude and frequency responses even if
there are changes in the length of the muscles being investigated or any variability of
tissue thickness between the muscle and MMG sensors (Beck et al., 2005). Besides that,
muscle strength estimation could also be based on MMG (Xie et al., 2020). Not only that,
TMS with different intensities had been used with the right abductor pollicis brevis
muscle and EMG and MMG was used as the diagnostic tool. The study investigated the
similarities of traits between the MEP parameters from MMG and EMG (Reza et al.,
2005). As to compare to EMG, MMG is insensitive towards the placement of the sensors
as the placement need not be accurate and it is not affected by any changes in the skin

impedance caused by sweating. These plausible advantages may lead to the combination
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of usage of MMG and EMG in order to understand the neuromuscular function in the

establishment of corticomotor pathway (Krueger E. et al., 2014).

This leads to a proposed hypothesis that the excitation received by the muscles
will elicit shortening of the muscle fibers, initiating contraction and producing a targeted
movement. This can be captured as muscle output in terms of vibratory measurements,
sensation felt and visibility of the evoked movement. Since it has been stated that the
relationship between lower limb and external environment can be studied through knee
joint (Li et al., 2022), this study is interested to explore and propose new insights with a
hypothesis that knee extension muscles can produce output as a result of the excitatory
signals manifestation via TMS. The muscles output covers sensation provided by
subjective assessment, muscles vibration measured by MMG as well as the visibility of

evoked knee extension, which is manually measured by goniometer.

27



CHAPTER 3: METHODOLOGY
3.1  Subjects Assessment

3.1.1 Subject details

Fourteen (14) healthy male and female subjects (22.64 £+ 1.15 years old; 23.8 + 2.5
BMI; 10 males, 4 females) participated in this study. Participants footedness was
evaluated using the Waterloo Footedness Questionnaire-Revised (WFQ-R) and was
observed during mobilizing tasks aimed at identifying their preferred or dominant foot
for activities such as kicking and balancing (van Melick, 2017). All subjects were right-
hand dominant. Informed consent was obtained after the nature of the experiment had
been fully explained (Appendix D). Subjects were excluded if they are presented with
neurological deficits symptoms or any medical conditions that contraindicated with the
TMS guidelines that may jeopardize the participants’ safety (Keel et al., 2001). An
International Physical Assessment Questionnaire (IPAQ) was given to each of the
subjects to fill to determine their physical activity level, either active or sedentary. All
investigations conducted with human subjects complied with the tenets of the Helsinki
Declaration. This study was approved by the University Malaya Medical Centre Ethics

Committee (MREC ID: 2021103-10635) (Appendix C).

3.1.2 Physical activity questionnaire

IPAQ was given to each of the subjects to fill (Appendix G). This is to categorize the
subjects as active or sedentary groups. All the physical information that includes height,

weight, age, and gender were recorded.

IPAQ is a widely used survey for assessing the physical activity levels of individuals.
The questionnaire contains questions about the intensity, frequency, and duration of

various physical activities. By using the IPAQ, researchers can calculate the total
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metabolic equivalent task (MET) minutes per week for each individual, which is a
measure of the total energy expended during physical activity. The MET-minutes per

week can then be used to differentiate individuals into active and sedentary groups.

Active individuals are defined as those who accumulate at least 600 MET-minutes per
week, while sedentary individuals are those who accumulate less than 600 MET-minutes
per week. The IPAQ can also provide insights into the specific types of physical activities
that active and sedentary individuals engage in. By characterizing individuals in these
groups and quantifying their physical activity levels, researchers can identify the activity

level implications of physical activity on muscle outcomes elicited by TMS.

3.1.3 TMS Questionnaire

TMS Questionnaire was provided for all of the subjects as part of the screening process
before TMS procedure (Keel et al.,, 2001). Any subjects that meet with the

contraindications were excluded from this study (Appendix E)
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3.2  Experiment protocol

3.2.1 Subjects positioning at rest

Subjects were positioned on a higher platform to enable a natural reflex swing action.
They were asked to sit on a chair with knees in 90° flexion corresponding to the foot
placed 3 cm above the ground (Figure 3.1). The arms are relaxed on the thigh with 90°

elbow flexion. Any metal-based jewelry or accessories are removed from the subjects.

Distance of
foot to ground

Figure 3.1: Distance of foot to ground

3.2.2 Electromyography

Electromyographic (EMG) (Nicolet EDX EMG System, Natus Medical Incorporated,
USA) responses were recorded from bipolar Ag/AgCl surface electrodes with of diameter
of 10mm filled with conducting jelly placed over the RF and VL of the right leg. Two
electrodes were placed at the motor and insertion point of the muscle belly and one
electrode was placed at the patella as a reference point. Electrode placement was preceded
by abrasion of skin surface to reduce the impedance to less than 5kQ. The EMG signals

were sampled at a rate of 5kHz using EMG software analysis (Natus Elite Software, Natus
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Medical Incorporated, USA). EMG signals were recorded at rest when TMS was given

to the subjects. Data were stored on a hard drive for off-line analysis.

3.2.3 Mechanomyography (MMG)

The MMG response was detected by two acquisition units, round-shaped accelerometer
(BP150 andnHLT100C, BIOPAC System Inc., Goleta, CA, USA) and one software
(Acgknowledge 4.3.1, BIOPAC System Inc., CA, USA) were used to record and store

the raw MMG data on a computer for offline analyses.

The accelerometers were attached by medical adhesive tapes at the intermediate point
of EMG electrodes (Figure 3.2). BIOPAC recorded the MMG signal at a sampling rate
of 2kHz. The MMG signal was connected to an amplifier built in a low and high bandpass
of 20Hz to 20kHz for filtering and amplifying. The raw data were relayed and transformed
by a finite impulse response band-pass filter between 20Hz and 200Hz, which was

recommended by BIOPAC for the assessment of muscle effort (Abd Aziz et al., 2020).

