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Abstract

Trunk stability and control in a world of gravitational forces and perturbations requires coordinated
trunk muscle activation through involvement of control mechanisms within the neuromuscular
system. Individuals with spinal cord injury (SCI) often suffer under impaired trunk control and
posture, which may lead to physical limitations, including the inability to sit upright and perform
common reaching tasks. Such impairment can also result in secondary health complications,
particularly pressure sores, kyphosis, or compromised internal organ function. Epidural spinal
stimulation (ESS) delivers electrical current to the dorsal spine to selectively activate motor pools
within the spine, allowing for targeted muscle activation and improved functional outcomes
following SCI. ESS has been used to evoke trunk muscle responses and demonstrated promising
functional improvements in trunk control and posture following SCI, including improved trunk
extension, and forward and lateral reaching. Current anatomical knowledge suggests that trunk
muscles are innervated within the upper and lower thoracic regions of the spine. In spite of this,
previous studies employing ESS for the purpose of trunk muscle activation have been limited to
stimulation above the twelfth thoracic (T12) to first lumbar (L1) vertebral levels. Moreover, the
majority of work to date has focused on characterizing functional outcomes, with less emphasis
given to advancing our systematic understanding of the muscle responses to ESS. Therefore, the
objective of this thesis was to further our understanding of the relationship between epidural spinal
stimulation and activation of spinal circuitry and muscle activation in the domain of trunk stability
and control. Within this domain, a study was performed to investigate trunk muscle activation in
response to ESS at varying stimulation locations above the thoracic spine. A 16- or 32- electrode
array was implanted above two adjacent vertebra levels within the fourth thoracic (T4) to tenth

thoracic (T10) vertebral range of 13 participants. Data from 11 participants were analyzed.
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Electromyography data were collected bilaterally from the external obliques, internal obliques,
and rectus abdominis, as well as unilaterally from the erector spinae muscles at one thoracic (T7)
and one lumbar level (L3). The amplitude and timing of evoked muscle responses were quantified
while stimulation location along both the rostrocaudal and mediolateral axes of the spine was
systematically manipulated. ESS delivered between the T6 and T10 vertebrae evoked responses in
all trunk muscles resulting in average motor thresholds and onset latencies of abdominal muscles
from ipsilateral stimulation ranging from 1.5 to 2.0 uC and 7.4 to 9.2 ms, respectively; however,
stimulation between the T8 and T10 vertebrae demonstrated lower motor thresholds and shorter
onset latencies. ESS evoked responses in both ipsilateral and contralateral muscles; however, on
average 2.4 times greater maximum response amplitudes, 30% lower motor thresholds, and 0.9 ms
shorter onset latencies were seen for ipsilateral stimulation compared to contralateral stimulation.
All abdominal muscles demonstrated constant onset latencies with increasing charge applied,
which is consistent with activation of afferent pathways. The presence of shorter onset latencies at
higher applied charges in the responses recorded in the erector spinae muscles provided evidence
for activation of both afferent and efferent pathways. The results from this study demonstrate the
influence of stimulation location on trunk muscle activation via thoracic ESS. The results may
guide electrode placement for future rehabilitative applications aiming to improve trunk control
and posture following SCI via ESS. Future work is required to determine the transferability of

results to less-invasive spinal stimulation approaches.
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1 Introduction

1.1  Trunk Stability and Control

Maintaining a balanced and stable body posture is essential for coordinated and controlled
movements which minimize required effort during daily activities. However, in a dynamic world
full of gravitational forces and disturbances, even seemingly simple tasks, such as reaching to grab
a glass on the table or remaining upright on a bus that suddenly stops, can challenge one’s postural
stability. The trunk, being the body segment with the greatest mass, plays a pivotal role in
maintaining postural control and stability of the human body. Control and stability of the trunk is
crucial even for seemingly unrelated tasks. For example, the trunk must remain stable while
running to prevent falling or remain upright to enable proper expansion of the lungs. Thus, trunk

stability and control take on a pivotal functional role in daily life.

The neuromuscular system within the human body serves as a network of neurons relaying
electrical and chemical signals to transmit information between muscles and the central nervous
system. It is through these complex networks that the human body can contract muscles enabling
voluntary movement, such as walking or running, or involuntarily movement, such as reflexively
pulling your hand away from a hot stove. Similarly, the neuromuscular system can maintain,
through a series of passive and active control mechanisms', a stable trunk posture in a world full
of perturbations challenging this stability. Through voluntary and/or involuntary coordinated trunk
muscle activation, the neuromuscular system can increase trunk stiffness and facilitate trunk

movement to maintain trunk stability and control'-2,

1.2 Impaired Trunk Stability and Control Following Spinal Cord Injury

Neuromuscular impairment, such as chronic spinal cord injury (SCI), can affect sensory and motor
functions below the site of injury. Among other consequences, individuals with cervical or thoracic
SCI often face impaired muscle function in the lower and upper limbs as well as the trunk.
Impairment to trunk muscle activation can impair one’s trunk stability and control®. A lack of trunk
stability and control jeopardizes one’s ability to sit upright and perform routine tasks which require
a stable upright posture, such as reaching tasks. Furthermore, such impairment can also result in

severe secondary health complications, such as pressure sores, spasticity, and compromised



internal organ function®. Since such consequences can greatly impact independence and quality of
life, it is not surprising that affected individuals view restoring trunk stability as a top priority in

their rehabilitation objectives’.

1.3  Technologies for Improving Trunk Stability and Control

Some conventional technologies, including tilted wheelchairs, belts, or braces, aim to passively
increase trunk stability following SCI. Alternatively, active technologies emerged to purposefully
engage the neuromuscular system to activate relevant skeletal muscles and enhance mobility and
posture. Transcutaneous spinal stimulation (TSS) is one of such approaches, which non-invasively
delivers electrical pulses to the dorsal spinal cord activating spinal circuitry projecting to targeted
muscles®. Spinal stimulation can produce motor responses via la afferents synapsing on a-
motoneurons, but can also activate other neural entities within the spinal cord, including
interneurons, ascending sensory fibers, and descending motor tracts’ '®. In the domain of upper
body function, TSS has demonstrated promising functional outcomes following SCI, including
improved trunk control and upright posture!”!®, Moreover, TSS in combination with physical
therapy has shown immediate and sustained improvements in upper body sensory and motor
function in SCI populations, demonstrating the potential for neuroplastic changes within spinal

networks' 20,

TSS can induce muscle responses depending on stimulation location, frequency, intensity, and
pulse width. The objective quantification of these muscle responses using electromyography
(EMG) serves as a valuable tool to guide parameter selection for stimulation applications. Recent

1516 and lower limb muscles?'2?, based

data demonstrate that TSS can differentially activate upper
on the anatomical arrangements of targeted motor pools located along the rostrocaudal and
mediolateral axes within the cervical and lumbosacral enlargements, respectively. The
configuration of optimized stimulation can direct electric fields toward specific subsets of dorsal
root entry zones, thereby modulating selected ensembles of motor neuron pools. Such approach
aids in promoting specific motor functions with greater precision and objectivity, aligning with the
priorities of targeted neurorehabilitation®*. In this context, spatial mapping of spinal motor pools

within the thoracic spinal cord projecting to trunk muscles holds significant clinical and

electrophysiological implications. At the same time, spatial mapping of thoracic motoneurons



using TSS poses challenges due to relatively high stimulation intensities required for the electrical
current to activate the motoneurons and the proximity of the stimulation site to the recorded
muscles. Consequently, due to the brief latency between the stimulation event and the onset of the
evoked motor response, the evoked motor responses are frequently obscured by stimulation
artifacts in the EMG recordings. This poses difficulties not only in evaluating response latency,
but also in discerning small evoked responses from substantial artifacts. In this light, epidural
spinal stimulation (ESS) can offer a viable solution for mapping the motor pools located in the
thoracic spinal cord. The proximity of stimulating electrodes during ESS to the dorsal roots
entering the spinal cord results in significantly smaller electrical current requirements for
activating the la afferents compared to TSS. Consequently, this mitigates the issue of large
stimulation artifacts obscuring the evoked responses. Importantly, findings from ESS studies are

transferable to and suggest similar outcomes for TSS applications!%-?225-2°,

In the context of trunk control and stability, ESS has been used to investigate EMG responses in
select trunk muscles®’. Such studies have been limited to stimulation locations within the lower
thoracic (T11) to upper lumbosacral (L1) levels, although Rowald et al. suggested stimulating
additional thoracic dorsal roots for improved trunk muscle activation and postural stability?®,
Furthermore, individuals with low thoracic SCI demonstrate better dynamic sitting stability than
high thoracic SCI, implying that trunk muscle innervation for trunk stability is more likely
occurring in the high thoracic region. This is in line with current neuroanatomical knowledge of
the thoracic innervation of several trunk muscles relevant for trunk stability and control***!, e.g.,

the rectus abdominis, internal obliques, and external obliques.

1.4  Thesis Objectives

Spinal stimulation, as a relatively novel and promising technique, still holds questions regarding
targeted spinal structures and the mechanisms by which spinal network activation enables selective
muscle activation and improved functional outcomes, and this in dependence of stimulation
location relative to the spine. The objective of this thesis was to further our understanding of the
complex relationship between spinal stimulation and the neuromuscular system as it relates to
trunk control and stability. Within this domain, and based on the considerations above, a study was

performed with the objective of systematically investigating the relative recruitment selectivity of



different motor pools projecting to trunk muscles, using ESS along the rostrocaudal and
mediolateral axes of the thoracic spinal cord. Spatial mapping of trunk muscles from thoracic ESS
may guide future targeted spinal stimulation applications, both invasive and non-invasive, for

restoring trunk stability and control following neuromuscular impairment.

1.5 Thesis Outline

Chapter 2 provides background knowledge of relevant anatomy and physiology of the
neuromuscular system. EMG as a measurement tool of the neuromuscular activity is also described.
These topics are then linked to postural control and stability through discussion of neuromuscular
involvement. An overview of the literature investigating ESS as a technique for facilitating muscle
function following SCI, and more specifically, trunk control and stability, is also provided. Chapter
3 describes an experimental study investigating the effect of manipulating ESS stimulation
location along the thoracic spine on trunk muscle activation. Chapter 4 presents results from the
experimental study, and Chapter 5 discusses them in the context of existing literature. Chapter 6
summarizes the significance of the key findings in the context of improving trunk control and

stability following neuromuscular impairment, such as SCI.



2 Literature Review

ESS delivers electrical current to the dorsal spinal cord to activate targeted spinal networks. This
chapter provides a deeper understanding into the mechanisms by which ESS can improve muscle
function, including trunk control and stability, following SCI through exploration of three domains:
(1) relevant anatomy and physiology of the neuromuscular system and EMG as a measurement
tool, (2) the involvement of the musculoskeletal system in trunk control and stability, and (3)

current literature involving ESS for improved muscle function following SCI.

2.1  Anatomy of the Spine
2.1.1 The Neuron

A neuron is a specialized cell found within nervous tissue and can be divided into four main
components: the cell body, dendrites, axon or nerve fibre, and axon terminal or nerve ending>33.
The cell body contains the nucleus and other organelles important for cell life. A dendrite is a
branch protruding from the cell body that receives chemical or electrical signals from nearby cells.
An axon is a conducting structure that can transmit electrical signals within the body, sometimes
over distances greater than one metre®*. Lastly, an axon terminal is used to transmit signals to
nearby structures, such as another neuron or muscle cell, through the release of chemicals known

as neurotransmitters>>33,

Neurons have an excitable membrane that can rapidly alter ion flow, enabling transmission of
electrical and/or chemical signals to relay information within the nervous system***, Neurons are
often grouped according to function and location. Neurons transmitting sensory information from
sense organs (e.g., skin receptors) toward the central nervous system are known as afferent or
sensory neurons>>. Neurons carrying information from the central nervous system to the peripheral
nervous system are known as efferent or motor neurons. Efferent neurons can be classified as
somatic (i.e., targeting skeletal muscles) or visceral/autonomic (i.e., targeting internal organs)*.
Interneurons relay information between motor and sensory neurons and are located within the
spinal cord®’. Bundles of neurons are called nerves. A tract is a group of nerves with a similar

location and function, and groups of tracts with related functions are called nerve pathways?°.



2.1.2 The Spine
The Vertebral Column

The vertebral column is a long, central structure that extends from the base of the skull to the
tailbone. Its trabecular bony structure provides support and stability to the body, protection to the
inner spinal cord, and allows for body movement®>-7-*8, The vertebral column is composed of 33
vertebrae stacked in a curved, vertical structure®”-*8. Typically, each vertebra consists of a rounded
vertebral body, facing anteriorly, with a vertebral arch, facing posteriorly>’=°. The vertebral body
enables weight-bearing, and the vertebral arch provides attachment sites for muscles and
ligaments®’. A space in the centre of each vertebra, known as the vertebral foramen, contains the
spinal cord®®. The size and shape of each vertebra varies, with larger vertebrae located more
inferiorly and smaller vertebrae more superiorly®®. Most vertebrae are separated by intervertebral
discs (i.e., layers of fibrocartilage) and held together by a series of ligaments®*>=7-8, This structure
prevents excessive movement (i.e., separation or sliding) while enabling flexion and extension,
rotation, and some lateral flexion of the upper body*®. The varying shapes and sizes of adjacent
vertebrae contribute to a distinct curvature of the vertebral column in the sagittal plane which

allows for absorption of compressive forces®.

Each vertebra defines one level of the vertebral column, which can be identified using palpation
of the prominent vertebral arch on the posterior side®®. The vertebral column can be divided into
five regions according to morphology, location, and function: cervical, thoracic, lumbar, sacral,
and coccygeal’’°. The cervical region is the most superior region along the vertebral column,
containing seven vertebrae (denoted as C1 to C7)®. The cervical region connects the more inferior
vertebral column to the skull and enables movement of the head and neck. Beneath the cervical
region is the thoracic region, consisting of twelve vertebrae (T1 to T12). This region is more rigid
than the cervical region due to more viscous intervertebral discs, as well as the connection of the
vertebrae to the ribcage (one rib on either side of each vertebra) and sternum?®. Stiffness of the
thoracic region is beneficial for the protection of major organs, such as the heart*®. The next five
vertebrae define the lumbar region (L1 to L5), characterized by stronger and denser ligaments>3.
The most inferior regions are the sacrum consisting of five fused vertebrae (S1 to S5) and the

coccygeal with four vertebrae, (Col to Co4), three of which are often fused>®>°.



The Spinal Cord

The spinal cord is a cylindrical collection of ascending and descending neurons, located within the
vertebral column, that relays information between the brain and the peripheral nervous
system*22%%_ The spinal cord is composed of two types of nervous tissue called gray matter and
white matter®%, as presented in Fig. 1. Grey matter forms the centre of the spinal cord cross-section
in the shape of the capital letter ‘H’, or a butterfly, and is composed of neuronal cell bodies,
dendrites, axons, supporting cells, and blood vessels*®. The two dorsal and ventral ‘arms’ of the
‘H’ are called the dorsal and ventral horns, respectively>®. White matter surrounds the grey matter
and is mainly composed of longitudinal columns of myelinated neuron axons*?, often grouped into
tracts and nerve pathways by function®®. White matter also contains supporting cells and blood
vessels®®. Grey matter divides the white matter into dorsal, lateral, and ventral regions. The spinal
cord is surrounded in protective outer layers of tissue known as the meninges, composed of the pia
mater, arachnoid mater, and dura mater’>. The space between the arachnoid and pia, i.e., the
subarachnoid space, is filled with cerebrospinal fluid. The purpose of cerebrospinal fluid is to add

protection and provide a pathway for nutrient delivery®®. The epidural space describes an added
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layer of space between the spinal cord and vertebral column??, containing fat, lymphatic tissue,

and blood vessels.

White matter:
Posterior (dorsal)
columns

Gray matter:
Posterior (dorsal)
horn

Lateral columns

Lateral horn
Central canal

Anterior (ventral)

Anterior (ventral) columns

horn

Figure 1. Transverse cross-section of the spinal cord. Gray matter forms an ‘H’-shape surrounded
by white matter. The anterior and posterior ‘arms’ of the ‘H’ are known as the ventral and dorsal
horns, respectively. Retrieved from (Bega et al., 2019), licensed under Creative Commons

Attribution-ShareAlike 4.0 International (CC BY-SA)*.



The average transverse and anteroposterior diameter of the spinal cord varies along its length in
the range of 4.7 to 13.3 mm and 3.9 to 8.3 mm, respectively*!. With an average length of 42 to 45
cm’®, the spinal cord is shorter than the vertebral column and typically aligns with the C1 to L1/L.2
vertebrae levels®>*63%4142 However, the length of the spinal cord may vary according to body
posture (e.g., supine versus erect, neck flexion versus extension)*. Similarly, body position can
change the position of the spinal cord within the vertebral column. For example, lying in a prone
position can cause an anterior shift of the lower thoracic spinal cord, likely due to gravity**. Lastly,
commonly observed variability across non-disabled adults can also affect positioning of the spinal
cord within the vertebral column. The midline of the spinal cord is generally assumed to align with
the midline of the vertebral column; however, the midlines have been found to vary up to 2 mm*.
This observation may be the result of asymmetrical left/right spinal root lengths, asymmetrical

vertebrae, or scoliosis*.

Spinal Innervation and Organization

Sensory and motor information is relayed between the peripheral and central nervous systems
through 31 pairs of grouped afferent and efferent nerves, called spinal nerves*>*. Spinal nerves
enter or exit the spine through gaps between the vertebrae, called the intervertebral foramen®®.
Prior to reaching the spinal cord, each spinal nerve divides and connects to the spinal cord on the
anterior and posterior sides*>*. The locations where the spinal nerve connects to the anterior and
posterior spinal cord are called the ventral and dorsal root, respectively*?. Dorsal roots carry

sensory fibres, whereas ventral roots carry motor and some sensory fibres*>4>4,

The human spinal cord can be divided along the rostro-caudal axis into 31 segments: eight cervical
(denoted as C1 to C8), twelve thoracic (T1 to T12), five lumbar (L1 to LS), five sacral (S1 to S5),
and one coccygeal (Col)*>3¢*2, Unlike the vertebral column, which is composed of individual
vertebra, the spinal cord is one continuous structure. The spinal cord is segmented according to
spinal nerve or dorsal root innervation. As mentioned previously, prior to spinal innervation, a
spinal nerve passes through the intervertebral foramen between two vertebrae. In the cervical
region, spinal segments are named according to the vertebra located just below where the
innervated spinal nerves enter the spinal cord through the intervertebral foramen. For example, the
spinal segment that corresponds to the spinal nerve entering just above the C1 vertebra is labelled

as the C1 segment®®. This naming convention changes at the C7 vertebra. At this vertebra, one



spinal nerve innervates above C7, labelled as C7, and one innervates below the C7 vertebra,
labelled as C8. This gives the cervical spinal cord 8 segments despite the cervical vertebral column
only having 7 segments. Caudal to the C8 spinal level, the spinal segments are named based on
the vertebra below which the nerve enters the spinal cord. A visual representation of the alignment
between the levels of the vertebral column and the segments of the spinal cord is presented in Fig.
2. Note, however, that significant variation across individuals in the rostrocaudal location of the
spinal cord segments in relation to vertebral levels exists, which decreases the accuracy of this
model*S.

A spinal segment can be further categorized according to the role of the sensory and motor neurons
that innervate the segment. A dermatome describes the region of skin connected to one spinal
segment by sensory neurons in one spinal nerve*’. Similarly, a myotome describes a voluntary
skeletal muscle group connected to one spinal segment by motor neurons in one spinal nerve.
Fibres within a muscle may be innervated by motor neurons from different spinal segment levels®’.
Kendall et al.*® identified the spinal segments which correspond to various muscle groups. The

results for trunk muscles relevant to this thesis are presented below in Fig. 2.

iternal Obliques N
Rectus Abdominis [

Erector Spinae at T9 |
Erector Spinae at T1 |
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Figure 2. Alignment of the vertebral column (C2 to T11) and spinal segments (C2 to L2) according
to Mendez et al., 20213, Muscle innervation zones of the spinal cord according to Kendall et al.,
19932°. Zones agreed upon by five or more sources are shown; however, some sources (3 to 4)
agree that certain muscles may have a wider spinal innervation range. Specifically, the rectus
abdominis may range from T5 to T12, external obliques from T7 to L1 and internal obliques from

T7to L1.



Along the longitudinal axis, ascending sensory nerves form columns transmitting signals toward
the brain and are grouped into tracts based on function®’. For example, white matter on the dorsal
side of the spinal cord predominantly contains sensory tracts of the dorsal column medial
lemniscus system (often called ‘dorsal columns’) responsible for sensory information including
discriminative touch, vibration sensation, and awareness of joint positioning®. Similarly, motor
fibres form columns descending the spinal cord, carrying information away from the brain. For
example, white matter on the lateral side of the spinal cord contains descending corticospinal tracts
responsible for voluntary muscle movement®. Intersegmental neurons are shorter than sensory and
motor neurons and begin and end within the spinal cord. Their purpose is to relay information

between neurons within the spinal cord.

Generally, signals are relayed to and from the brain using these ascending and descending
pathways. However, reflex pathways allow signal transmission within the grey matter of the spinal
cord without input from the brain (i.e., involuntary)*°. In a reflex pathway, the afferent neuron may
directly (i.e., monosynaptic) or indirectly through interneurons (i.e., polysynaptic), synapse with
the efferent neuron within the spinal cord®®. This allows signals from sensory fibres to initiate a
motor response without receiving input from the brain. One such reflex pathway is a ‘stretch reflex’.
When a muscle is stretched, sensory receptors in the muscle detect changes in the length and
stiffness of the muscle. As a result, signals are transmitted through a reflex pathway in the spinal
cord, which synapses with a motor neuron to trigger a contraction of the muscle®®. This pathway
1s important for preventing the muscle from over-stretching, for maintaining balance, posture, and

muscle tone*, and for keeping the muscle at its optimal length.

2.2 Anatomy and Physiology of Skeletal Muscle and its Activation Pathway
2.2.1 Anatomy of Skeletal Muscle
Skeletal Muscle

The muscular system contains three types of muscle tissue: (1) cardiac, (2) smooth, and (3)

skeletal*®*. All muscle tissue is composed of muscle cells or fibres which, unlike other cells, have

)50

the ability to contract (i.e., shorten) and subsequently relax (i.e., lengthen)>”. Cardiac muscle is

located within the walls of the heart and is unique for its ability to produce action potentials

9

spontaneously without input from the nervous system®. Smooth muscle produces slow,

10



involuntary contraction and is found in internal organs such as blood vessels*’. Skeletal muscle is
the most common muscle tissue found within over 600 skeletal muscles in the human body>’.
Skeletal muscle is most commonly attached to bones of the skeleton to produce movement of the
human body when triggered by the connected nervous system*. It also acts to provide structure
and support to the body and to produce heat*®.

Skeletal muscle can be decomposed into a hierarchical structure, as presented in Fig. 3. The
smallest units of skeletal muscle are two myofilaments called myosin and actin®®>’. Myosin is a
thick protein filament and actin is a thin protein filament***°, Myosin and actin units lie adjacently
to form a sarcomere and provide the mechanism by which muscle fibres can shorten and lengthen®’.
Repeating sarcomeres form a myofibril and many myofibrils form a specialized cell known as a
muscle fibre. Muscle fibres are surrounded by a membrane called a sarcolemma®’. Within the
muscle fibres exist storage units of calcium ions, called sarcoplasmic reticulum, which will be
discussed further in Section 2.2.2%°. Multiple muscle fibres form a fascicle and bunches of adjacent
fascicles form a muscle*®*°. Once combined, a muscle can be composed of thousands of muscle

fibres*®.

Fibrous connective tissue surrounds the units within skeletal muscle to provide protection and
house blood vessels for supplying nutrients to the muscle. There are three types of connective
tissues present within skeletal muscle: (1) endomysium, (2) perimysium, and (3) epimysium*.
Tendon, a strong connective tissue, attaches skeletal muscle to bone to transfer the force produced
by means of a muscle contraction to pull the bone**°. Muscles are often attached to two or more
bones/tendons, allowing for multiple functions®®. Fascia surrounds muscle to add support and

provide a smooth surface to minimize friction caused by movement*.
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Perimysium Muscle fiber (cell)
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< neuron
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Figure 3. Hierarchical structure of skeletal muscle. Many myofibrils form a muscle fibre
surrounded by sarcolemma. Multiple muscle fibres form a fascicle, and multiple fascicles form a
muscle. Endomysium, perimysium, and epimysium make up the connective tissue found within
skeletal muscle. Retrieved from (Bega et al., 2019), licensed under Creative Commons Attribution-

ShareAlike 4.0 International (CC BY-SA)*.

The Motor Neuron

Motor or efferent neurons are responsible for transmitting information from the central nervous
system to the peripheral nervous system. Motor neurons within the nervous system can be
categorized into upper and lower motor neurons. Upper motor neurons are located within the brain
with relatively shorter axons transmitting signals to the spinal cord. Lower motor neurons are
located within the spinal cord and are responsible for transmitting signals longer distances to tissue
in the peripheral nervous system, such as muscles. Lower motor neurons that extend to skeletal
muscle are known as somatic motor neurons®'. The cell body of a somatic motor neuron is
commonly found within the ventral horn of the spinal cord’! and the axon extends through the
ventral spinal root toward the skeletal muscles it innervates. A motor neuron and the innervated

tSO

muscle fibres (ranging from two to hundreds) form a motor unit>”. The point of connection between

a motor neuron and a muscle fibre is called a neuromuscular junction or motor endplate>®!.
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2.2.2 Physiology of Skeletal Muscle Contraction

To evoke a voluntary movement, signals must be initiated in the brain and transmitted to relevant
muscles. This is enabled through signal propagation and transmission within and between neurons

in the nervous system.

Signal Transmission

Potassium, sodium, and chloride ions exist inside and outside a neuron, across the cell membrane,
and in the intracellular fluid and extracellular fluid, respectively®?. The cell membrane of the cell
body and dendrites enables passive and active diffusion of the ions®>>. Ions passively diffuse
according to a balance of concentration and electrical gradients (i.e., electrochemical gradients)
using protein channels embedded in the membrane®?. At rest, potassium flows through a potassium
channel along its concentration gradient into the cell, while some ions return along the electrical
gradient. Simultaneously, a sodium-potassium pump actively (i.e., using energy) pumps sodium
out of the cell and potassium into the cell against the electrochemical gradient™>®. This ion
movement results in a greater concentration of potassium ions in the cell and a greater
concentration of sodium and chloride ions outside the cell, creating a voltage difference across the
membrane of approximately -70 mV>%*>3, This potential difference or cell polarization enables the

excitable nature of a neuron at resting state’>.

An action potential describes a series of three events: (1) depolarization, (2) hyperpolarization, and
(3) repolarization®. An action potential is initiated when a stimulant at the synapse shifts the cell
membrane to a threshold voltage of -55 mV>2. Once this threshold is reached, an action potential
will occur in an ‘all-or-nothing’ nature, such that greater activation beyond -55 mV does not
produce a greater action potential®>>3. Once initiated, the membrane rapidly increases permeability
to sodium ions into the cell, shifting the membrane potential away from resting potential, in a
process known as depolarization®>>*, This is followed by an increase in permeability to potassium
ion movement out of the cell, acting to restore the potential back to its resting state>>>>.
Subsequently, permeability to the sodium and potassium ions returns to normal®’. However,
potassium channels return at a slower rate than sodium ones, causing the membrane potential to

become more negative than resting potential, in a state known as hyperpolarization®>*3, Finally,

passive and active diffusion then restore the cell membrane to resting potential (repolarization).
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Action potentials are initiated at the synapse of a neuron when a stimulant, such as a
neurotransmitter, causes a rapid change in membrane potential. When a neurotransmitter connects
with dendrites, they can cause the opening or closing of voltage-gated ion-specific protein channels
within the membrane®>>. Increased or decreased ion permeability can result in excitatory or
inhibitory responses®>. An inhibitory response is triggered when the result of binding of the

neurotransmitter hyperpolarizes the neuron.

One such example is gamma-aminobutyric
acid (GABA) which, when bonded to the postsynaptic membrane, causes chloride channels to
open®®. When this occurs, the voltage-gated sodium channels are not opened, and an action
potential does not occur. Conversely, an excitatory response is initiated when the result of binding

of the neurotransmitter depolarizes the neuron and initiates an action potential®?

. One example of
such an excitatory neurotransmitter is acetylcholine which, when bonded to the neuron, initiates
the opening of sodium channels and subsequent depolarization of the cell’®*!>3. An action
potential is transmitted within a neuron with successive local depolarization of the membrane

along the axon toward the axon terminal®?

. The speed at which an action potential propagates,
known as conduction velocity, is affected by the diameter of the fibre and the presence of a myelin
sheath surrounding the axon®?. Larger fibres have quicker conduction velocities due to larger
membrane surface areas and decreased resistance to current flow>>3. Myelin sheath describes an
insulating layer around a neuron axon produced by Schwann cells. A gap between each Schwann
cell, known as the node of Ranvier, allows an action potential to ‘jump’ from node to node,
accelerating the conduction velocity along an axon®2. Once an impulse reaches the nerve ending

or axon terminal, it is transmitted through the release of neurotransmitters to the end target, such

as another neuron or a skeletal muscle to initiate a muscle contraction>?,

Skeletal Muscle Contraction

When a nerve impulse from the spine reaches a neuromuscular junction, the muscle begins to

contract™”

. The sliding filament mechanism describes the process by which a muscle can shorten
or contract**°, As discussed in Section 2.2.1, muscle fibres contain myosin and actin filaments
lying adjacently in a sarcomere®. At rest, inhibiting proteins (troponin and tropomyosin) block
binding sites along the actin filament to prevent myosin from binding, and the sarcolemma remains

150

at resting potential®”. When an electrical impulse reaches a neuromuscular junction, an excitatory

neurotransmitter, acetylcholine, is released from the efferent neuron’. Acetylcholine binds to the
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sarcolemma (i.e., outer membrane) of the muscle fibre, triggering an excitatory response of the
membrane. A depolarization of the membrane occurs (i.e., sodium channels open and sodium
flows in), which travels in both directions from the site of the neuromuscular junction, as well as
toward inner muscle fibres along inward folds called transverse tubules*’. Membrane
depolarization triggers the release of calcium ions from the sarcoplasmic reticulum®. Calcium ions
bind to the troponin and tropomyosin proteins, which removes them from their binding site. As a
result, myosin can bind to the actin filaments, which initiates fibre shortening. Using energy in the
form of adenosine triphosphate molecules (ATP), the myosin filament pulls the actin filament
toward the centre of the sarcomere. As a result, all sarcomeres in a fibre shorten and the muscle
fibre contracts**>°. This process is known as muscle twitch, which will last approximately 100
milliseconds*’. When calcium ions become depleted, troponin and tropomyosin bind to myosin
and block the myosin-binding sites once again>’. The myosin and actin filaments then return to

their original, lengthened state, and the sarcolemma repolarizes®’.