MMG

Figure 3.2: EMG and MMG electrodes placement
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3.2.4 Goniometer

Goniometer was placed at the medial of the right leg with the center fixed at the knee
joint. Cameras were used to record the knee angle shown on the goniometer. This refers
to the angle formed between the femur and tibia bones at the knee joint when it is flexed
or bent. This angle (°) is commonly regarded as the knee's resting position when seated
and is used as a uniform baseline for evaluating joint movement and muscle activation
during different activities. The knee angle displayed on the goniometer was recorded
using cameras. If the angle increases, it indicates that the knee joint has extended further

from its original seated resting position.

3.3  Response Acquisition

3.3.1 Maximum Voluntary Contraction (MVC)

Subjects were seated comfortably with 90° knee flexion. Both legs were tied to the chair
and the subjects were asked to resist as in trying to perform full right knee extension
(Hamzaid et al., 2013). They had to sustain the contraction for three seconds. MMG
signals were recorded for five attempts. Subjects were asked to take 20 seconds of rest

for each attempt to avoid fatigue.

3.3.2 Locations Mapping

Subjects were asked to don a lycra swimming cap with a middle reference line. The
nasion and inion were marked and vertex is drawn (Temesi et al., 2014). A cartesian plan
of x-axis and y-axis were drawn with 1cm in gap for each. Three main locations were
marked as Al, A2, and A3. The point Al is in the (1,0) coordinates, A2 is in the (1, -1)

and A3 is in the (2, -2) coordinates (Figure 3.3).
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Figure 3.3: Mapped locations on the primary motor cortex

3.3.3 Familiarization session

Subjects were given a brief on the TMS procedure. This experiment started with one
trial for each of the stimulus intensity starting from 30%, 40%, 50%, 60%, 70% and 80%.
Range of motion (ROM) test was conducted as a baseline to measure the full ROM is
achievable by each subject. Before starting the TMS procedure, the subjects were asked
to perform voluntary full knee extension with three attempts. This is a priming attempt
giving exposure to one stimulus, which can influence a response without conscious

guidance.
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3.3.4 TMS procedure

Figure 3.4 Flowchart of TMS procedure
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Magnetic stimulation was carried out using a double cone coil with two large adjacent
circular wings at an angle of 95° connected (Magstim Bistim?, The Magstim Company
Limited, Whittaker, UK) was placed according to the mapped locations to elicit responses
from the RF and VL (Temesi et al., 2014). The stimulus intensity was set at 30% and
increasing at a manner of 40%, 50%, 60%, 70% and 80%. TMS intensity was decided to
disallow beyond 80% as higher intensities used for the deep penetration of primary motor
cortex would induce some discomfort (Rossi et al., 2009). Responses were recorded with
five trials at each level of stimulus intensity. The subjects were seated in a relaxed position

with the legs hanging at perpendicular to the floor (90° in flexion).

Figure 3.5: TMS machine

Subjects were given five minutes rest after performing a maximum voluntary
contraction (MVC). The TMS intensity was delivered to the subjects starting at 30%
stimulus intensity (Figure 3.5). EMG and MMG are used to record the signals. Cameras
captured the knee angle manifested on the goniometer. Subjects were asked regarding the
sensation felt for each trial using the sensation score as in Table 3.1. The procedures were

recorded for further screening of the authenticity of the subjective assessment. There was
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a 20s rest between each attempt. Subjects that had any discomfort are asked to stop and

only resume with further consent.

Figure 3.6: Placement of the double cone coil on the locations mapped on the
primary motor cortex

Table 3.1: Sensation score during the TMS procedure

Scores Sensation
1 Has no sensation
2 Has a little sensation
3 Medium sensation with indefinite location of sensation
4 Strong sensation with indefinite location of sensation
5 Strong sensation with definite location of sensation
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3.3.5 Statistics

Descriptive values include mean and standard deviation. The bars in the graphs are
expressed in mean and standard error. For all 14 subjects, normality was confirmed for
all variables via the Shapiro-Wilk test (p>0.05). Thus, parametric tests were conducted
for the statistical analysis. Pearson correlation, Chi square test, independent samples T-
test and Analysis of Variance (ANOVA) was used for analysis. The data of EMG MEPs,
MMG MPA and knee extension angle were analyzed using IBM SPSS Statistics 21 (SPSS
Inc., Chicago, IL, USA). Analysis of Variance (ANOVA) was used to determine the
statistical significance between variables for both active and sedentary as well as male
and female groups. The correlation between the EMG MEP and MMG MPA were carried
out using Pearson correlation based on the criteria 0.3 < r < 0.5 indicates low correlation,
0.5 < r < 0.7 is moderately correlated and 0.8 < r < 1.0 indicates strong correlation
(Mukaka, 2012). Relationship and accountability of variance in the predicted outcome
between the MMG MPA and knee extension angle was obtained by using regression

analysis.

3.3.6 Data analysis

The data of the five repetitions of each mapped location at each TMS intensity were
averaged for each subject. The peak-to-peak amplitudes of the motor evoked potentials
(MEP) were calculated. The MEP amplitudes were normalized from scale 0 to 100%
(100% referring to the highest MEPS). The dataset processed from the MMG signal could
be in the time or the frequency domain. In the time domain, the amplitude was identified

as voltage values.

EMG MEPs and MMG MPA data of five repetitions of each mapped locations for

applied TMS intensity were averaged for each subject for MEPs and MMG MPA. The
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dataset processed from the MMG signal was based on the time domain and the amplitude
was identified as voltage value. The data for MMG MPA and knee extension angle were
plotted at each increment of TMS intensity from 30% to 80% at 10% increment. The area
estimation under the graph for MMG MPA was calculated using the time taken from the
start of the MMG MPA to the end of the MMG MPA on area under the graph as the

formula below:

1
Area under the graph(a triangle) = 3 MMG MPA(ms?) x time(s)

All data were plotted using Microsoft Excel 2014 (Microsoft, Redmond, WA, USA).
3.3.7  Minimization Crosstalk

It is true that MMG and EMG signals are generated by different physiological processes
and should not crosstalk, there is still a possibility of crosstalk occurring if the recording
electrodes are not carefully placed or if the signals are not properly processed. Thus, some

ways have been used to ensure crosstalk is at its minimum.