Muscle contraction induces a tensile force on a bone or joint; however, muscle relaxation cannot
induce a compressive force. Therefore, movement requires coordinated contraction and/or
relaxation of various muscles®’. An agonist is the primary muscle responsible for inducing a
movement. An antagonist is a muscle that, when contracted, has an opposing action to the desired
movement, and relaxation may be required to enable certain movements. For example, contraction
of the biceps brachii produces forearm flexion, whereas contraction of the triceps brachii located
on the opposite side of the arm produces forearm extension. As a result, when performing a bicep
curl (i.e., forearm flexion), the biceps brachii must contract (agonist muscle) while the triceps
brachii relaxes (antagonist muscle) to induce the intended movement. Co-contraction of
synergistic and antagonistic muscles can also exist to enable joints to achieve voluntary
movements®’. Co-contraction of synergistic muscles to an agonist can increase the force or control
of a movement. For example, the brachialis, an upper arm muscle that flexes the forearm when
contracted, works synergistically with the biceps brachii during forearm flexion of heavy weight™°.
Co-contraction of agonist-antagonist muscles is common in instances where increased stiffness or
stability is required about a joint>>*®. For example, the body may co-activate antagonist trunk and

back muscles to maintain a stable, controlled posture during static or dynamic tasks>>,
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The duration and strength of a muscle contraction must be adjusted for various movements. For
example, holding a pencil requires a sustained muscle contraction, often described as tonic
activation. Conversely, sprinting requires stronger, shorter muscle contractions often described as
phasic activation. The duration of a muscle response can be controlled through the frequency of
nerve signals delivered to the muscle. One nerve impulse produces a single muscle twitch, as
described previously. However, trains of nerve impulses can produce a sustained contraction called
tetanus*>*°. For example, sustained contractions (i.e., tonic activations) are seen in trunk muscles
when maintaining a stable upright posture while sitting, discussed further in Section 2.4.2. The
frequency of nerve impulses delivered to a muscle can also affect the strength of a muscle
contraction®. When muscle twitches overlap each other, the resulting muscle tension is a
summation of the individual twitches and increases the muscle strength®. The strength of a muscle
contraction can also be controlled by the number of motor units that are simultaneously activated,
such that increasing the number of contracted muscle fibres increases the strength of the muscle
contraction. During sustained muscle contraction of multiple motor units, the activated muscle

fibres within a muscle may alternate to prevent fatiguing®.

2.3  Electromyography

EMG is a technique that measures muscle activity through the detection of changes in electrical

potential around a muscle fiber’’.

2.3.1 Data Collection

EMG data can be collected using an intramuscular electrode, either needle or wire, placed
invasively into a muscle fiber*®. Intramuscular electrodes are beneficial for their proximity to the
fiber, reducing noise, signal contamination®®, and spatial low-pass filtering effects>®, discussed
further in Section 2.3.3. Furthermore, intramuscular electrodes can reach deep, small, and/or
occluded muscles®. However, intramuscular electrodes may cause discomfort to the patient due
to their invasive nature®®. Surface electrodes are a more common technique for EMG data
collection which involve placing an electrode on the surface of the skin above the muscle of interest,
typically between the innervation zone and end of the fiber®!. The electrode is often placed parallel
to the muscle fiber orientation to detect the profile of the electric potential distribution as it

propagates beneath the surface electrode®!. Surface electrodes are preferred for their less-invasive
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nature; however, they face challenges resulting from the larger distance between the signal source
and the electrode, such as spatial filtering effects and/or difficulty detecting the activity of deep,
occluded muscles®. Moreover, surface electrodes can be affected by changes in skin resistance
(i.e., dead cells, dirt, perspiration, etc.)*® and unwanted signal contamination or noise®, discussed
further in Section 2.3.3. Unlike intramuscular electrodes, which detect electrical activity from
individual muscle fibers, surface electrodes detect a summation of electrical signals from multiple
muscle fibers beneath the electrode®”. When electrical stimulation is used to evoke muscle
responses (i.e., electrical activity), this signal summation is referred to as a compound muscle
action potential or M-wave®'%2. An electric potential distribution is detectable on the surface of the
skin through a metal component in the surface electrode which converts the ionic current in the
tissue to electron flow in the metal. This propagating electrical potential is sampled at a certain
frequency® and then used as an analysis tool for muscle activity. EMG signals are measured with
respect to a reference electrode, placed distant from the signal source, usually in an area without
muscles, where the electrical signal is assumed to be neutral®®. It is common to collect data from

59

bipolar’”” or multipolar electrodes, rather than monopolar, to reduce noise and increase the

selectivity of signals through differential amplification®, discussed further in Section 2.3.2.

2.3.2 Data Processing and Analysis

Differential amplification is commonly used to pre-process EMG data collected from bipolar or
multipolar electrodes®'*>?%%, Signals common among two or more electrodes are removed, and
the remaining signal is amplified to reduce unwanted noise (i.e., crosstalk or artifacts). EMG data
is also filtered to reduce noise (often at both high and low frequencies) using, for example, a band-
pass filter?!?2266% and/or notch-filter’!. The amplified EMG signal is demeaned, to ensure the
baseline signal is zero*??%%*. Noise contamination and baseline shifts must be removed to ensure

further analyses, such as amplitude-based calculations, are accurate.

The quantitative analysis of EMG signal amplitude and timing can provide insight into relative
muscle excitation and the timing of muscle activation®’. In electrical stimulation studies, it is
common to perform a post-stimulus analysis up to 50 and 100 milliseconds following stimulation
onset for upper and lower limb muscles, respectively®. Amplitude, as a measure of muscle
excitation, relates to relative muscle activation and force production®’. Various techniques have

been employed in the literature to quantify the amplitude of an EMG signal. Amplitude can be
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measured by finding the average value of the rectified EMG signal, known as the average rectified
value (ARV), mean rectified value (MRV), or mean absolute value (MAV)®"%¢ The root mean
square (RMS) of the EMG signal is another common measure of amplitude®:°¢67. RMS is
calculated by squaring EMG data within a defined time window, calculating the average, and then
calculating the square root of this value®!*¢%® Amplitude is also often measured as the peak-to-
peak value of the muscle activity®”*°. Lastly, electrical stimulation studies often quantify EMG
amplitude as the magnitude of the evoked potential or integrated EMG?2!22266470  which is
calculated as the area under the full-wave rectified M-wave®’. Integrated EMG can provide
valuable insights into muscle force or strength’. Latency of evoked muscle responses is another
common technique for quantifying EMG data used for the analysis of the timing of muscle
activation®’. In electrical stimulation studies, latency of evoked muscle responses can be measured
as the time between the onset of electrical stimulation and the time when the detected electrical
potential exceeds a percentage above baseline®”. Stimulation studies have typically used three
times the standard deviation of the baseline for onset detection?®. The epoch, or time duration, of

muscle activity following an electrical stimulation can also be quantified and used for analysis'®°.

When datasets are compared across participants, muscles, or experimental variations, EMG data
is often normalized to facilitate such comparisons®!-’!. Normalization techniques can vary based
on the context of the experiment and the intended comparisons’!. The most common and
recommended normalization technique normalizes EMG data to the maximum voluntary
contraction (MVC), either in the same task/context or in a standardized form®"7!. A participant
will contract the muscle at a maximum voluntary amount and all other activity is reported relative
to this maximum value. This normalization technique is ideal for its physiological meaning and
ease of interpretation’!. Normalization to sub-maximal voluntary contractions, or muscle

7L72 can also be used. These methods

activation during a task that requires submaximal activation
are not recommended when observing an evoked muscle response, such as from electrical
stimulation’!. When observing evoked muscle responses, EMG data is normalized to the maximal
M-wave amplitude’!. This maximum value may be measured as a peak-to-peak amplitude, the area

under the M-wave>>?°

, or the average rectified amplitude of the M-wave’! and occurs during
stimulation at a supramaximal intensity. Supramaximal intensity may be determined from a
recruitment curve®' or input-output curve’. The intensity of an electrical stimulus can affect the

number of recruited motor units®?. The amplitude or integral of an evoked muscle response plotted
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against increasing stimulus intensity produces a M-wave recruitment curve with a sigmoid-like
shape, characterized by an initial exponential increase, a linear phase, followed by a plateau or
stationary phase®!"®’. The exponential and/or linear phase describes the increasing recruitment of
motor units in relation to increasing stimulation intensity®’. A recruitment curve has two significant
features: (1) motor threshold (MT); and (2) maximal compound muscle action potential which
occurs at the maximal intensity®'. MT is the minimum stimulation intensity which allows for the
recruitment of motor units. This value can be determined from the start of the region of exponential
increase on a recruitment curve. In transcranial magnetic stimulation applications, resting MT can
be determined directly from EMG signals using the relative frequency method®. Using this
approach, the motor threshold is the stimulation intensity which initiates a peak-to-peak amplitude
greater than 50 pV in 5 of 10 trials’* or, more recently, 10 of 20 trials to improve accuracy’”. This
range has been identified as a common noise range in EMG signals, and EMG signals exceeding
this range are likely the result of muscle activity®>’*. A recent study has challenged this threshold
value and reliably evoked muscle responses distinguishable from noise with peak-to-peak
amplitudes smaller than the traditional 50 uV threshold’®. This is also seen in electrical stimulation
studies using a MT of 20 uV?!. In ESS studies, MT has also been defined as the stimulation
intensity that produces a muscle response with an integrated EMG greater than the average plus
three times the standard deviation of baseline in 2 of 3 trials?>. Maximal intensity is the stimulation
intensity at which the number of recruited motor units becomes saturated and does not increase
further®!’®. The maximal intensity can be determined from a recruitment curve as the intensity at
the beginning of the plateau or stationary phase®!. Using this technique, EMG signals can be
normalized to the M-wave amplitude measured at a supramaximal stimulus (i.e., stimulation
intensity 20% above maximal intensity)®!. When this is not possible, due to limitations on
stimulation intensity, for example, electrical stimulation studies have normalized to the maximum
evoked response observed in a muscle’!. Following normalization, comparisons between
experimental variations are often performed using normalized amplitudes at a stimulation intensity

above motor threshold but below maximal intensity.
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2.3.3 Data Interpretation and Limitations

EMG amplitude and timing are affected by physiological and anatomical factors as well as
variations in the data acquisition equipment which can present challenges and limitations to

interpretation of surface EMG signals®”’!.

Surface electrodes experience impedance resulting from contact between the electrode and skin.
This impedance can increase noise within the data as the ionic current travels through the skin.
Various techniques aimed at reducing electrode-skin impedance include preparing the skin with
ethyl prior to attachment or the use of gels or abrasive conductive pastes®®’2. In addition to
electrode-skin impedance, electrical signals must travel from the muscle source through biological
tissue, which acts as a volume conductor, prior to reaching the electrode on the surface of the skin®.

Tissue can have a spatial low-pass filtering effect which alters or deforms the data>®.

Surface electrodes can resolve electrical signals from unintentional sources, causing signal
contamination or noise. The electrode may detect electrical signals from the heart, brain, nearby
electronic equipment®, or may experience powerline interference. Powerline interference is noise
created from the equipment or cables involved in EMG data collection. Similarly, surface
electrodes may detect signals from nearby muscles®. This phenomenon, known as “crosstalk”, is
one of the most common issues with interpretation of surface EMG data®®°. Various spatial filters
can be used to reduce crosstalk including single-differential, double-differential, two-dimensional,
or bulls-eye filtering techniques’’. Signal artifacts can also contaminate EMG data and cause
inaccurate interpretations of results. One example is a stimulation artifact common in electrical
stimulation applications®. A stimulation artifact occurs when the surface electrode detects the
electrical signal from the electrical stimulation source®%2. A stimulation artifact appears as muscle
activity if not properly interpreted and may even overlap with the M-wave, thereby affecting
amplitude and timing®. An additional electrode is often used to identify the stimulation artifact
for offline data analysis’®’®. Similarly, surface electrodes may detect movement or mechanical
artifacts in which movement at the electrode interface or movement of the electrode data

acquisition system creates unwanted noise™.

Electrode size and shape, location and orientation along the muscle fiber, as well as the length,

depth, inclination, and orientation of the muscle fiber with respect to the surface electrode may
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affect the amplitude or frequency content of the EMG signal>®. Environmental factors, including

skin temperature or room temperature, and humidity can also affect EMG amplitude’".

2.4  Postural Control and Stability of the Trunk

The trunk is the region of the body composed of the thorax, abdomen, and pelvis. As the trunk is
the body segment with the greatest mass, its postural control is crucial for maintaining balance
during static and dynamic tasks, such as reaching, sitting, or walking. Postural control is achieved
through coordination between the sensory systems, central nervous system, and the

musculoskeletal system””.

2.4.1 Muscles of the Trunk

The musculoskeletal system enables movement of body segments. Through contraction of various
muscles located within the trunk, trunk movement strategies may be produced that enable postural
control and stability. The external and internal oblique muscle groups are located bilaterally on the
anterolateral regions of the trunk, characterized by their angled fibre orientation®’. The external
obliques are located closest to the surface (i.e., more superficial), and under these muscles are the
internal obliques®’. These muscle groups enable trunk movement through synergistic contraction
and relaxation, such that the oblique on one body side will contract while the contralateral oblique
relaxes, producing lateral flexion or trunk rotation. Bilateral contraction of the obliques can enable
trunk flexion and increased abdominal pressure®. Located under the internal obliques are the
transverse abdominis muscles, extending from the spine to the middle of the anterior abdomen.
Contraction of the transverse abdominis increases abdominal pressure®’. The rectus abdominis
muscles are located anteriorly on the abdomen. Contraction of the rectus abdominis generates
trunk flexion and increased abdominal pressure®’. The erector spinae muscles are located on the
posterior side of the trunk, spanning its vertical length from the neck to the sacrum. The erector
spinae muscles can be divided further into three columns, grouped by lateral to medial location:
the iliocostalis, longissimus, and spinalis muscles. Each column can be further divided into three
muscles, varying by origin and insertion location. Contraction of this muscle group moves the
vertebral column to enable trunk extension, trunk rotation, and lateral flexion®’. Also located on

the posterior side of the trunk is the quadratus lumborum. Similar to the obliques, unilateral
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contraction can produce ipsilateral lateral flexion®. The mechanisms by which trunk muscles

enable postural control and stability will be discussed further in Section 2.4.2.