However, it is generally accepted that MMG signals have a different frequency range
than EMG signals, which can help to minimize crosstalk. EMG signals typically range
from 10 to 500 Hz, while MMG signals are typically in the range of 20 to 2000 Hz.
Therefore, by filtering the signals in the appropriate frequency range, it is possible to
separate the two signals and reduce the risk of crosstalk. Additionally, MMG signals are
generated by mechanical vibrations caused by muscle contraction, while EMG signals are
generated by the electrical activity of the muscle fibers. Therefore, MMG signals are less
susceptible to interference from external sources such as power lines or other electrical

equipment.
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These are some of the ways adopted in this study:

1. Multi-channel recording techniques are used to differentiate between EMG and

MMG signals and improve the accuracy of recordings.

2. High-pass filters for MMG and EMG are used to remove low-frequency noise that

may be related to movement artifacts or other sources of interference.

3. The recording electrodes for both EMG and MMG are carefully positioned to reduce

the risk of signal overlap or interference.

4. Appropriate frequencies are chosen for recording EMG and MMG signals, such as
using a higher frequency range for MMG recordings to minimize overlap with lower

frequency EMG signals.
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3.3.8  Active and Sedentary based on IPAQ Questionnaire

IPAQ is a widely used questionnaire for measuring physical activity levels. The

questionnaire asks individuals about their level of physical activity in various domains,

including leisure time, work, and transportation.

To calculate the MET score using the IPAQ questionnaire, the total amount of physical

activity in each domain is calculated. The MET score is then calculated by multiplying

the total amount of physical activity in each domain by the MET value assigned to that

activity. The method is as follows:

Table 3.2: Leisure time physical activity

Questions

Time

How many days per week do you engage
in moderate-intensity physical activity
(such as brisk walking, bicycling at a

regular pace or double tennis)?

3 days

How much time do you usually spend
doing this activity on one of those days (in

minutes)?

120 minutes

Total time spent

5 days x 120 minutes/day=600

minutes/week

MET wvalue for moderate-intensity

physical activity

4.0

MET score

600 minutes/week x 4.0 METs=2400

MET-minutes/week
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Table 3.3: Work-related physical activity

Questions

Time

During the last 7 days, on how many days
did you do any physical activity or tasks
as part of your job that were at least as
intense as brisk walking (carrying heavy
loads, digging, construction work, or fast

bicycling)?

2 days

How much time do you usually spend
doing this activity on one of those days (in

minutes)?

45 minutes

Total time spent

4 days x 45 minutes/day=180

minutes/week

MET wvalue for moderate-intensity

physical activity

4.0

MET score

180 minutes/week x 4.0 METSs

=720 MET-minutes/week
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Table 3.4: Transportation-related physical activity

Questions Time

During the last 7 days, how many days did | 5 days
you walk or use a bicycle for at least 10
minutes continuously to get to and from

places?

How much time do you usually spend | 20 minutes
doing this activity on one of those days (in

minutes)?

Total time spent 5 days x 30 minutes/day=150

minutes/week

MET wvalue for moderate-intensity | 3.3 MET

physical activity

MET score 150 minutes/week x 3.3 METs

=495 MET-minutes/week

Total MET score

= MET score for leisure time physical activity +
MET score for workrelated physical activity + MET score for transportation —

related physical activity

minute minutes minutes
+ 720 MET ——— + 495 MET —

= 2400 MET
week week week

minutes

= 3165 MET
eek
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In this example, the individual has a total MET score of 3,615 MET-minutes/week, which

falls into the category of high physical activity according to the IPAQ guidelines.

The calculated MET score is used to categorize an individual's physical activity level

into one of three categories:

1. Low physical activity: Less than 600 MET-minutes per week

2. Moderate physical activity: Between 600 to 3000 MET-minutes per week

3. High physical activity: Greater than 3000 MET-minutes per week

For this study, the subjects who were presented with low and moderate physical activity

were categorized in sedentary group and high physical activity were in active group.
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CHAPTER 4: RESULTS

4.1 MMG Mean Peak Amplitude at mapped locations

MMG MPA for RF [F (2, 249) =1.109] at Location A2 and A3 is not significant as
compared to the MMG MPA at Al, p=0.227 and p=0.177 respectively. MMG MPA RF
[F (2, 249) =1.109] at location A2 is not significant to MMG MPA at A3, p=0.886. Table

4.2 shows the MMG MPA RF for each location at each TMS intensity from 30% to 80%.

Table 4.1: MMG MPA of RF at different mapped locations

T™MS MMG Mean Peak Amplitude for RF
intensity
Location Al Location A2 Location A3
(%)
30 0.10+0.36 0.06+0.24 0.00+0.00
40 0.06+0.23 0.10+0.00 0.00+0.00
50 0.72+1.16 0.18+1.43 0.13+0.26
60 2.95+2.90 1.37+4.34 1.46+1.98
70 4.57+3.87 3.87+£5.56 3.39+3.24
80 7.4516.25 5.97£3.65 5.97+7.01
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4.2  MMG Mean Peak Amplitude and TMS Intensity

A total of five trials at each stimulus intensity for each location mapped Al, A2, and
A3 were completed by all subjects. The magnetic pulse intensity of the TMS was
expressed as a percentage of the maximum stimulator output (100%). Figure 4.1 shows a
representation of the relationship between MMG MPA at each TMS intensity from 30%
to 80%. The maximum MMG MPA RF at 80% intensity was the highest. The MMG MPA

for both RF and VL increased with the TMS intensity starting at 30% to 80%.

TMS Intensity

e

70%

MMG Mean Peak Amplitude RF

60%

50%

Figure 4.1: A representation of MMG peak amplitude at each TMS intensity
(subjects)

An Analysis of Variance test (ANOVA) was conducted to compare the MMG MPA at
different TMS intensity for both RF and VL muscles. There was a significant difference
on the MMG MPA for RF [F (5,246) =29.48)] and VL [F (5, 246) =37.64)] at the p<0.05

level for the TMS intensity level. Post hoc comparisons using Least Significance Variance
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(LSD) and Bonferroni following ANOVA test comparing at 6 different levels of TMS
intensity, i.e., from 30% to 80% (Table 4.1). This is to determine the TMS intensity that
was the most significant in producing MMG MPA. Both tests showed the significance of
MMG MPA of RF (M=1.93, SD=2.256) at 60% TMS intensity, 70% TMS intensity
(M=3.94, SD=3.780) and at 80% TMS intensity (M=6.47, SD=6.187) compared to MMG
MPA of RF at 30% TMS intensity. MMG MPA for VL at 60% (M=2.06, SD=2.229),
70% (M=4.44, SD=4.018), and 80% (M=6.64, SD=5.95) are significant compared to

MMG MPA of VL at 30% TMS intensity.

MEPs recorded by EMG and MPA by MMG at 30% to 80% is tabulated a in Table 4.1.
MEP values increased as the TMS intensity increased, which is correlated with MMG

parameters, knee extension angle.
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Table 4.2: MEP by EMG and MPA by MMG for RF and VL

TMS EMG MEP (x 10%V) MMG MPA (mV) Maximum Knee Sensation
intensity (%) RF VL RF VL Angle
©)
30 1.00 + 0.08 1.00 £ 0.00 0.05+0.25 1.04 £ 0.83 90.00 + 0.00 0
(No change)
40 1.00+0.18 1.00 £ 0.50 0.02+0.13 2.29+1.82 90.00 + 0.00 0
(No change)
50 2.00+0.06 2.00+0.50 0.34+0.75 1.65+1.41 91.67 £ 3.69 1
60 3.00+0.08 2.00+0.40 1.93 + 2.262 298+ 21128 94.87 +7.12° 2
70 3.00+0.18 3.00+0.50 3.94 +3.78° 5.04 + 3.91° 101.03 +£9.05° 3
80 4.00+0.71 3.00+0.50 6.47 + 6.19° 6.97 +5.10° 106.79 + 10.97° 4

3Statistical significance at the 0.05 level; PStatistical significance at the 0.01 level. TMS, Transcranial Magnetic Stimulation; MMG MPA,
Mechanomyography Mean Peak Amplitude; MEP, Motor Evoked Potential; RF, Rectus Femoris and VL, Vastus Lateral

47



4.3 Area under the Curve Estimation for MMG responses at different TMS

Intensity

The area estimation of RF [F (5,246) =28.16] at 60% (M=0.492, SD=0.601) is
significantly different than at 30% (M=0.006, SD=0.038). However, the area estimation
of VL [F (5,246) =9.54] is statistically significant at 70% (M=1.755, SD=4.280)
compared to 30% intensity (M=0.010, SD=0.068). A Pearson Correlation coefficient was
computed to assess the linear relationship between the MMG MPA and area estimation
under the MMG response graph for both RF and VL muscles. There was a positive
correlation between the two variables for RF, r (252) = 0.957, p<.001 and VL, r (252) =
0.603, p<.001. Putting it together, these results suggested that the level of TMS intensity
must be at 60% and above to obtain a significant area estimation under the graph for RF

and VL (Figure 4.2 and Figure 4.3)
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Figure 4.2: Area Estimation vs TMS Intensity for RF
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Figure 4.3: Area Estimation vs TMS Intensity for VL
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4.4 Knee Extension Angle at different TMS Intensity

A one-way ANOVA was conducted to compare the effect of TMS intensity on the knee
extension angle produced. There was a significant effect of the TMS intensity on the knee
extension angle produced at the p<.0.05 level [F (5,228) = 40.996]. Post-hoc comparisons
using LSD and Bonferroni testes indicated that the mean knee extension angle produced
(M=94.87°, SD=7.116°) at 60% TMS intensity was significantly different than mean knee
extension angle at 30% TMS intensity (M=90°, SD=0.00°). However, the mean knee
extension angle at 40% (M=90°, SD=0.00°) and 50% (M=91.67°, SD=3.687°) did not
significantly differ than mean knee extension angle at 30% TMS intensity (M=90°,

SD=0.00°). Figure 4.4 shows the mean knee extension angle at different TMS intensity.

110
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TMS intensity %

Figure 4.4: Mean Knee Extension Angle vs TMS Intensity
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4.5 Relationship between MMG Mean Peak Amplitude and Knee Extension

Angle

A Chi-square test of Independence was performed to assess the relationship between
MMG MPA RF and VL with the Mean knee extension angle produced. There was a
significant relationship between the two variables, X? (840, N=234) =1625.00, p<.001.
Subsequently, A Pearson Correlation coefficient was computed to assess the linear
relationship between the MMG MPA and mean knee extension angle for both RF and VL
muscles. There was a positive correlation between the two variables for RF, r (252)

=0.596, p<.001 and VL, r (252) =0.675, p<.001. The relationship can be seen in

Figure 4.5: Relationship between MMG Peak amplitude for RF and VL with

Knee Extension Angle
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4.6 Difference in MMG responses to TMS in Active vs Sedentary group

MMG MPA at different TMS intensity was compared between two groups, active and
sedentary groups. Further ANOVA test results presented that active group [F (5,102)
=31.88] was statistically significant in terms of MMG MPA of RF at 60% (M=2.82,
SD=2.474) compared to MMG MPA of RF at 30%. However, for sedentary group [F (5,
138) =9.49], the MMG MPA RF was significant at 70% (M=2.01, SD=2.457) compared
to 30% TMS intensity. In addition to this, MMG peak amplitude of VL for active group
[F (5,102) =52.17] also showed significance at 60% (M=2.86, SD=2.547) compared to at
30% TMS intensity. Similarly, the sedentary group [F (5, 138) =12.178] showed
significance of MMG peak amplitude of VL at 70% (M=2.05, SD=2.108) compared to

30% TMS intensity.

Besides that, mean knee extension angle at 30% to 80% TMS intensity was also
compared between active and sedentary groups as shown in Figure 4.6. ANOVA test
showed mean knee extension angle for active group [F (5, 102) =35.61] was statistically
significant at 60% TMS intensity compared to 30% and mean knee extension angle for
sedentary group [F (5, 120) =23.82] was statistically significant at 70% compared to 30%

TMS intensity.