Trunk muscles also aid in additional functions, including movement of the upper and lower limbs
as well as respiration. Muscles located superiorly on the trunk, including the pectoralis major and
minor muscles, the deltoid muscles, and the latissimus dorsi muscles, are responsible for
movement of the shoulders and arms®. Movement of the scapula is enabled by the serratus anterior
muscles®®. Conversely, trunk muscles located inferiorly on the trunk, including the gluteus
maximus, gluteus medius, gluteus minimus, and piriformis muscles, support the movement of the
hips and thighs®’. Lastly, the diaphragm, and intercostal muscles located between the rib bones,

produce movement to enable inhalation and exhalation®’.

2.4.2 Musculoskeletal Involvement in Trunk Control and Stability

The alignment of body segments, known as body posture®!, is an important consideration for
balance and stability in an environment characterized by gravitational forces and perturbations?.
Body posture is considered balanced when the vertical projection of both the centre of mass and
the centre of gravity lies within the base of support>®!. Postural control mechanisms maintain this

balanced and stable posture through coordination of the sensory systems — the visual!*%2,

1,2,82,83 1,2,82

vestibular , and somatosensory systems — as well as the central nervous system and the
musculoskeletal system’. There are two main goals discussed in the context of postural control:
(1) Postural orientation, for example during upright sitting!*? and (2) postural equilibrium, for

example during forward reaching!#2,

The body maintains a postural orientation that minimizes efforts against gravity®, such as the
vertically extended posture of the trunk, through passive and active mechanisms!'. Passive stability
of the trunk arises from rigid bone-on-bone contact, viscoelastic properties of muscles'®*, intra-
abdominal pressure®, and the presence of soft tissue. Active stability results from increased trunk
stiffness via continuous, involuntary, low-level activation of tonic trunk muscles, such as the
erector spinae and transverse abdominis muscles'***. Tonic co-activation of trunk flexors and
extensors increases trunk stiffness to maintain an extended, upright posture and augment the
stability of the trunk and spine'>>#7-%°_ Continuous, tonic activation is believed to result from the

recruitment of slow muscle fibres which are fatigue-resistant!.
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Postural equilibrium describes coordinated sensorimotor strategies that maintain a balanced, stable
posture when subjected to self-initiated or external perturbations®>. When a perturbation is
perceived, postural equilibrium may be maintained through reactionary or anticipatory postural
adjustments>’%%° that are reflected in phasic muscle activity. Reactionary adjustments result when
the individual was unaware that the perturbation would occur, such as when seated on a bus that
abruptly stops””. Reactionary postural adjustments occur after a perturbation to return the body to
postural equilibrium as in feedback control’’. Such adjustments are often compensatory
movements to alter the geometry of the body and keep the centre of mass within the base of support

via movement at the hip or lower lumbar spine®%>2

or via rotation of the trunk and pelvis during
unstable sitting”. Co-contraction of back (e.g., latissimus dorsi, erector spinae) and abdominal
muscles (e.g., rectus abdominis, external/internal obliques) following a trunk perturbation may

also occur to oppose the perturbation®*

and increase intraabdominal pressure which reduces
compressive loading on the spine®*®. More commonly, in daily tasks, an individual is aware of
the perturbation that will occur, such as the offset of trunk balance during forward reaching. This
may result in anticipatory postural adjustments to minimize the impact of the foreseen perturbation
on postural equilibrium. Milosevic et al. demonstrated that an anticipated external perturbation
results in quicker trunk stabilization®’. This, in part, may be explained by postural adjustments
prior to an anticipated perturbation activated in a feed-forward manner**°!. An individual may
pre-activate flexor and extensor muscles to increase intra-abdominal pressure and, hence, stiffness
of the trunk and spine®® or activate muscles which oppose the dominant moment for increased
trunk stability®®. An individual may also employ movement strategies to maintain balance, such as

simultaneously moving the hips and knees in the opposite direction of forward or backward trunk

motion”.

2.4.3 Impairment of Trunk Control and Stability Following SCI

SCI can lead to impaired sensorimotor function. Individuals affected by cervical'® and thoracic
SCI'®! often experience impaired trunk muscle function, resulting in reduced postural control and
stability of the trunk!®. Depending on injury level and severity, affected individuals may adopt
varying compensatory strategies to restore stability during common upper limb tasks, such as
forward reaching. Individuals affected by thoracic SCI with residual control of trunk muscle

function may reduce the range of motion of their trunk when reaching forward to avoid losing
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balance'®?, or use upper extremities for added support, such as bracing against the back of the

wheelchair!®?

. However, in high-thoracic or cervical injuries, trunk muscle impairment is often
more severe. As a consequence, affected individuals often develop new muscle activation
strategies to increase trunk stability. Individuals with SCI commonly rely on non-postural muscles,
such as the latissimus dorsi or trapezius ascendens, for enabling trunk stability and control®!92-104,
Individuals with cervical SCI may also delay muscle activation during reaching tasks, to reduce

internal perturbations and increase stability'%2,

Impaired trunk stability and control can lead to physical limitations such as limited reaching
distances'® or difficulty remaining upright following external perturbations. Such impairment can
also lead to serious secondary health complications. Shoulder pain, for example, is often

experienced due to increased reliance on the upper limbs for stability!”!

. Moreover, difficulty
sustaining an upright posture can lead to long-term kyphotic positions, which can compromise
lung function, increase pressure sore formation, and increase neck pain'®®. Therefore, it is not
surprising that restoring trunk control is a top priority among individuals affected by spinal cord

injury!°.

2.5 Epidural Spinal Stimulation

Spinal stimulation is the delivery of electrical current to the spinal cord for the purpose of therapy
or rehabilitation. It has most commonly been utilized as a treatment for chronic neuropathic pain
(e.g., chronic lower back pain) as early as 1967'%7. More recently, spinal stimulation has been
utilized as a methodology for restoring or improving voluntary and involuntary muscle function
following neuromuscular impairment, such as SCI, as well as in other applications, which are

discussed in Section 2.5.2.

There are three methods of spinal stimulation: (1) transcutaneous, (2) intraspinal, and (3) epidural
spinal stimulation. TSS uses electrodes placed on the surface of the skin to electrically stimulate
the spinal cord. As a noninvasive technique, TSS allows for relatively simple placement and the

ability for temporary use!®®

. As a result, TSS may be advantageous as it avoids risks associated
with invasive surgery and allows for use without hospitalization. However, due to its external
application, TSS is less accurate than invasive approaches at targeting specific spinal networks

and often requires large stimulation intensities which can cause discomfort and skin irritation'®,
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As a result, invasive approaches to spinal stimulation are used in many applications. Intraspinal
stimulation involves placing fine needle electrodes directly into the spinal cord. This technique
allows for increased accuracy and specificity at smaller stimulation intensities'*®!%. As such,
intraspinal electrodes are preferred in cases when high accuracy or single muscle activation is

d109

required ™. However, due to the proximity of the electrodes to the spinal cord, damage to the spinal

cord can occur'!?

. ESS is an invasive method of spinal stimulation more commonly seen in human
studies and long term applications'®. ESS involves implantation of electrodes within the epidural
space on the dorsal side of the spine and is advantageous for its high accuracy/selectivity and

reliable invasive approach (i.e., fewer risks/complications)'®!1°,

2.5.1 Hardware and Implantation

ESS involves the implantation of an electrode into the epidural space on the dorsal side of the spine
to deliver electrical current to the structures within the spinal cord. The primary hardware in an

ESS system includes the electrode leads and the pulse generator.

There are two common types of electrode leads used in spinal stimulation applications: (1)

111-120 26,70,70,78,121-127

cylindrical-leads and (2) electrode arrays or paddles . Cylindrical leads
describe a cylindrical wire commonly containing one to eight contact points in a linear arrangement
which can produce an electric field 360 degrees around the lead. Cylindrical leads are beneficial
for their less-invasive percutaneous implantation procedure which reduces the risk of infection.
However, cylindrical leads often experience lead migration or dislodgement following
implantation and are limited in the number of contact points'?*. Electrode arrays describe a paddle,
often containing 16 to 32 contact points arranged in a two-dimensional array, where the electric
field is only created on the contact side. Electrode arrays are beneficial for their numerous contact
points which allow for a variety of stimulation sites and configurations'?>. Moreover, the array
arrangement results in a lower occurrence of lead migration'?>. However, due to their size,

electrode arrays require implantation using an invasive laminectomy approach which can lead to

infection or surgical complications'?.

Once implanted and positioned, electrode lead wires are connected to a stimulator or implantable
pulse generator placed subcutaneously within the abdomen’®!17-120:12L128 ' The implantable pulse

generator is responsible for delivering current to the electrodes!®®, using either a voltage-controlled
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or current-controlled power source. A current-controlled power source is often preferred by
participants undergoing ESS for chronic lower back pain treatment'?’. Once implanted, the
stimulator controls stimulation parameters, including pulse width, frequency, and amplitude, as
well as stimulation paradigms or sequences'®® which may then be manipulated for intended
outcome or dependent on the participant. Stimulation parameters will be discussed further in

Section 2.5.2.

2.5.2 Improved Muscle Function Following SCI

ESS is most commonly used for treatment of chronic neuropathic pain, such as lower back

pain!?7139-132 - More recently, ESS has been considered for other applications, including
advancements in prosthetic limb design'®, treatment of heart failure!** and, most notably, as a
therapeutic approach or assistive technology following SCI. Studies performed on varying severity
(i.e., complete versus incomplete) and injury level (i.e., cervical versus thoracic) have investigated
electrophysiological and functional outcomes of ESS following SCI. One such outcome being the

use of ESS for improving or restoring muscle function following SCI.

Electrophysiological Studies

Electrophysiological studies, summarized in Table 1, collect EMG data from individuals with SCI

to investigate the effects of systematic ESS parameter manipulation on evoked muscle responses.
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Table 1. Summary of parameter manipulation in electrophysiological studies. ESS = epidural spinal stimulation.

Study SCI Injury, Level of ESS ESS Pulse ESS Electrode Configuration
Injury Level ESS Frequency Width (us) Amplitude
(Hz) V)
Murg 2000  Complete/incomplete, T11-L1 2.1-5 210 0-10V — Rostrocaudal cathode location
Cervical/thoracic (i.e., -0/+3 vs -3/+0)
Minassian Motor complete, T10-L1 2.2-50 210 1-10V — Rostrocaudal cathode location
2004 Cervical/thoracic
Sayenko Motor complete, T11-L1 2 210 0.5-10V - Rostrocaudal cathode location
2014 Thoracic/cervical — Localized versus widefield
stimulation (i.e., stimulating
electrodes close together vs far
apart)
Calvert 2019 Complete, Thoracic T11-L1 0.5-1.0 210 0-10V — Rostrocaudal cathode location
— Localized versus widefield
stimulation (i.e., stimulating
electrodes close together vs far
apart)
Luna 2021 Motor complete, TI11-L1 2-100 210 1-10V — Rostrocaudal cathode location
Thoracic/cervical (i.e., -0/+3 vs -3/+0)
Hoglund Motor complete, T11-L1 2 300 0-10mA - Rostrocaudal cathode location
2022 Thoracic — Vertical, horizontal, and

diagonal anode/cathode
configurations
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Metrics are calculated to analyze the effect of parameter manipulation on evoked muscle responses.

18120 magnitude (i.e., area under the curve)’*®'?®, and

For example, peak-to-peak amplitude
RMS!!8128 of the evoked response within a 50 ms post-stimulus window may be calculated!!"-!!°,
Recruitment curves or input-output curves are created using a plot of muscle amplitude/magnitude
versus stimulation amplitude®®!!8. Recruitment curves show, schematically, the relationship
between evoked amplitude/magnitude and stimulation amplitude, often at a sampling frequency of
2 HZ*%!'8, Such curves can be used to determine MT and investigate recruitment patterns (i.e., the
shape of the recruitment curve)®®. Recruitment order/sequence is determined by comparing the MT
of each muscle!'’. The latency of the evoked response can be quantified to provide insight into
relative muscle activation timing?®!1%120:128 The latency of the muscle response can be defined as
the time between stimulation onset and initiation of an evoked muscle response®®!!8:120:128
quantified as the first time the EMG signal deviates by baseline + three times its standard
deviation?®!?%, The response timing can be further characterized into early (ER) and medium
response (MR) to provide insight into activation pathways?®. The MR describes activation of
afferent, polysynaptic pathways whereas the ER, characterized by an earlier onset latency at higher
stimulation amplitudes, describes direct activation of efferent structures*®. The amplitude or
magnitude of each component may then be quantified for analysis®®!!®. Similarly, response
duration can be quantified as the time between response onset and offset (e.g., last deflection from

baseline peak-to-peak amplitude + 5%)'°.

Effect of stimulation amplitude manipulation: The amplitude or magnitude of an evoked response
is dependent on stimulation amplitude. The amplitude increases as stimulation amplitude increases
until a plateau is reached!'®!2, This plateau is related to saturation of all recruited motor units.

118-120

The latency of an evoked muscle response is not affected by stimulation amplitude and is

often consistent across trials''®

and similar between muscle groups'?’. However, this may only be
the case during localized stimulation, as Sayenko et al. (2014) found that, when a wide-field
stimulation configuration is utilized, the onset and magnitude of ER can vary with increasing

stimulation amplitude?®.

Effect of stimulation frequency manipulation: At frequencies less than 15 Hz, successive pulses
will not impact the amplitude or shape of evoked muscle responses'!®!!°, However, increasing the

frequency beyond 15 Hz can reduce the amplitude of successive responses if sufficient time for
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repolarization is not allowed!'®!'°. Trains, or repetitively applied stimulation, can lead to patterned
or thythmic muscle activity in the lower limbs, including sustained extension at lower frequencies
and step-like EMG activity at higher frequencies''”. Higher frequencies can increase response

119

latency!!? and evoked responses can reach a plateau earlier''®,

Effect of stimulation location manipulation: Recruitment sequence, MT, and response amplitude
depend on rostrocaudal and mediolateral position of stimulation along the spine®®!'%1?*, Localized
stimulation varying along the rostrocaudal axis of the spine can more selectively activate muscles
(i.e., greater magnitudes) according to expected location of myotomes2®!2%128 The location of the
stimulating cathode determines the “segmental-selective” activation!!%120:135:136 'For stimulation at
T11 to L1 vertebral levels, rostral stimulation preferentially activates proximal leg muscles (i.e.,

126128 The location of

greater response amplitudes, lower MT) while caudal activates dista
stimulation can also impact the latency of the muscle response with stimulation further from the
muscle requiring greater latency for the signal to travel a larger distance''®. This has been observed

with greater latencies in calf compared to thigh muscles'®.