4.7 Difference in MMG responses to TMS in Male vs Female

Figure 4.6 showed the MMG MPA of RF between male and female. Regardless the
stimulus intensity, the MMG MPA RF for male (M=2.46, SD=4.40) is significantly
higher compared to female (M=1.30, SD=2.02), conditions; t (250) =2.138, p=0.033.
Consecutively, the ANOVA results presented that male [F (5,174) =25.27, p<.001]
showed bigger increment of MMG MPA for RF from 0.08+£0.292mV at 30% to

7.72+6.805mV at 80% meanwhile for female [F (5,66) =8.44] the MMG MPA RF is less

53



than 0.001mV at 30% and increased to only 3.33+2.348mV at 80%. For male [F (5,174)
=25.27, p<.001], the MMG MPA for RF at 50% is highly significant compared to MMG
MPA RF at 70% and 80%. For females [F (5,66) =8.44], the MMG MPA RF at 50% is

significantly different than 70% and 80%.

Figure 4.6: Mean Knee Extension Angle (Active vs Sedentary) and MMG Mean
Peak Amplitude (Male vs Female) at different TMS Intensity

In terms of mean knee extension angle, male [F (5,174) =31.153] showed significance
compared to female [F (5,48) =10.964]. The mean knee extension angle for male and
female at 60% (M=94.33°, SD=6.121°, M=96.67°, SD=10.00°) respectively is significant
compared to the mean knee extension angle at 30% TMS intensity (Table 4.4.). Females
showed a higher mean knee extension angle at 50% TMS intensity (M=93.33°,
SD=5.00°), 60% TMS intensity (M=96.67°, SD=10.00°) 70% (M=105.40°, SD=9.682°)

and 80% TMS intensity (M=111.67°, SD=12.748°) compared to males which are at 50%
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(M=91.17°, SD=3.130°), 60% (M=94.33°, SD=6.121°), 70% (M=99.83°, SD=8.659°)

and 80% (105.33°, SD=10.165°) TMS intensities.

Table 4.3: Mean Knee Extension Angle at different TMS Intensity in Males and

Females

TMS Intensity

Mean Knee Extension Angle (°)

Male Female

(%)

30 90.00+0.00 90.00+0.00
40 90.00+0.00 90.00+0.00
50 91.17+3.13 93.33+5.00
60 94.3346.12? 96.67+10.00°
70 99.83+8.66° 105.00+9.68°
80 105.33+10.165° 111.67+12.75P

3Statistical significance at the 0.05 level; PStatistical significance at the 0.01 level.
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4.8 Sensation Score

This study used a subjective assessment tabulated using the sensation score. Table 4.5
shows the summary of number of participants choosing the sensation score at each TMS
intensity. At 30% TMS intensity, all the participants chose sensation score 1, which
means they have no sensation felt during the TMS procedure. As the TMS intensity
increases, the sensation score chosen by the participants increases indicating more
sensation can be felt. Starting at 50% TMS intensity, the sensation score chosen by the
participants is between 3, 4 and 5. However, only three participants chose sensation score
5 at 80% TMS intensity at which they felt strong sensation and can point a definite

location of that sensation.

Table 4.4: Sensation score at each TMS Intensity

TMS Intensity Number of subjects
(%)
Sensation Score 1 2 3 4 5
30 14
40 12 2
50 10 4
60 11
70 5
80 4
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CHAPTER 5: DISCUSSION

Most TMS studies are within the scope to understand the physiology of the muscles which
involves the corticospinal excitability at the muscles. Thus, EMG was used as the
modality to measure the motor evoked potentials produced by TMS. However, this
present study targets the mechanical output of the muscles during contraction evoked by
TMS using MMG. Specifically, this study presented the analysis on whether specific
coordinates for lower limbs stimulation is imperative to obtain significant muscle
responses, analysis on resultant MMG MPA over different level of TMS intensity as well
as how sex differences and physical activity may influence the TMS evoked muscle

mechanical output.

5.1 Pinpoint mapping of TMS locations to produce MMG muscle response

Earlier studies had adopted different methodologies to identify the optimum
locations on primary motor cortex for lower limbs stimulation. Gz coordinate which refers
to the location on the scalp corresponding to the vertex of head is used. The International
10-20 system is commonly used to locate the Gz coordinate. Based on this reference point,
researchers would normally try to find the exact location that produces the most
significant results or what is called, hotspots. Using the International 10-20 system, this
study used pinpoint locations with specific coordinates around the proposed area of motor
control. However, comparing between each coordinate, MMG output in terms of the peak
amplitude was insignificant as shown in Table 4.1. Coordinates A1, A2 and A3 produced
very minor differences of the MMG output data. Since lower limbs are difficult to
stimulate, instead of using Figure-of-eight coil which is common for upper limbs
stimulation, this study used a double cone coil. It has more elongated shape and is suitable
for deeper stimulation of cortical regions. Temesi et al (2014) reported that although

double cone coils cannot achieve pinpoint locations on the primary motor cortex, they
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can still allow for precise localization of specific brain areas (Temesi, 2014). This means
that the insignificant MMG results between three specific coordinates had proved that
finding the hotspots using exact specific points are not critical as long as it is in the
localized region for lower limbs motor control. Based on this study, this localized area
have been found to produce measurable MMG signals and visible muscle movements
without the need to find the exact hotspot points without any voluntary contraction from
subjects. Clinicians require to find the hotspots but instead provide stimulation within the
localization area on the primary motor cortex to accurately interpret the mechanical

output of the lower limb muscles.

5.2  Relationship between the TMS intensity, MMG peak amplitude and knee

extension angle for both RF and VL muscles.

MMG MPA shows an increase as TMS intensity increases. The highest MMG MPA
was identified at the maximum TMS intensity, 80%. Physiologically, when the motor
cortex was stimulated using an intensity, the excitatory signals travel through the neural
pathway and reach the junction between the neural and muscular system, known as
neuromuscular junction. The muscle can produce response (vibrations and contractions)
when excitatory signals reach the junction and meet the threshold. Muscle contraction,
whether voluntary or stimulated, results from this electro-mechanical coupling that causes
the shortening of sarcomeres and whole muscle fibers (Macgregor et al., 2018). In this
study, the MEP values obtained from EMG is to verify the existence of TMS excitatory
signals at the muscles. The vibrations of muscles fibers are represented by MMG MPA
that showed vibrations from muscle fibers are greater at higher MMG MPA. This may be
proposed that as TMS intensity increases, it produces larger excitatory signals that lead
to significant mechanical muscle response, in this case muscle fiber vibrations. However,

this relationship between TMS intensity and the magnitude of response can depend on
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other several mechanical factors such as muscle fiber compositions, tensile strength and

others. These factors can be investigated in future TMS research.

Studies have shown that increasing the strength of TMS leads to an increased response
probability of motor units firing as well as recruitment of new units that discharge during
the response peak (Bawa & Lemon, 1993). During evoked 'single motor unit activity', a
linear relationship exists between signal amplitude and the specific rate and amount of
force produced (Macgregor et al., 2018). Any change in force, no matter how small, is
reflected in the amplitude of the MMG signal (Beck et al., 2005). Takamori et al proposed
that the MMG peak amplitude is linked to the release of ca?" during the active state's
intensity (Takamori etal., 1971). Orizio and coresearchers suggested that the single twitch
MMG peak-to-peak at rest is primarily affected by peripheral mechanisms of muscle
activation such as excitation-contraction coupling (Orizio, 1993; Orizio et al., 2003). The
MMG signal sums up the activity from individual motor units and has been suggested to
provide information regarding motor control strategies of various muscles during
isometric and dynamic muscle actions, as it is sensitive to time and frequencies of the
MMG signals (Orizio, 1993). Reza et al also supported the idea that during a voluntary
contraction, the MMG s related to muscle force and interpreted in respect to increasing

firing rates and motor unit recruitment (Reza et al., 2005).

While there was an increasing trend in MMG MPA with higher TMS intensities, MMG
MPA between 30% and 50% TMS intensity were found to be inconsequential. This
suggests that at lower intensities, the excitatory input may increase firing rates, but the
number of motor units recruited may be insufficient to elicit excitation-contraction
coupling, preventing muscle fiber shortening and transfer of vibrations to the tendon
insertion point for recordable peak amplitude and visible knee extension. Therefore, it is

reasonable to propose that the excitatory signals received by the muscles via TMS
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activated the recruited motor units to generate a contraction. This contraction was
captured as the MMG peak amplitude, indicating the extent of mechanical output of the

muscle.

Following this, results showed at 60% of TMS intensity, MMG MPA was substantial
to produce a measurable knee joint extension angle (Figure 4.4). In 2004, Ochala and
colleagues proposed that torque and joint’s angular position (joint dynamics) can be used
to describe the mechanical properties of muscles and joints (Ochala et al., 2004). Petitjean
etal (1992) had also suggested a linear relationship between MMG amplitude and forearm
flexion torque for upper limb muscles (biceps brachii and brachioradialis) (Petitjean et
al., 1992). Coburn et al investigated the relationship between MMG amplitude and torque
for the vastus medialis during submaximal to maximal concentric isokinetic muscle
actions of the leg extensors (Coburn et al., 2004). They reported a linear relationship
between MMG amplitude and vastus medialis extension torque from 10 to 100%. Beck
and team suggested that the reason of the increment of MMG amplitude with leg
extension torque was because of the firing rates and the pattern change of active motor

units (Beck et al., 2005).

This study demonstrated that visible knee extension as an evidence that, at an
appropriate TMS intensity which is in this case, 60%. Additionally, within the localized
area of motor control, motor evoked potentials can reach firing threshold and activate
sufficient motor units to induce muscle fiber vibrations. At a certain threshold, getting a
functional movement resulting from TMS activation would be challenging. Thus, when
the knee extension angle produced did not reach full range of motion, MMG can still
verify the presence of muscle responses to TMS activation by capturing the vibrations of
muscle fibers. A key finding of this study is that these results can serve as a guide for

clinicians in determining the appropriate stimulus intensity to produce visible motor
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output beyond a simple twitch response. This study was carried out with the absence of
voluntary contraction during TMS procedure. This could be a baseline condition for
patients with neuromuscular deficits with zero lower limb motor function. In the context
of neurorehabilitation, TMS is a potential intervention for improving lower limb motor
control, but obtaining a visible evoked movement may be difficult for patients with no
motor function. Instead, this study proposes the use of MMG to capture even the smallest
vibrations at the muscle fibers level as a response to the TMS intervention. This approach
could help evaluate the efficacy of TMS interventions for patients with neuromuscular

deficits who are unable to produce visible movements.

5.3 Differences in MMG parameters and knee extension angle produced by
TMS-evoked contraction between active versus sedentary groups and males versus

females

The relationship between TMS intensity and the magnitude of response (MMG MPA
and knee extension angle) can depend on other several factors such as the characteristics
of the individual receiving the stimulation. This leads into another novel insight for this
study where the subjects were divided into active and sedentary groups. This is to
investigate how the activity level can influence the muscle output by the TMS.
Hypothetically, an active subject would require lower TMS intensity to evoke a more
substantial contraction comparable to sedentary subjects. This study showed that active
groups produced bigger MMG MPA and bigger knee angle compared to sedentary

groups.
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One of the underlying reasons might be related to the responsiveness of the muscles
towards a stimulus. A more active person would have a higher responsiveness level of
muscles in response to a stimulation that indirectly affects the contraction force produced.
Contractile properties are dependent on many factors such as the muscle fiber-type
composition. The responsiveness of muscles are said to be affected by the fiber-type
composition changes (Thompson, 2002). For instance, antigravity muscles and muscles
that provide posture are more likely to have atrophy due to less activity. Besides that,
comparing between fast twitch type 11 muscles and slow twitch type | muscles, it shows
that slow twitch type | fibers atrophy more. This was the same for extensor muscles which
atrophy more than flexor muscles (Thompson, 2002). Thus, active people are not affected
much by the atrophy mechanisms because muscles are actively used but the sedentary
groups defined as lower probability of actively using the muscles might be affected by
the muscle atrophy. This might be deduced as the reason of why sedentary groups
produced smaller MMG MPA because of the inactivity of the muscles that can affect the

fiber type composition as well as the contractile properties.