Effect of stimulation configuration manipulation: Manipulating the polarity can affect the
amplitude of muscle responses as well as MT!!8, This is linked to the idea that spinal structures
near the cathode are targeted!'s. Recruitment patterns are affected by local versus wide-field
stimulation configurations®®. Localized stimulation near expected muscle innervation zones results
in greater magnitudes of corresponding evoked muscle responses, whereas wide-field stimulation
can result in more general activation of many muscles®. Diagonal stimulation configurations result
in increased muscle activity compared to horizontal configurations, likely resulting from the

broader electric current reaching more regions of the spinal cord!3®.

Functional Outcome Studies

Optimal stimulation location and parameter selection can enable functional outcomes via ESS, as
listed in Table 2. In general, a frequency within 2 to 100 Hz, a pulse width within 150 to 1000 ps,
and stimulation amplitudes within 0.1 to 10 V (voltage-controlled) or 0.1 to 10 mA (current-
controlled) can achieve functional outcomes. However, spinal mapping methods provide a
systematic approach to adjusting stimulation parameters to enable a desired functional

26,119,135

outcome . Sayenko et al. (2014), outlined one such mapping method for a paddle
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electrode®®!%. Sayenko’s mapping method involves testing five electrode configurations which
differ in rostrocaudal location of the cathode and localized versus wide-field stimulation. For each
configuration, stimulation is delivered at 2 Hz and constant pulse width while stimulation
amplitude is increased from 0.5 to 10 V in 0.5 V increments?. Through analysis of evoked muscle
responses through EMG or visible muscle contractions, ‘optimal’ parameters are defined for the
intended function'*®. Studies may define their own mapping techniques, manipulating frequency

pulse width, location, and amplitude.
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Table 2. Summary of functional outcome studies regarding the restoration of muscle function following spinal cord injury (SCI).

Stimulation parameters which enabled the functional outcome are listed, however, a greater range of parameters may have been tested

for the purpose of spinal mapping. ESS = epidural spinal stimulation, PWBT = Partial Weight Bearing Therapy.

Study SCI Injury, Level of ESS ESS Pulse  ESS Functional Outcome(s)
Injury Level ESS Frequency Width (us) Amplitude
(Hz)
Lower Limb Function
Herman Incomplete, Upper 20-60 800 Above — Improved stepping over-
2002 Cervical lumbar sensory, treadmill and over-ground
enlargement below motor — FEnhanced PWBT
threshold
Carhart Incomplete, T10-T12 40-60 >500 Above — Improved gait over-treadmill
2004 Cervical (800 = sensory, and over-ground
optimal) below motor — Enhanced PWBT
threshold
Minassian ~ Complete, T10-L1 5-15 (tonic) 210 >6V — Modulated tonic EMG activity
2004 Thoracic/cervical 25-50 for extension of lower
(rhythmic) extremities
— Burst-style EMG activity in
flexors and extensors (step-like
activity)
Harkema Motor complete, T11-L1 15 2100r450 >4V — Weight bearing standing
2011 Thoracic/cervical (standing) — Sit-to-stand transition
30-40 . — Step-like activity
(stepping) — Volitional toe, ankle, and leg

movement
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Angeli Motor complete, T11-T12 25-30 2100r450 059V Volitional, coordinated leg,
2014 Thoracic/cervical ankle, and toe movement
Over-treadmill stepping
Standing
Grahn 2017 Complete, T11-L1 15 210 >1.5V Volitional leg movement
Thoracic (standing) Volitional step-like activity
Independent standing
25 and 40
(volitional
control and
stepping)
Angeli Motor complete, T11-L1 20-50 450 >V Over-ground stepping with
2018 Thoracic/cervical assistance
Independent stepping over-
treadmill
Gill 2018 Complete, T11-L1 15-40 210 25-6V Independent stepping over-
Thoracic treadmill
Over-ground stepping with
assistance
Standing
Rowald Complete, T11-L1 or 20-100 300 1-10 mA Immediate independent
2022 Thoracic T12-L2 stepping over-treadmill with

support

Modulation of step length
Swimming, pedaling, squatting
movements

Independent ascent of staircase
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Gorgey Complete, T11-T12 20 240 5-6 V Improved standing

2022 Thoracic

Gorgey Motor complete. T10-L2 15-30 250-750 >] mA Over-ground standing

2023 Thoracic/cervical Stepping in parallel bars
Over-ground stepping with
assistance (i.c., walker,
exoskeleton)

Upper Limb Function

Lu 2016 Incomplete, C5-T1 10-20 210 0.7 -6 mA Improved grip force

Cervical Improved hand control

Trunk Function

Angeli Motor complete, T11-L1 30 450 32V Improved trunk extension and

2018 Thoracic/cervical upright sitting posture

Gill 2020 Complete, T11-L1 20-25 200 - 450 20-78V Improved forward and lateral

Thoracic reaching

Rowald Complete, T11-L1 or 120 300 0-10 mA Normalized trunk postures

2022 Thoracic T12-L2 Improved control of trunk
movement (i.e., trunk
extension)

Gorgey Complete, T11-T12 20 240 5.5-6 Improved trunk control with

2022 Thoracic perturbations (i.e., raising
hands above head)

Gorgey Motor complete. T10-L2 20 700-750 >8.5 mA Improved trunk control

2023 Thoracic/cervical
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In addition to the muscle function studies provided in Table 2, ESS has been shown to improve

124,127 112,113
2

autonomic  function, including cardiovascular respiratory , sexual, and

bladder/bowel’®'?® function following SCI.

2.5.3 Mechanisms of Epidural Spinal Stimulation

Studies have proposed the potential targeted structures within the spinal cord as well as the
mechanisms by which ESS is able to modulate muscle activity and restore muscle function

following SCL.

Targeted Neural Structures

Many afferent (i.e., sensory) pathways are located on the dorsal side of the spine'*’; as a result,

11,78,111,118-120,138

ESS is believed to primarily target large primary afferents of dorsal roots and, at

LT near the site of

higher stimulation intensities, afferent fibers in the dorsal columns
stimulation. Structures near the cathode site are often most impacted by ESS!''#120.136 However,
structures farther from the site of ESS may also be affected, especially when wide-field stimulation
configurations are utilized?. This may be the result of the broad coverage of the electric field
produced by ESS and augmented by the presence of a conductive fluid that surrounds the spinal
cord and vertebral canal, known as cerebrospinal fluid'!*%!%, Electric current may be transferred

through this fluid to surrounding structures or spinal segments leading to effects from ESS in more

distant structures'!*%!"?. Additional structures believed to be modulated, either directly or

78,112,117,119,120 11,70

indirectly, during ESS are motor neurons , propriospinal networks" """, interneuronal

70,78,118,119,138,140

networks , and/or glial cells'".

Mechanisms for Improved Muscle Function

There are three proposed mechanisms by which ESS restores muscle function following SCI: (1)
activation of spinal pathways, (2) modulation of excitability, and (3) manipulation of the chemical

environment within the spinal cord.

As previously described, spinal stimulation is believed to activate dorsal roots which carry afferent
neurons towards the spinal cord®® 133141142 A ctivation of proprioceptive afferent neurons can result
in activation of interneurons and/or motor neurons and thus muscle activation in a reflex nature

(i.e., stretch reflex)’®14>143_ Direct stimulation of nearby interneurons or motor neurons muscles
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may also occur; however, this would not explain rhythmic activation. While modulating neural
structures, ESS may activate intrinsic pattern generators within the spinal cord. Most discussed in
lower-limb studies is the central pattern generator (CPG) for locomotion. A CPG is an intrinsic
circuit within the spinal cord that allows an organism to move in rthythmic locomotion patterns,
such as walking or flying. A CPG differs from typical, voluntary locomotion, as it operates as a
reflex mechanism without the need for descending supraspinal control (i.e., control from the brain)
or external feedback. The application of an electrical stimuli to the lumbar spinal cord is believed
to modulate neural structures, such as interneuronal networks, and activate the CPG for locomotion
in humans leading to lower limb movement'!!'4!11 The existence of a CPG in humans was studied
by Dimitrijevic et al. (1998)''* who utilized ESS at the L2 vertebra level to trigger rhythmic, step-
like movements following complete SCI. As a complete SCI, there is no supraspinal control below
the site of injury, hence ESS is believed to have modulated neural structures (i.e., afferent inputs)
and triggered CPG networks to restore muscle function. However, in addition to rhythmic
locomotion, more recent studies have restored voluntary or task-specific muscle function that
required intent (i.e., leg movements following cues, task-specific motor function). Intentional
movement resulting from ESS cannot be entirely explained by direct activation of motoneurons

through CPG networks, therefore, additional mechanisms must be explored.

ESS can modulate or increase the excitability of targeted neuronal structures. This mechanism
improves muscle function by: (1) enabling or reactivating supraspinal-spinal connections and (2)
encouraging use-dependent plasticity!!. Trauma to the spinal cord can lead to partial or complete
damage to supraspinal-spinal connections across the site of injury. Partial damage may result in an
“incomplete SCI” clinical diagnosis, where remaining supraspinal-spinal connections exist across
the site of injury allowing for limited sensory or motor function. When the connections across the
lesion are completely damaged and no sensory or motor signals are clinically observed, the result
is a “complete SCI” clinical diagnosis. More commonly discussed in ESS applications is the
possibility of a “discomplete SCI”7%78123:144 /A discomplete injury occurs when there is no clinical
evidence of spared sensory/motor function below the site of injury (i.e., clinically complete),
however, further neurophysiological tests reveal spared supraspinal-spinal connections across the
site of injury'**. These spared, anatomical connections may be sub-functional or “silent” and
unable to activate motor function below the lesion’®!* due to physical damage (i.e., damaged

myelin or ionic channels in neurons) or lowered excitability’’. The electric field created by ESS
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can increase the excitability or resting membrane potential of nearby sublesional structures,
shifting them closer to MT'%127:135:190 " Consequently, this enables the spared supraspinal-spinal
connections to sufficiently transmit signals across the site of injury to initiate muscle function

below the site of injury’%78123:126,140.141

. Secondly, through modulation of excitability, ESS can
augment use-dependent neural plasticity within the spinal cord'!!. Neural plasticity describes the
ability of networks within the spinal cord to grow (i.e., sprouting) or reorganize for improved
function'®. This phenomenon can occur spontaneously after SCI, which explains some functional
improvement directly following injury'#>. Physical rehabilitation is often implemented following
SCI to provide additional sensory input, which can encourage regrowth and reorganization of the

spinal networks'®.

Electrical stimulation, such as ESS, can also augment neuronal
growth/sprouting and/or strengthen (i.e., remyelination) spared connections across the site of
injury, presented in Fig. 4!17078145 ESS also encourages reorganization of nerve fibers, which can
allow signals to “bypass” the lesion which once blocked signal transmission’'?!. ESS, in

70,78,116,121

combination with task training, can enhance the benefits of neural plasticity , which may

result in long-term, remaining function after ESS is removed following SCI.

Figure 4. (A) In a healthy spinal cord, connections between afferent neurons, propriospinal
interneurons (PNs), and motoneurons (MNs) enable effective signal transmission between the
peripheral nervous system and central nervous system. (B) Following a SCI, there may be damage
to pathways within the spinal cord at the lesion site. Delivery of epidural electrical stimulation
(EES) can promote neuronal regrowth and reorganization of spinal networks, leading to new
connections and pathways. Retrieved from (Eisdorfer et al., 2020), licensed under the Creative

Commons Attribution License (CC BY)'“®.
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In chronic pain applications, spinal stimulation on the dorsal side of the spine has demonstrated
effects on the chemical environment within the spinal cord, including increasing concentrations of
gamma-aminobutyric acid (GABA)'%’, serotonin'*®!*’, and Substance P'!"1*>!4® within the dorsal
horn. These neurotransmitters/neuromodulators modulated by ESS contribute to the pain-relief
outcome from ESS. Similarly, ESS is believed to cause a release of a variety of neurotransmitters
in the spinal cord, which may act to facilitate or improve motor function!!. Animal studies have
found that injection of neurotransmitters, including clonidine, tizanidine, serotonin, and NMDA,
can induce or modulate locomotion in animals following spinal cord injury'. It is possible that
ESS releases similar chemicals and follows a similar mechanism to encourage or improve muscle

movement following SCI'.
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3 Methods

3.1 Participants

Experimental data were collected in thirteen individuals undergoing clinically indicated surgery
for the implantation of an epidural spinal stimulator as part of their chronic pain syndrome
treatment. All participants provided informed consent to the experimental procedures. These
procedures were performed in accordance with standard of care protocols in the operating room
and were conducted under research protocol Pro00023336, approved by the Institutional Review
Board of the Houston Methodist Research Institute. Data from two participants were excluded
from the analysis due to inconsistencies in stimulation frequency or amplitude range. As such, data
from eleven participants (10 female and 1 male; age: 59 + 11 years, weight: 75.1 £ 11.7 kg, height:

163 + 10 cm) were analyzed. A summary of participant characteristics is presented in Table 3.
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Table 3. Summary of participant characteristics.

- Age Height Weight
Participant ID Reason for Implant
P (vears) (cm) (kg) P

— Chronic pain syndrome; failed back syndrome

P9 78 160 95.0 — Persistent lumbar radiculopathy, radiculitis
— Intervertebral disc disorder with radiculopathy, lumbosacral

P10 69 185 739 — Chronic pain sy.ndro.me; post .lamlne.ctomy syndrome
— Intervertebral disc disorder with radiculopathy, lumbosacral
— Chronic pain syndrome; failed back syndrome

Pl 08 168 90.7 — Intervertebral disc disorder with radiculopathy, lumbosacral
— Chronic pain syndrome; post laminectomy syndrome

P12 60 152 62.5 — Intervertebral disc disorder with radiculopathy, lumbosacral
— Malfunction and migration of spinal cord stimulator
— Failed back syndrome

P13 68 172 797 — Intervertebral disc disorder with radiculopathy, lumbosacral
— Chronic pain syndrome; failed back syndrome

P14 44 172 82.1 — Intervertebral disc disorder with radiculopathy, lumbosacral

P15 66 157 699 - Chrqmc pain syndron_’ne; failed back .sync.ir.ome
— Persistent lumbar radiculopathy, radiculitis
— Chronic pain syndrome; failed back syndrome

P16 51 155 64.2 — Persistent lumbar radiculopathy, radiculitis
— Intervertebral disc disorder with radiculopathy, lumbosacral

P21 49 160 79.3 — Chronic pain syndrome

P22 51 157 70.8 — Chronic pain syndrome

P26 46 157 57.6 — Revision surgery to replace stimulator to treat pain
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3.2 Delivery of Epidural Spinal Stimulation

A Spectra WaveWriter Spinal Cord Stimulator (Boston Scientific, Marlborough, MA, USA) or
Senza Trial Stimulator TSM1000 (Nevro, Redwood City, CA, USA) were used to generate the
electrical stimulation pulses. ESS was delivered via implanted, current-controlled, 16-channel
(Artisan MRI Surgical Lead, SC-8216-50, Boston Scientific, Marlborough, MA, USA, or Nevro
Surpass Surgical Lead, LEAD3005-50B, Nevro, Redwood City, CA, USA) or 32-channel
(CoverEdge 32 Surgical Lead, SC-8336-50, Boston Scientific, Marlborough, MA, USA) electrode
arrays. All electrodes were placed on the dorsal dura approximately on the midline within the T4
to T10 vertebrae level range, employing a laminectomy approach. X-ray images of the electrode

array placement for each participant are provided in Fig. 5.
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P15

P22

Figure 5. X-ray images of the electrode paddle placements for each participant. An x-ray image

for P11°s electrode paddle placement at T7 to T8 was not available.