Ikai and Funaga (1968) suggested that human skeletal muscle of normal healthy
subjects produce the maximum voluntary isometric force which is proportional to the
muscle cross sectional area (lkai & Fukunaga, 1968). In 1970, the same authors had
reported that the muscle experienced a 92% and 23% increment in strength and cross
sectional area respectively as a result of 100 days strength training program (lkai &
Fukunaga, 1970). Apparently, it can dictate that suitable training can produce an

increment of muscle strength per cross sectional area unit.
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Vikne et al (2006) also made a comparison between once a week training for each
muscle group and twice or thrice training weekly. They found that the more training can
produce up to twice in increase of the quadriceps and elbow flexors cross sectional area
(Vikne et al., 2006). This might also explain the higher force production produced by the

active groups compared to sedentary groups.

Some studies found that excitability of corticospinal pathway can be improved by short
term motor skill training. This can increase the cortical muscles region and create changes
in the motor cortex. Jensen et al (2005) found that TMS-evoked MEPs can be increased
with the three to four times per week skill training. The minimum stimulus intensity to
elicit MEPs at rest and during contraction also can be lower (Jensen et al., 2005). An
increase number of action potentials for the muscle fibers are translated as EMG
amplitude (Enoka & Duchateau, 2017) and, hence, more synaptic input to the motor
neuron pool to achieve the required discharge rate of the identified motor unit. Todd et al
(2016) had proposed that the discharge rate of action potentials and how many motor units
recruited can affect the force exertion during a voluntary contraction (Todd et al., 2016).

This can be seen by the MMG output data representing the active group.

Sex differences have always been a factor of comparison in most fields of research.
Males and females are said to be different commonly in terms of muscle mass, muscle
strength as well as muscle fibers compositions. Women are said to have two thirds of
muscle mass and physically built in general as men according to the National Strength
and Conditioning Assessment Association. Activities such as lunges and squats are easy

to perform in women when compared to pullups and pushups (Mohan et al., 2017).
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Pauhl and coworkers (2022) had highlighted the importance of including analyses of
sex differences in neurophysiology research (Pauhl et al., 2022). Supporting this, this
study compared the differences in the muscle output between males and females. Figure
4.6 shows that males were capable of producing bigger MMG MPA at each of the TMS
intensity. This is correlated with bigger knee joint angle recorded in males than in females.
Why? Muscle fascicle length has been suggested to play a key role in determining the
maximum contraction velocity of the muscle and the range of active force production.
Longer fascicle length can produce higher contraction velocity through sarcomeres
(Bartolomei et al., 2021). For instance, fascicle length of VL were significantly longer in

males compared to females, thus producing bigger contraction of force and velocity.

Research has shown that the strength of muscle contractions is closely tied to the
strength of the muscles themselves. For example, Miller et al (1993) suggested that men
tend to have larger muscle fibers, which gives them a greater overall strength (Miller et
al., 1993). Mohan et al (2017) also noted that factors such as muscles size and shape, body
size differences and other physiological factors can be related to the muscle strength
differences between males and females (Mohan et al., 2017). Muscle characteristics, the
specificity of task carried out by the muscles and anthropometry can lead to the contrast
in muscle power between sex (Jaworowski et al., 2002; Nindl et al., 1995). In general,
male skeletal muscles tend to be faster and capable of generating more power than female
muscles (Glenmark et al., 2004) and Lang (2011) had proposed that testosterone
production especially during puberty which was said to cause muscle mass and strength
increment had contributed to the sex differences (Lang, 2011). During this period, there
will be a dramatic escalation of testosterone levels in males which influences the strength,
muscle mass and hemoglobin levels (Handelsman et al., 2018). This can also help to
explain why males are typically larger and stronger than females (Hilton & Lundberg,

2021).
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Although males produced a larger MMG MPA overall, this study shows that females
produced a larger knee extension angle compared to males. Human muscles contain both
fast and slow twitch fibers, which can range from 15 to 85% fast twitch fibers based on
Gaussian distribution of composition (Saltin et al., 1977). High power generation in a
short time can be seen in human fast-twitch muscle fibers but are easily fatigued, whereas
slow-twitch fibers are more resistant to fatigue (Lievens et al., 2020). Studies have
reported women have more slow twitch fibers but men have more fast twitch fibers
(Aniansson et al., 1986; Essén-Gustavsson & Borges, 1986) proposing the differences to
be at muscle fibres. Nindl et al (1995) also supported this notion and added that glycolytic
capacity also to be greater in males than in females (Nindl et al., 1995). The amount of
each fiber type influences muscle performance. Conversely, female muscles are generally
more resistant to fatigue and recover faster during repeated contractions (Glenmark et al.,
2004) which may explain why females produced a larger knee extension angle than males
at an increasing TMS intensity. Further research could investigate fatigue in TMS-evoked

contractions.

54  Movement-based Priming prior to TMS

Another interesting perspective in this study, knee extension movement was used as a
movement-based priming method prior to TMS procedure. Priming is a pre-stimulation
technique that involves the use of a sub-threshold stimulus to modulate the excitability of
the motor cortex and enhance the subsequent response to a stimulus. Previous studies
have demonstrated that priming can be an effective tool for modulating the cortical
excitability and enhancing the MEP amplitudes in healthy individuals and in individuals
with neurological disorders (Stoykov et al., 2017). However, it is not clear whether
movement-based priming can also affect the muscle mechanical output measured by

MMG signals. Although the results of this study did not provide any comparison of
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significant increase in MMG signals following movement-based priming, this method
could still be useful in future research to investigate the effects of priming on muscle
mechanical output and to optimize the parameters of priming for clinical applications.
Furthermore, the findings of this study may contribute to a better understanding of the
underlying mechanisms of TMS and muscle activation and provide insights for clinicians
and researchers to develop new and effective interventions for individuals with

neuromuscular disorders.

5.5 Sensation during TMS procedure

Besides using objective measures such as EMG, MMG and goniometer, subjective
assessment may provide some different insights. The subjects in this study reported
different levels of sensation based on the study’s sensation score (Appendix F). Some
would not feel any kind of sensation but some can precisely determine the location of

where the sensation felt.

Sensation is a complex and subjective experience that can provide valuable insights into
how individuals perceive the world around them. This can include questions about the
intensity, location, and quality of the sensation, as well as any associated feelings or
emotions. The subjective nature of sensation means that individuals may have different
experiences of the same stimulus, which can have important implications for research
studies. Understanding how people experience different sensations can help researchers

to design better studies and to interpret their findings more accurately.