The stimulator and electrode array type were tailored to patient preferences, whereas the placement
and stimulation pulse width were aligned with the surgeon’s specifications for chronic pain

treatment, as summarized in Tables 4 and 5.

41



Table 4. Electrode array specifications.

Array
Electrode Lead Number of Length Array Width I'Electr({de Electroode Electl'.ode
Tvoe Model Shape Electrode (Rostro-  (Mediolateral) Size (Width Spacing Spacing
yp Contacts x Length)  (longitudinal)  (latitudinal)
caudal)
CoverEdge Information not
32 Surgical  SC-8336-50 +*8 3 50 mm 9 mm I mm x 3.4 Imm  provided in data
1 array mm
Lead sheets
Artisan MRI 2% 8 Information not
Surgical SC-8216-50 16 45 mm 8 mm 2 mm x 3 mm I mm provided in data
Lead! array sheets
Nevro
Surpass  LEAD3005- 2x 8 16 64 mm 10 mm 1.25 mm x 4.25 mm 1.0 mm
Surgical 50B array 3.0 mm
Lead?

! Boston Scientific, Marlborough, MA, USA.
2 Nevro, Redwood City, CA, USA.
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Table 5. Participant summary of ESS electrode placement and ESS stimulation parameters.

Participant External Stimulator Electrode Electrode Array Placement Pulse Stimulation Amplitude
ID Array Contacts (Vertebral Levels) Width (us) Range (mA)
P Sontad T 0 40w
PU o Cord Stimulator! Surgical Lead! 22 17108 30 el
PIZ o Cord Stmulator! Surgical Lend! 22 T4t s 30 el
P13 S}jsirr)lz(l:t(rjaoXaS\;?xli;f(r)rl g\?r;eif:];ldl%zsdzl 32 T7to T8 330 *Left cau(li:a(; 211??1.0 t0 9.0
P4 ol Cord Stimulator! Surgical Lead! %2 17108 %0 el
RSN GeEER 2 menw w70
pe e NS men s e
P2 ol Cond Stimulator' Surgical Lead 81019 00 el
P2 o Cord Stmulator Surgical Leadt 32 To10TI0 30 el
R i S 2 ewm w70

! Boston Scientific, Marlborough, MA, USA.
2 Nevro, Redwood City, CA, USA.
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The participant was placed in prone position, supported at the head, shoulders and hips.
Monophasic ESS was applied at 2 Hz while two parameters were systematically explored: (1)
anode and cathode location; and (2) stimulation amplitude. The electrode configurations shown in
Fig. 6 were used while stimulation amplitude was continuously increased in 1.0 mA increments
from 1.0 mA up to 10.0 mA (or until the ESS evoked response plateaued). Between 3 and 65
stimuli were delivered for each stimulation amplitude. Once all trials for the maximum stimulation
amplitude were completed, the next electrode configuration was tested after a no-stimulation
period of 20 seconds or more. In total, stimulation was delivered for approximately five minutes,
after which the experimental session was completed. For each participant, the pulse width was
either 300 or 350 ps, according to the requirements for treatment of chronic pain, as listed in Table
5. Applied charge, calculated as stimulation amplitude multiplied by stimulation pulse width, in
units of microcoulombs (uC), was used for further analysis to account for differences in pulse
width across participants. Spinal structures near the cathode are most targeted by ESS!!3120;

therefore, the location of the cathode was considered the stimulation location.

1. gl 2. ol 3. ol 4. d0
B g cdh - dh

00 g0 00 00
Il Ignll Onp0 Ol
10 08 00 A0
83U DDD[I .UUD DDD.
il iy ndUg il
iy o80n n80g il
Figure 6. Electrode configurations: (1) Left rostral, (2) right rostral, (3) left caudal, and (4) right
caudal. The cathode is depicted in black, and the anode is depicted in red. The cathode was
assumed to be the stimulation location as spinal structures near the cathode are most targeted by

ESS!!#120 The image shows a 32-channel array; however, the same configurations were tested for

a 16-channel array.
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3.3 Experimental Data Acquisition

Trigno Avanti wireless surface EMG electrodes (Delsys Inc., Natick, Massachusetts, USA) were
placed on muscles relevant to trunk stability and control. EMG electrodes were placed bilaterally
on the external obliques (EOQ)'®8815L152 "internal obliques (I0)%*!%!, and rectus abdominus
(RA)BBSISLIS2 myscles. Two surface EMG electrodes were placed unilaterally on the body side
opposite to the surgeon on the erector spinae muscles at the levels corresponding to the sixth and
seventh thoracic vertebrae (EST7)'®, and the second and third lumbar vertebrae (ESL3)!8:8%152,
This corresponded to placement on the left side for 8 participants and the right side for 3
participants. Two pairs of subdermal needle EMG electrodes of 20 mm length (Rhythmlink
Columbia, SC, USA) were placed by an intraoperative electrophysiologist on the midline between
the second and third thoracic vertebrae levels (T2/T3), and on the midline between the fifth and
sixth thoracic vertebrae levels (T5/T6), with an interelectrode distance of 4 cm. The T2/T3 needle
electrode was used for identification of the ESS stimulation artifact. If the T2/T3 needle electrode
data was obstructed with signal noise, the T5/T6 surface electrode was used for stimulus artifact
identification. For two participants only (P16 and P26), the EST6T7 channel was used for
identification of the stimulation artifact due to an experimental error with the T2/T3 and T5/T6

needle electrodes. Details on electrode placement are presented in Table 6.
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Table 6. Guidelines for placing the EMG surface electrodes.

Muscle Electrode Placement Electrode Orientation

Rectus abdominis 3 cm lateral of the umbilicus®®!31:152  Aligned vertically

External obliques 15 cm lateral of the Aligned at 45 degrees off the
umbilicus®-151:152 vertical

Erector spinae above 5 cm lateral of T6/T7 vertebral Aligned vertically

the T6/T7 vertebral level$8151.152

level

Erector spinae above 3 cm lateral of L2/L3 vertebral Aligned vertically

the L2/L3 vertebral level$%131.152

level

Internal obliques At the midpoint between the anterior Aligned at 45 degrees off the
superior iliac spine and the vertical

symphysis pubis, above the inguinal
ligament®3:1°!

Data from the EMG electrodes were sampled at 2 kHz and reconstructed by the EMG system as
an analog signal. A 16-channel analog adapter streamed the EMG data into the PowerLab data
acquisition system (Model 16/35, AD Instruments, Sydney, NSW, Australia) using BNC
connections where EMG data were sampled at 10 kHz. For a single participant (P26), data were
sampled at 2 kHz. The data were upsampled to 10 kHz prior to further analysis. An image of the

data acquisition system is presented in Fig. 7.
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Figure 7. The Delsys Trigno Avanti wireless EMG sensors (1) sample the data at 2 kHz and
reconstruct an analog signal. A 16-channel analog adapter (2) allowed us to input the EMG data

into PowerLab using BNC connections. The PowerLab data acquisition system (3) samples the

data at 10 kHz.

3.4 Experimental Data Processing and Analysis
3.4.1 Data Extraction and Processing

Using LabChart (version 8.1.19, AD Instruments, Otago, New Zealand), EMG time series data
from three trials (i.e., stimuli) were exported for each electrode configuration and stimulation
amplitude, capturing approximately 300 ms before and 300 ms after the stimulus. Three trials were
selected, as this was the minimum number of trials delivered at each stimulation amplitude, and
for which the stimulation artifact was unobstructed in the recording from one of the two needle
electrodes. Note that a temporal offset of 61.1 ms between the signal recorded via surface
electrodes and the actual stimulation event existed, resulting from analog signal reconstruction

(according to manufacturer’s specifications'>

and confirmed within the dataset), which was
corrected in LabChart prior to data export. All data analysis was performed in MATLAB (ver
2021b, MathWorks, Natick, MA, USA) using a custom-made algorithm. As described previously,
one dataset (P26) was first upsampled to 10 kHz to accommodate a difference in sampling
frequency during data acquisition. The time series data from all participants were demeaned using

an average of the baseline activity calculated from the first 100 ms of exported data, starting
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approximately 300 ms prior to the stimulus. Peaks in the artifact recording were used to identify
the time of stimulation onset and this time was set to zero. Once demeaned and zeroed, the time
series data from all participants were processed for a time period from 100 ms before stimulation

onset to 200 ms after stimulation onset to encompass the response.

3.4.2 Characterization of Evoked Muscle Responses

Muscle responses were characterized by the metrics peak-to-peak amplitude, MT, onset latency,
and response duration using the collected EMG data, as portrayed in Fig. 8 below. All metrics
were averaged across three trials. Muscles and associated EMG data excluded from further

analysis are presented in Appendix A.
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Figure 8. A representative evoked muscle response from one stimulation location and amplitude
is presented on the left. Muscle responses were characterized by the metrics response peak-to-peak
amplitude, onset latency, and duration. Representative evoked muscle responses with increasing
stimulation amplitude are presented on the right. The peak-to-peak amplitude value of each
response is listed. Once a response with a peak-to-peak amplitude greater than 20 pV is evoked,
the corresponding stimulation amplitude is considered the motor threshold, as identified by a red

star.
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Peak-to-peak amplitude of the evoked responses was calculated within a 50 ms post-stimulus
window without considering the stimulus artifact. For one participant (P15), a 30 ms post-stimulus
window was used for the left internal oblique muscle only, as movement artifacts were present
after 30 ms. Recruitment curves of muscle responses were created for each participant, identifying
the relationship between applied charge and average peak-to-peak EMG response amplitude.
Using visual inspections, MT intensity was defined as the smallest applied charge that resulted in
a motor evoked response with a peak-to-peak amplitude greater than 20 pV in all three trials?!.
The representative waveforms and recruitment curves of muscle responses, presented in Fig. 9,
demonstrate that 20 pV was an appropriate choice. Muscle responses that did not reach 20 pV

within the tested range of applied charge were deemed ‘non-responsive’.
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Figure 9. Sample recruitment curves of muscle responses from P10 (stimulation location: top left
of T6 vertebra). The left internal oblique (LIO; left panel and red trace in the right panel)
demonstrates a responsive muscle. The right rectus abdominis (RRA; grey trace in the right panel)
demonstrates a non-responsive muscle. The dotted line represents the 20 uV threshold such that
amplitudes greater than 20 pV suggest the presence of a muscle response. A responsive muscle
will experience amplitudes greater than 20 uV when the applied charge surpasses a threshold (i.e.,
motor threshold, MT). A non-responsive muscle will not experience amplitudes greater than 20
nV for the applied charges tested, indicating that the measured amplitudes are more likely due to

noise in the signal than due to a muscle response.
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The timing of evoked muscle responses was characterized by onset latency and duration using a
custom-made algorithm in MATLAB. The algorithm identified the onset and end of the main
response waveform using a baseline band (baseline =+ three times the standard deviation®), while
eliminating noise or residual tissue signals. Response duration is the time difference between the
end and onset of the response. Non-responsive muscles were omitted from onset latency and
duration analysis. Activation of the erector spinae muscle at the T7 vertebral level occurred at the
same time as the stimulation artifact; therefore, onset and duration could not be calculated. Further
details on the MATLAB algorithm for calculating response onset and duration are presented in
Appendix B. For comparison, onset latency was also calculated using a simpler, more traditional
approach, as the first time the response exceeded the baseline band (baseline + three times the

standard deviation®®), hereby referred to as the baseline band approach.

Based on previous studies, evoked muscle responses may be divided into ER and MR components.
ER and MR components correspond to the activation of efferent and afferent pathways,
respectively’. At lower stimulation intensities, ESS is believed to produce an MR component
through activation of afferent pathways in the spinal cord. The onset latency of the MR will remain
constant with increasing stimulation intensity. At higher stimulation intensities, a response with a
shorter onset latency may occur, which suggests additional activation of efferent pathways in the
spinal cord and, therefore, an ER component’. If ER responses were detected in the data, an
analysis of growth in ER and MR was performed. For a given muscle, the start of ER was defined
as the response onset at the highest applied charge for a given electrode configuration?®. The end
of ER and the start of MR were defined as the response onset at the lowest applied charged that
evoked a response in one electrode configuration. Once the ER and MR intervals were defined,

the peak-to-peak amplitude of the response within each interval was calculated®®.
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4 Results

4.1 Effect of Stimulation Location on Trunk Muscle Amplitude and Selectivity

Figure 10 presents the distribution of stimulation locations tested. For each participant, two
stimulation locations were used within the T4 to T10 vertebral level range. The manipulation of
stimulation location and stimulation amplitude produced observable differences in the waveforms

of the ESS evoked responses.
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Figure 10. Distribution of the tested stimulation locations. Stimulation locations ranged from the
T4 to T10 vertebral levels, with the greatest number of data sets occurring for the T7 and T8

vertebral levels.

In Fig. 11, representative average muscle responses from one participant in response to varying
the stimulation location and amplitude are presented for the left and right external obliques (LEO
and REO). At stimulation amplitudes greater than MT, single-pulse ESS evoked muscle responses
that occurred within a 50-millisecond window. The evoked potentials from the abdominal (i.e.,
EO, 10, and RA) and ESL3 muscles were distinguishable from the stimulation artifact. Conversely,
the evoked potentials from the EST7 muscle often appeared occluded by the stimulation artifact

(see Appendix C, Fig. C-3). Based on a visual inspection, waveform timing (i.e., onset and duration)
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appeared consistent across trials and stimulation amplitudes for all abdominal muscles. The same
trend was seen in all other participants. Note that representative evoked responses from the muscles

not presented in Fig. 11 can be found in Appendix C.
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Figure 11. Representative evoked responses from one participant (P21) for the left and right
external obliques (LEO and REO), with electrode placement above the T8 and T9 vertebrae. The
stimulating cathode is represented in black, and the anode in red. Waveforms, averaged across
three trials, are depicted for increasing stimulation amplitudes (1 to 6 mA in 1 mA increments,
represented by the red arrow) and when delivering stimulation above: (a) the left T8 vertebra, (b)
the right T8 vertebra, (c) the left T9 vertebra, and (d) the right T9 vertebra. Stimulation occurs at
zero milliseconds, represented by the blue line. Representative responses for the same participant

from all other recorded trunk muscles can be found in Appendix C.

52



Figure 12 presents the recruitment curves of muscle responses, demonstrating the relationship
between applied charge and peak-to-peak amplitude of the evoked muscle responses during ESS
delivered at different locations over the thoracic spine. Based on a visual inspection, ESS evoked
responses in trunk muscles may be characterized by increasing peak-to-peak amplitude beyond
MT. At greater applied charge a subset of recruitment curves plateaued, likely representing
saturation of motor unit recruitment. Within the range of applied charge tested, the responses
recorded in the abdominal muscles (EO, 10, and RA) and the ESL3 muscle increased the most
toward a plateau when stimulating caudal to the T7 vertebra level. The responses recorded in the
EST7 muscle experienced growth at all stimulation levels tested. Individual MT values varied
depending on the muscle and stimulation location, which motivated further analysis of the MT

data.
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Figure 12. Representative recruitment curves of muscle responses during stimulation above the
T4 and T5 (P12), T6 and T7 (P10), T7 and T8 (P14), T8 and T9 (P21), and T9 and T10 (P22)
vertebrae. Peak-to-peak amplitude of the left and right external obliques (LEO and REO), internal
obliques (LIO and RIO), rectus abdominis (LRA and RRA), and erector spinae above the T7 and
L3 vertebral levels (EST7 and ESL3), are shown in dependence of applied charge. Peak-to-peak
amplitude values were averaged across three trials. Recruitment curves of muscle responses from

the remaining six participants can be found in Appendix D.
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Figure 13 demonstrates the relationship between MT and stimulation location along the
rostrocaudal and mediolateral axes. Muscle responses were evoked from single-pulse stimulation
caudal to the T5 vertebral level in the EO, 10, RA, and ESL3 muscles. Responses in the EST7
muscle were observed for stimulation at all locations. Individual MT values varied by stimulation
location and muscle, with recorded responses demonstrating lower motor thresholds for ipsilateral
stimulation (EO: 1.5 £ 0.8, 10: 1.7 £ 0.9, RA: 2.0 £ 0.9, EST7: 1.7 £ 0.9, ESL3: 1.5 £ 0.7 uC)
compared to contralateral stimulation (EO: 1.9+ 0.6, 10: 2.1 £ 0.7, RA: 2.1 £ 0.8, EST7: 1.9+ 0.9,
ESL3: 1.8 = 0.8 puC). On average, a 30% lower motor threshold was identified for ipsilateral
compared to contralateral stimulation. Based on a visual inspection of Fig. 13, all muscles
experienced the lowest MT for ipsilateral stimulation, with the cathode located caudal to the T8
vertebral level. For the T9 and T10 vertebral levels, contralateral stimulation did not evoke a

response in the RA (T9), EO (T10), and EST7 (T10) muscles.
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Figure 13. Effect of stimulation location on the MT of evoked trunk muscle responses. Stimulation
was delivered at different locations along the rostrocaudal axis of the spine (vertebral levels T4 to
T10) and on the mediolateral axis of the spine (left and right side of the electrode array, represented
accordingly as ipsilateral and contralateral). Values across participants (mean + one standard

deviation) at each stimulation location are shown. Non-responsive muscles were omitted.
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Figure 14 presents the dependency of the maximum amplitude of the evoked trunk muscle
responses (across all stimulation amplitudes) on ipsilateral versus contralateral stimulation
location. For each stimulation location along the rostrocaudal axis of the spine, peak-to-peak
amplitudes were normalized to the maximum response for each participant and muscle. Ipsilateral
stimulation evoked approximately 2.4 times greater maximum response amplitudes compared to
contralateral stimulation in all muscles and stimulation locations. At some stimulation locations,
contralateral stimulation did not evoke a response which may, in part, be the result of the larger
distance to contralateral dorsal roots and/or limitations associated with the size of the electric field

produced for the tested range of applied charge.

57



LIO RIO

LRA RRA

Stimulation Location (Vertebral Level)

EST7 ESL3

Maximum Amplitude
I psilateral ] Contralateral

Figure 14. Maximum evoked response at each stimulation location in dependence of ipsilateral
versus contralateral stimulation. For each stimulation location along the rostrocaudal axis of the
spine, peak-to-peak amplitudes were normalized to the maximum response for each participant
and muscle. Values across participants (mean + one standard deviation) at each stimulation

location are shown. Non-responsive muscles were omitted.
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Figure 15 presents the relationship between the maximum evoked amplitude of trunk muscle
responses and stimulation location along the rostrocaudal axis. Muscle response amplitude values
are limited in their ability to be compared across participants, therefore, amplitude comparisons
were made within the electrode array for each a participant. A comparison of amplitude between
stimulation on the ipsilateral rostral region and ipsilateral caudal region of the array was performed.
For each muscle, maximum response values for each electrode configuration were normalized to
the maximum response for each participant on the ipsilateral stimulation side. The difference in
normalized response amplitude resulting from caudal and rostral stimulation was calculated. A
positive difference suggests a greater maximum response was achieved through the ipsilateral
caudal cathode location. On the other hand, a negative difference suggests a greater maximum
response was achieved through the ipsilateral rostral cathode location. There was no clear trend in
maximum amplitude with respect to cathode location along the rostrocaudal axis, likely due to the
close proximity of the dorsal roots neighboring the rostral and caudal region of each electrode

paddle, which will be discussed further in Section 5.2.
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Figure 15. The mean difference (+ one standard deviation) in maximum ipsilateral peak-to-peak
amplitude evoked from stimulation on the caudal region and rostral region of the electrode array.
For each muscle, maximum response values for each electrode configuration were normalized to
the maximum response for each participant on the ipsilateral stimulation side. The difference in
normalized response amplitude resulting from caudal and rostral stimulation was calculated. A
positive difference suggests a greater maximum response was achieved through the caudal cathode
location. On the other hand, a negative difference suggests a greater maximum response was
achieved through the rostral cathode location. Values at each stimulation location were averaged

across participants. Non-responsive muscles were omitted.
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4.2  Effect of Stimulation Location on Trunk Muscle Activity Timing

Onset latency was calculated using a custom-made script in MATLAB and a baseline band
approach. The results from the latter provided more repeatable and consistent results across three
trials therefore were used for further analyses. Figure 16 presents, for the maximum stimulation
amplitude, the relationship between the latency of evoked trunk muscle responses and stimulation
location along the mediolateral and rostrocaudal axes using the baseline band approach. The onset
latency values calculated with the custom-made script in MATLAB may be found in Appendix B
for comparison. The onset latency values varied along the rostrocaudal axis, and exhibited a
general trend toward shorter onset latencies from ipsilateral (EO: 7.4 + 2.6, 10: 8.5 £ 2.6, RA: 9.2
+2.4, ESL3: 4.2 + 1.6 ms) compared to contralateral stimulation (EO: 8.2 £2.8,10: 9.5 £ 2.1, RA:
11.2+4.1, ESL3: 4.8 £ 1.8 ms). We identified an average difference of 0.9 ms between ipsilateral
and contralateral stimulation (EO: 0.6, 10: 1.2, RA: 1.1, ESL3: 0.6 ms). Visually, there was a trend
toward shorter onset latencies from stimulation more caudal on the spine. Based on a visual
inspection of Fig. 16, responses recorded in the ESL3 muscle experienced shorter onset latencies

at maximum stimulation compared to the abdominal muscles.
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Figure 16. Onset latency at maximum stimulation amplitude for each stimulation location along
the rostrocaudal axis of the spine (vertebral levels T6 to T10) and along the mediolateral axis of
the spine (left and right side of the electrode array, represented accordingly as ipsilateral and
contralateral). Onset latency was calculated as the first time the signal deviated from a baseline
band (baseline + three times the standard deviation®®). Onset latency values at each stimulation
location were averaged across participants (mean + one standard deviation). Non-responsive

muscles were omitted.
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In Fig. 17, the presence of ER and MR responses in the ESL3 muscle are presented for P21. An
MR was detected at lower stimulation amplitudes. At greater stimulation amplitudes, a decrease
in onset latency was observed, which suggests the presence of an ER component. ER and MR

responses were also seen in the ESL3 muscle for P22 (Appendix E).
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Figure 17. Onset latency analysis for responses recorded in the ESL3 muscle for P21. Evoked
responses with increasing applied charge are shown for ipsilateral stimulation above: (a) the left
T8 vertebra, and (b) the left T9 vertebra. Onset latency averaged across three trials (mean + one
standard deviation stated on each waveform) decreased at higher applied charge. The start of the
early latency response (ER; solid yellow, vertical line) is identified as the onset latency at the
highest applied charge for a given electrode configuration. The start of the medium response (MR;
vertical dotted yellow and grey line) is identified as the onset latency at the lowest applied charge
that evoked a response. The end of the MR (vertical solid grey line) is 50 ms. In (c) and (d), the
peak-to-peak amplitudes of the ER and MR components are compared when increasing applied
charge. All waveforms and outputted metrics were averaged across three trials. The onset latency

analysis for P22 can be found in Appendix E.
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Figure 18 presents, for the maximum stimulation amplitude, the relationship between the duration
of evoked trunk muscle responses and stimulation location along the mediolateral and rostrocaudal
axes using the custom-made MATLAB algorithm. Residual signals in the surface EMG data
resulting from variability in tissue thickness between the muscle and the EMG electrode presented
a challenge when identifying an accurate end of the muscle response. Therefore, the response offset
identified with the custom-made MATLAB algorithm was not repeatable and consistent across

trials. There was no clear trend in evoked response duration in relation to stimulation location.
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rostrocaudal axis of the spine (vertebral levels T6 to T10) and along the mediolateral axis of the
spine (left and right side of the electrode array, represented accordingly as ipsilateral and
contralateral). Duration values at each stimulation location were averaged across participants

(mean + one standard deviation). Non-responsive muscles were omitted.
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5 Discussion

The purpose of this study was to investigate the effect of ESS delivered to the thoracic spinal cord
on the activity of trunk muscles involved in postural control and stability. The results demonstrate
that the amplitude, MT, and timing of evoked trunk muscle responses depend on the location of
ESS. Furthermore, the results provide evidence for activation of both afferent and efferent spinal

pathways when applying thoracic ESS.

5.1  Side-Selectivity of Trunk Muscles Enabled by Thoracic ESS

Lateral ESS evoked ipsilateral and contralateral muscle responses; however, lower MTs, greater
response amplitudes, and shorter onset latencies occurred during ipsilateral stimulation. Similarly,
recruitment curves of muscle responses were more likely to reach a plateau from ipsilateral
stimulation. It is important to note that this side-selectivity was seen in trunk muscles during
stimulation at all thoracic vertebral levels, ranging from T6 to T10. In addition, it is consistent with
findings from previous studies investigating the location-specific effects of lumbar ESS that
demonstrated greater muscle responses amplitudes in ipsilateral trunk and lower limb muscles?!®,
Stimulation caudal to the T8 vertebral level did not produce a response in the contralateral RA
muscle, and stimulation caudal to the T9 vertebra did not produce a response in the contralateral
EO and EST7 muscles. However, at these two levels, stimulation was only increased to 6 mA (P21;
equivalent applied charge: 1.8 puC) and 5 mA (P22; equivalent applied charge: 1.75 pC),

respectively; therefore, contralateral responses may still be achieved at higher stimulation

amplitudes, as seen at other levels.

Side-selectivity is beneficial for applications that require side-specific muscle activity, such as
during ESS-assisted stepping following SCI'?!1>*155 This need for side-specific activity may also
be valuable in trunk control applications, for example enabling unilateral trunk excursion during
lateral reaching?®. Using lower frequency stimulation (0.5 Hz), Rowald et al. delivered ESS at the
T12 to L2 vertebral levels to assess side-selectivity of trunk muscles?®. Lateral stimulation above
the T12 vertebra induced responses in ipsilateral upper RA, obliques, and the quadratus lumborum,
which, when translated to a higher frequency stimulation, resulted in ipsilateral trunk excursion?®.
For future applications, the present work suggests lateral thoracic ESS at lower stimulation

intensities to be able to target ipsilateral trunk muscles while preventing contralateral activation.
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Irrespective of the important findings discussed above, this study is limited in its ability to assess
side-selectivity in dependence of stimulation distance from the midline. Some participants
presented asymmetrical evoked responses and, at times, greater responses from contralateral
stimulation. This, in part, may be the result of the electrode array placement (i.e., deviations from
the midline) or variations in the placement of EMG electrodes across participants. Previous studies

also reported an asymmetry between the left and right responses?!-*?

, attributing that to anatomical
variability, including uneven muscle innervation'*, asymmetric musculature!*’, or asymmetric
dorsal root ganglia position and morphology'*®. Some participants in the present study were also
diagnosed with lumbar radiculopathy, which may be linked to asymmetric atrophy of paraspinal
muscles'*®. Based on the geometry of the electrode array, and assuming central placement, lateral
stimulation occurred approximately 2 mm from the midline. However, simulation results suggest

placing the electrodes 4.7 mm from the midline to allow for the greatest side-selectivity while

accounting for mediolateral variations in electrode array positioning?®,

5.2 Rostrocaudal Manipulation Modulates Trunk Muscle Amplitude and
Selectivity

Previous work has shown that manipulation of stimulation location along the rostrocaudal axis
modulates the amplitude and selective activation of lower limb, abdominal, and trunk muscles?®2®,
For example, upper abdominal muscles exhibited a greater response amplitude from ESS targeting
the T12 vertebral level compared to the L1/L2 vertebral level?®. In the context of trunk control and
stability, the same modulation can be harnessed in studies aimed to improve functional outcomes.
ESS targeting the T12 to L1/L2 vertebral levels induced lateral trunk excursion, however, selective
activation of trunk muscles without unintentional leg muscle activation was better achieved with
stimulation in the more rostral region of the electrode array, corresponding to the T12 vertebral
level?®. ESS electrode placement within T11 to L1 vertebral levels improved forward reaching
following complete, thoracic SCI, with stimulation from the caudal region of the electrode array
enabling the greatest improvement'?2. Interestingly, the same electrode placement did not improve

2

lateral reach distance'??. These findings demonstrate that localized stimulation along the

rostrocaudal axis targets specific motor pools projecting to trunk muscles, resulting in varying
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functional outcomes. However, these findings also highlight the need for further testing of ESS at

additional vertebral levels within the thoracic spine, as addressed in the present work.

The results from this study demonstrated that ESS along the rostrocaudal axis within the thoracic
region of the spine, and particularly between the T4 and T10 vertebral levels, can activate trunk
muscles. The anterior abdominal (EO, 10, and RA) and ESL3 muscles were activated from
stimulation at and more caudal to the T6 vertebral level. Stimulation rostral to the T6 vertebral
level did not evoke muscle responses in the abdominal muscles within the range of applied charge
tested. This was expected as current anatomical knowledge suggests innervation of each muscle
to lie within the T7 to L1 spinal segment range, which approximately aligns with the vertebral
segment range between the caudal region of the TS5 vertebra and the rostral region of the T11
vertebra®®*!. The erector spinae muscle recorded at the T7 vertebrae level was activated at all
stimulation locations tested. In addition, multiple muscles were activated during ESS delivered at
multiple locations between the T6 to T10 vertebral levels, demonstrating the ability to target an

ensemble of trunk muscles with one stimulation location.