The relationship between TMS intensity and the sensation experienced by participants
is not always straightforward. While it is generally true that higher TMS intensities can
result in a more definite sensation as presented in this study, there are many factors that

can affect the relationship between TMS intensity and sensation. For example, the
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location of the TMS stimulation can have a significant impact on the sensation
experienced by participants. Stimulation of certain areas of the brain may result in a more
pronounced or uncomfortable sensation, while stimulation of other areas may be less
noticeable or even imperceptible. Additionally, individual differences in sensory
perception can also affect the relationship between TMS intensity and sensation. Some
individuals may be more sensitive to TMS stimulation and may experience a more intense
sensation at lower TMS intensities, while others may require higher intensities to

experience a similar sensation.

It is also important to note that the sensation experienced during TMS can vary
greatly between individuals and can also depend on the location and intensity of the TMS
stimulation. Some individuals may experience a sensation of tingling or warmth, while
others may experience a sensation of pressure or movement. Additionally, the intensity
of the sensation can vary from mild to intense, and the duration of the sensation can also
vary. Overall, while it is generally true that higher TMS intensities can result in a more
definite sensation, the relationship between TMS intensity and sensation is complex and
can be affected by many factors. By carefully assessing and controlling for sensation,
researchers can improve the accuracy and reliability of their findings in TMS studies,
ultimately leading to a deeper understanding of the complex relationship between the

brain and the body.
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CHAPTER 6: CONCLUSION

This TMS study with MMG highlighted several key findings in relation to the research

questions and objectives.

The first objective of this study which is to identify the need of using pinpoint locations
to obtain significant mechanical muscle responses has been achieved. The insignificant
MMG MPA Dbetween three pinpoint locations on the motor cortex indicates that
stimulation can be carried out in the localized region instead of using specific coordinates
to quantify the muscle response evoked by TMS. This can be vital as clinicians can
quantify the functional outcome from the muscles via TMS without the need of finding

hotspots but instead using localized motor control areas.

The second objective aimed to investigate the relationship between TMS intensity,
MMG MPA and knee extension angle. At an increasing TMS intensity, MMG MPA
showed an increase as well as the knee extension angle. 60% TMS intensity was found as
the specific threshold that can produce a functional mechanical response for the lower
limb muscles. This shows that at 60% TMS intensity, significant MPA was quantified
from the vibrations from the muscle fibers and a visible knee extension can be obtained.
Since this was carried out without any voluntary contraction from the subjects during
TMS procedure, clinicians could quantify the efficacy of neurorehabilitation intervention
with patients of zero motor function by using this threshold as the baseline to obtain
mechanical muscle responses. However, further research need to be done as there are

other cofounding factors that might contribute to the evoked muscle responses.

The third objective was to identify the MMG MPA and knee extension angle produced
between active and sedentary groups as well as between males and females. The results

of this study suggest that there are differences in MMG parameters and knee extension
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angle produced by TMS-evoked contraction between active and sedentary groups. Active
groups and males require a lower TMS intensity to produce significant MMG MPA and
knee extension angle. These results are vital to prove that sex differences and physical
activity level may influence the mechanical muscle responses evoked via TMS.
Eventhough as stated above, 60% TMS intensity was the threshold to evoke significant
mechanical responses from the lower limbs, clinicians need to consider the sex difference
and physical activity as the threshold may change. This requires more extensive research

by using bigger population to verify the hypothesis.

Overall, this study has contributed important insights into the effects of TMS on
mechanical muscle output, how MMG can quantify the mechanical responses of the
muscles without voluntary contraction and even without the visible knee extension. The
level of physical activity as well as sex differences can impact the muscle responses
evoked by TMS. These findings have implications for the development of innovative
approaches to studying and enhancing muscle function and may have important

implications for sports science and rehabilitation medicine.
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6.1  Limitations

MMG has demonstrated that excitatory signals in the muscles via TMS can translate
into mechanical vibrations that may lead to knee extension. However, several
confounding factors must be considered to produce visible knee extension, including the
precision of the placement of the TMS coil, the anatomy of the agonist and antagonist
muscles that act on the target joint, the linearity of the voluntary torque and superimposed
twitch relation, and intra- and interindividual variability in the TMS-evoked EMG and
force responses (Todd et al., 2016). The technical challenges associated with measuring
voluntary activation with TMS over the motor cortex, such as the poor precision of TMS
that activates the cortical representation of many muscles in the target limb, including
antagonist muscles, can result in insignificant MMG peak amplitude and invisible knee
extensions due to too many antagonist muscles being elicited compared to agonist
muscles during the delivery of TMS. Besides that, the sample size for active and sedentary
as well as males and females are small but the parametric tests were chosen for data
analysis are parametric tests. This was considered based on the factor of power
consideration. Parametric tests were supposed to be more powerful than non-parametric
tests, at which this study aims to highlight the likelihood of detecting significant
differences. However, more extensive research with bigger sample size is crucial to prove

this study’s results on the MMG MPA and knee extension angle for all the groups.
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6.2 Future work

This research can be extended with the use of MMG in TMS studies with stroke
patients or individuals with zero motor function to help to develop different motor
rehabilitation avenues. However, there are several important directions for future
investigation. One key area of focus will be on developing effective strategies for priming
the muscles to produce measurable MMG signals. This may involve developing targeted
interventions such as electrical stimulation or vibration to improve muscle excitability
and facilitate the generation of MMG signals or a less invasive priming such as
movement-based priming can be adopted. Additionally, it will be important to further
explore the relationship between MMG and EMG signals to better understand the
underlying mechanisms of muscle activation and control. This may involve identifying
specific synchronization signals between the two signals to better interpret the data
obtained from MMG recordings. In addition, future research may also explore the use of
advanced imaging techniques such as functional MRI or diffusion tensor imaging to better
understand the neural circuits and pathways involved in the generation of MMG signals.
Overall, the development of more reliable and effective methods for detecting and
interpreting MMG signals in stroke patients or individuals with zero motor function will
be critical for advancing our understanding of motor function and developing more

targeted interventions to improve motor outcomes in these populations.
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