Despite differences in expected innervation zones, all trunk muscle responses demonstrated a
general trend towards a lower MT and shorter onset latency from stimulation in the lower thoracic
region compared to the midthoracic region. This trend was even seen in the EST7 muscle; however,
results may be impacted by response occlusion from stimulation artifacts more rostral on the spine.
In this context, it is important to note that activation thresholds of dorsal roots are affected by the
location, orientation, and curvature of the dorsal root with respect to the electric field'®*163, Lower
thresholds resulting from lower thoracic stimulation may also result from the spread of the electric
field reaching a greater number of dorsal roots projecting to trunk muscles. This idea is feasible
considering stimulation projecting laterally likely targets nearby ascending dorsal roots, in addition
to the dorsal root entry zone at the level near the cathode'**. Contrary to the results for MT and
onset latency, there was no clear trend when investigating the effect of rostrocaudal manipulation
on maximum response amplitude. In fact, comparing EMG amplitudes across individuals has
limited value; therefore, amplitudes can only be compared between rostral and caudal stimulation
within the electrode array (i.e., across two vertebral levels) for each participant. Due to the close

proximity between the rostral and caudal electrode within the electrode array, the electric field
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from rostral stimulation may have excited dorsal roots neighboring the caudal electrode, and vice

versa, reducing the impact of rostrocaudal manipulation.

Our findings may enable objectively guided electrode placement in future applications which
require targeting of specific motor pools. However, methodological considerations may limit
accurate comparisons of stimulation location along the rostrocaudal axis; hence, generalizations
must be viewed with caution. Anatomic variability of the alignment of the spinal segments and

vertebral levels'®*

as well as varied placement of electrode arrays, even across participants tested
at the same stimulation location, impact the accuracy of rostrocaudal comparisons. Minute
variation in rostrocaudal array placement can impact the location of the cathode relative to the
dorsal root entry zone, which has been shown to influence the amplitude of an evoked muscle
response even more than manipulation of vertebral level'®. Signal transmission speed and distance
are variable across participants, e.g., due to differences in height and age, limiting onset latency
comparisons'®®!1%7. MT as a metric for inter-participant comparison is limited due to variability in
dorsal root anatomy (i.e., fibre diameter, innervation angle), which affects excitability!'®%!6!,
and/or variability in tissue layer thickness, which affects the measured amplitude through surface
EMG?®, Lastly, our results are based on a different number of data sets at each stimulation location,

which limits generalizability of results.

5.3  Trunk Muscle Activation Pathways from Thoracic ESS

In the present work, preferential activation of ipsilateral trunk muscles supports the idea that lateral
ESS off the midline mainly targets dorsal roots as they ascend prior to or at the junction with the
spinal cord. Contralateral responses at higher intensities and longer onset latencies suggest
additional activation of nearby inter-neuronal structures, dorsal columns, or contralateral dorsal
roots due to the spread of the electrical field*'. The present work showed a difference between
ipsilateral and contralateral onset latencies of approximately 1 ms, varying by muscle and
stimulation location. This agrees with previous findings reporting an approximately 2 ms
difference, which could be explained by contralateral activation through crossed reflex pathways

in abdominal muscles in these studies'%16,

Spinal stimulation studies differentiate between ER and MR responses®®!%>. ER and MR responses

have been evoked in lower limb muscles resulting from lumbosacral ESS, with ER responses only
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appearing at higher stimulation intensities?®!’%!7!, ER responses, at higher stimulation intensities

26,170-172

are attributed to direct motor neuron activation , whereas MR responses are believed to

result from activation via transsynaptic pathways’2%!70-173,

These components are often
overlapping and produce a combined waveform®®!”2. In the present work, for stimulation at and
caudal to the T8 vertebra, the ESL3 muscle experienced shorter onset latencies and overlapping
waveforms at higher stimulation amplitudes. This was not seen in the abdominal muscles or EST7
muscle, however, the EST7 response was often occluded by the stimulation artifact preventing
further analysis. Due to the proximity of the ESL3 muscle to the electrode array, one would expect
motor neurons projecting to this muscle to be closer to the electrode array when compared to
abdominal muscles. These findings suggest that thoracic ESS can target both afferent and efferent
reflex pathways projecting to back muscles. However, the presumed activation of efferent

pathways was only seen in two participants (P21 and P22), therefore generalizations about the

response of this muscle at this stimulation location should be viewed with caution.

5.4 Limitations and Future Directions

In addition to the anatomic variability mentioned previously, the present work is limited by the
relatively small sample size. Future efforts require a larger pool of data, especially above the most
rostral (T4 to T5) and most caudal (T9 to T10) vertebral levels. Differences in the size and type of
implanted electrode array also pose limitations; however, the interelectrode distances remained
relatively constant, allowing for inter-participant comparisons. Future work must determine if TSS
produces comparable results in the context of trunk muscle activation. Finally, translation of these
findings to functional outcomes, both with ESS and TSS, is a future direction. Since the presented
results are for individuals with no known neurological deficits, it is unknown if comparable result

patterns will be obtained in individuals with SCI.
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6 Conclusions

In a dynamic world such as ours, trunk stability can be maintained through postural control
mechanisms. Such mechanisms require relaying information between the nervous system and
skeletal muscles to ensure coordinated activation of various trunk muscles. Impaired trunk stability,
e.g., as a consequence of SCI, can significantly impact one’s quality of life; therefore, spinal
stimulation techniques, such as ESS, have shown to be a highly valuable tool for activating trunk
muscles in a systematic and coordinated manner, with the goal of improving trunk control and
stability following SCI. In such applications, stimulation location along the rostrocaudal and
mediolateral axes of the spine plays an important role in facilitating selective muscle activation
due to the relative positioning of ESS delivery to motor pools projecting to specific muscles. Due
to this fact, identifying the location-dependent effect of ESS on selective trunk muscle activation
is a critical next step towards the development of clinical ESS applications for enhancing trunk

stability and control.

In the present work, motor pools within the thoracic spinal cord were modulated through a
systematic rostrocaudal and mediolateral manipulation of ESS, with the goal of selectively
activating trunk muscles. Previous work employing ESS for targeted activation of trunk muscles
has been limited to ESS delivered within the lower thoracic to upper lumbosacral regions. The first
significant contribution of this thesis research stems from the reported quantitative evidence that
ESS delivered within higher thoracic regions, specifically between the T6 and T10 vertebral levels,
can evoke trunk muscle responses, with lower motor thresholds and shorter onset latencies
resulting from stimulation between the T8 and T10 vertebral levels. As the second significant
contribution, this thesis research demonstrates that ipsilateral trunk muscles are preferentially
activated by ESS relative to contralateral trunk muscles. As a consequence of the first two
contributions, this thesis research establishes, for the first time, a spatial map of trunk muscle
activation in response to ESS delivered within the upper to lower thoracic regions. These
contributions expand our knowledge of how manipulation of the location of ESS delivery in the
thoracic region can modulate trunk muscle activation. This knowledge can guide electrode
placement in future therapeutic and rehabilitative ESS applications and can lead the way for further
optimization of ESS stimulation parameters for improving trunk stability and postural control

following SCI. The results may also guide electrode placement for non-invasive stimulation
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techniques such as TSS; however, further work utilizing TSS with a larger sample is required to

confirm transferability of ESS results to TSS approaches.
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Appendices

Appendix A: Muscle and EMG Exclusions

Muscles were excluded from data analysis when the electrode was presumed to have fallen off or
to have captured a movement artifact during the experimental session. An electrode that had fallen
off during data collection was identified by regular oscillations in the EMG data. A motion artifact

174 was detected with

was presumed when a low-frequency response, ranging from 1 to 10 Hz
onset and duration that differed from a typical response. A summary of all muscle exclusions is
included in Table B-1. A comparison of a typical RRA response to (1) when an electrode had fallen
off and (2) a presumed motion artifact was present is shown below in Fig. A-1 and Fig. A-2,

respectively.

Table A-1. Muscle exclusions: RRA = right rectus abdominis; LRA = left rectus abdominis; REO
= right external oblique; RIO = right internal oblique; LEO = left external oblique; EST7 = erector
spinae at T6/T7 vertebra level; and ESL3 = erector spinae at L2/L3 vertebra level.

Participant ID Muscle(s) Justification for Exclusion
P9 RRA Electrode fell off
P10 LRA Electrode fell off
P11 RRA Movement artifact
P13 REO Electrode fell off
P14 RIO Movement artifact
P15 RRA, RIO Movement artifact
P16 LEO Electrode fell off;
EST7, ESL3 noise
P22 LRA, RRA Movement artifact
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Figure A-1. A typical RRA response from P14 (left) compared to the EMG signal when the

electrode fell off during experimental data collection from P9 (right). The removed electrode

exhibits repeated oscillations.
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Figure A-2. A typical RRA response from P14 (left) compared to the EMG signal when a

movement artifact is present in P11 (right). The movement artifact exhibits a lower frequency,

ranging from 1 to 10 Hz, and atypical response amplitude and timing.
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Appendix B: Onset and Duration Analysis

The three steps involved in the custom-made MATLAB algorithm for characterizing the timing of
a muscle response are presented below. Applying these steps allows us to identify the time of onset
and end of the muscle response. The duration of the response is then calculated as the difference
between the end and onset of the response. The algorithm required manual adjustment for 15% of

onset values and 22% of end values, based on visual inspections.
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Figure B-1. Step 1: The raw signal is low-pass filtered using a fourth order, zero-phase
Butterworth filter with a cut-off frequency of 300 Hz. A low-pass filter was selected to attenuate
high frequency noise and obtain the overall profile of the muscle response. The derivative of the
filtered data is calculated. Peaks within the filtered signal greater than the baseline band (baseline
+ three times the standard deviation) are identified (green dots and lines). Baseline was calculated

from the first 70 ms of the trial.
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Figure B-2. Step 2: Peaks that were not part of the main response profile were removed. Beginning
with the first peak, if the response derivative changed signs within the interval between the first
and the second peak, the first peak was removed and the second peak became the first peak. The
sign change occurring between peaks suggested that the signal is more likely random fluctuations,
noise, or residual signal in tissue and therefore not part of the main response. This process was
repeated until the derivative did not change signs in the interval between the first and second peak.
A similar algorithm was used to determine the last peak of the main response. Starting with the
last peak, if the response derivative changed signs within the interval between the last and second
last peak, the last peak was removed and the second last peak became the last peak. This process
was repeated until the derivative did not change signs in the interval between the last and second

last peak.
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Note on Step 2: Step 2 was deemed unsuccessful for trials where the incorrect number of peaks
was removed. In some cases, noise in the data resulted in derivative zero crossings within the main
response. In that case, peaks that were visually part of the main response were removed. In some
cases, the derivative did not cross zero even when the response was no longer part of the main
response. In that case, peaks that were visually not part of the main response were not removed. In

such situations, the results were manually corrected.
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Figure B-3. Step 3: The onset of the response is identified as the last time the unfiltered signal
crosses (leaves) the baseline band (baseline + three times the standard deviation) prior to the first
peak?S. The end of the response was calculated as the first time the unfiltered response crosses
(returns) into the baseline band (baseline + three times the standard deviation) after the last peak.

Response duration is the time difference between the end and onset of the response.
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Note on Step 3: Step 3 was deemed unsuccessful when the incorrect response onset or end was
identified. This would occur when noise allowed the signal to exit or enter the baseline band briefly,

prior to when the main response profile visually exits or enters. In such situations, the results were

manually corrected.
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Figure B-4. Onset latency at maximum stimulation amplitude for each stimulation location along
the rostrocaudal axis of the spine (vertebral levels T6 to T10) and along the mediolateral axis of
the spine (left and right side of the electrode array, represented accordingly as ipsilateral and
contralateral). Onset latency was calculated using a custom-made MATLAB script. Onset latency
values at each stimulation location were averaged across participants (mean + one standard

deviation). Non-responsive muscles were omitted.
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Appendix C: Representative Evoked Potentials
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Figure C-1. Representative evoked responses from one participant (P21) for the left and right
internal oblique (LIO and RIO), with electrode placement above the T8 and T9 vertebrae. The
stimulating cathode is represented in black, and the anode in red. Waveforms, averaged across
three trials, are depicted for increasing stimulation amplitudes (1 to 6 mA in I mA increments,
represented by the red arrow) and when delivering stimulation above: (a) the left T8 vertebra, (b)
the right T8 vertebra, (c) the left T9 vertebra, and (d) the right T9 vertebra. Stimulation occurs at

zero milliseconds, represented by the blue line.
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Figure C-2. Representative evoked responses from one participant (P21) for the left and right
rectus abdominis (LRA and RRA), with electrode placement above the T8 and T9 vertebrae. The
stimulating cathode is represented in black, and the anode in red. Waveforms, averaged across
three trials, are depicted for increasing stimulation amplitudes (1 to 6 mA in 1 mA increments,
represented by the red arrow) and when delivering stimulation above: (a) the left T8 vertebra, (b)
the right T8 vertebra, (c) the left T9 vertebra, and (d) the right T9 vertebra. Stimulation occurs at

zero milliseconds, represented by the blue line.
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Figure C-3. Representative evoked responses from one participant (P21) for the left erector spinae
at the T7 vertebra level (EST7), with electrode placement above the T8 and T9 vertebrae. The
stimulating cathode is represented in black, and the anode in red. Waveforms, averaged across
three trials, are depicted for increasing stimulation amplitudes (1 to 6 mA in 1 mA increments,
represented by the red arrow) and when delivering stimulation above: (a) the left T8 vertebra, (b)
the right T8 vertebra, (c) the left T9 vertebra, and (d) the right T9 vertebra. Stimulation occurs at

zero milliseconds, represented by the blue line.
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Figure C-4. Representative evoked responses from one participant (P21) for the left erector spinae
at the L3 vertebra level (ESL3), with electrode placement above the T8 and T9 vertebrae. The
stimulating cathode is represented in black, and the anode in red. Waveforms, averaged across
three trials, are depicted for increasing stimulation amplitudes (1 to 6 mA in 1 mA increments,
represented by the red arrow) and when delivering stimulation above: (a) the left T8 vertebra, (b)
the right T8 vertebra, (c) the left T9 vertebra, and (d) the right T9 vertebra. Stimulation occurs at

zero milliseconds, represented by the blue line.
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Appendix D: Recruitment Curves
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Figure D-1. Representative recruitment curves of muscle responses during stimulation above the
T6 and T7 (P9 and P26), and T7 and T8 (P11, P13, P15, and P16) vertebrae. Peak-to-peak
amplitudes of the left and right external obliques (LEO and REO), internal obliques (LIO and RIO),
rectus abdominis (LRA and RRA), and erector spinae at the T7 and L3 vertebral levels (EST7 and
ESL3) are shown in dependence of applied charge. Peak-to-peak amplitude values were averaged

across three trials.
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Appendix E: Onset Latency Analysis for P22
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Figure E-1. Onset latency analysis for responses recorded in the ESL3 muscle for P22. Evoked
responses with increasing applied charge are shown from ipsilateral stimulation above: (a) the left
T9 vertebra, and (v) the left T10 vertebra. Onset latency averaged across three trials (mean + one
standard deviation stated on each waveform) decreased at higher applied charge. The start of the
early latency response (ER; vertical solid yellow line) is identified as the onset latency at the
highest applied charge for a given electrode configuration. The start of the medium response (MR;
vertical dashed yellow and grey line) is identified as the onset latency at the lowest applied charge
that evoked a response. The end of MR (vertical solid grey line) is 50 ms. In (¢) and (d), the peak-
to-peak amplitudes of the ER and MR components are compared when increasing applied charge.

All waveforms and outputted metrics were averaged across three trials.
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