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Abstract

Spinal Cord Injury has primary consequences visible immediately upon injury and
secondary consequence which develop some time after injury. One of the primary
consequences of SCI is loss or impairment of sensory and motor functions. Related
secondary consequences of the injury are Central Neuropathic Pain (CNP) and spasticity.
Several studies have found that CNP can affect the cortical activity of the patient and long
term CNP causes anatomical cortical changes. Therefore, early prediction and treatment of
CNP could potentially prevent these changes and hopefully increase responsiveness to the
treatment. Neurofeedback (NF) technique, which is a sub-category of biofeedback that
uses brain waves as physiological parameters to be modulated, can be used to alter this
change in cortical activity and treat CNP. The sensory motor cortex is the area of the brain
responsible for voluntary control of movement and for cortical modulation of reflexes. NF
provided from the sensory-motor area can therefore affect both CNP and voluntary and

reflex movements.

The aim of this PhD project was to explore the influence of neuromodulation strategies
over the central cortex on the H reflex and CNP following SCI. It also aimed to investigate
the causal relationship between the change in EEG activity and the transitional period from

early symptoms of CNP to the chronic phase of CNP following SCI.

The first study of this project was performed on able-bodied volunteers to explore the
effect of the short-term neuromodulation strategies: NF, motor imagery (MI) and mental
math (MM) of the sensory-motor rhythm (SMR) on the soleus H reflex. Results of the
study showed that it is possible to achieve short-term modulation of the H reflex through
short-term modulation of the SMR. Various mental tasks dominantly facilitate the H reflex
irrespective of the direction of SMR modulation. The results of this study can be used to

explain the effect of NF therapy on spasticity in SCI patient, for example.



The second study analysed predictors of CNP in sub-acute SCI patients who have not
yet developed physical symptoms of pain. It compared EEG signal between patients who
did and did not develop pain within the first six months after EEG recording as well as
patients with CNP and able bodied volunteers. This study demonstrated that changes in
spontaneous and induced EEG can be both predictors and consequences of CNP following

SCI.

The third study explores the effectiveness of Neurofeedback (NF) on treatment of CNP
in subacute SCI patients with CNP. The results of this study demonstrate that the NF
treatment has a positive effect on the reduction of pain, at least over the period of the study.
However, numerous factors, and in particular patients’ low prioritization of pain, indicate

that early NF of CNP in SCI patients might not be a practical solution.

The fourth study utilizes advanced methods of source analysis to define dynamic
signatures of long standing CNP by using Measure Projection Analysis (MPA) for
movement related cortical potential (MRCP). To separate the effect of long-term paralysis
from the effect of long-term CNP, brain activity has been compared between three groups:
able bodied volunteers, patients with chronic paraplegia (paralysis of lower limbs) with no
pain and patients with chronic paraplegia and long standing CNP. This study showed that
the movement related potential is dominantly influenced by paralysis while both CNP and
paralysis affect the reafferentation component of the MRCP. Additionally, CNP influences

cognitive processes in a manner that depends on the functional area of the cortex.
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Chapter 1 Background

This chapter provides an overview of the anatomy and physiology of the Central
Nervous System (CNS), Spinal Cord Injury (SCI) and its consequences, such as
Neuropathic Pain (NP) and spasticity. It also includes an introduction to biosignals,
specifically Electroencephalogram (EEG) and Electromyogram (EMG). A Neurofeedback
(NF) technique and its applications are also discussed. Furthermore, signal processing used
to process EEG and EMG signals are described. Therefore, this chapter has been divided
into six sections: anatomy and physiology of CNS, SCI and its consequences, Biosignals,
NF technique and its applications, analysis methods of EEG and EMG signals, and thesis

aims and objectives.

1.1 Anatomy and Physiology of the Central Nerve System

The nervous system is divided into two parts: CNS, consists of the brain and the spinal
cord and the Peripheral Nervous System (PNS)!. The PNS includes somatic (voluntary)
and autonomic (involuntary) nervous systems (ANS). The ANS has two sections:

sympathetic and parasympathetic’.

1.1.1 Brain

The brain is a part of the CNS and is located in the skull which protects it from injury
and gives structure to the head. In addition to the skull, the brain is protected by cranial
meninges and cerebrospinal fluid. It has four main parts: cerebrum, cerebellum, brainstem

and diencephalon®?.

The cerebrum is the main and largest brain structure. It covers the upper part of the
cranial cavity and is divided into two cerebral hemispheres, left and right"2. Although the
left and right hemispheres are almost identical in shape and structure, they have different

functions. The left hemisphere is responsible for controlling the right side movement of the
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body, while the right hemisphere controls the left side movement of the body*. The left
hemisphere is involved in speech, language, mathematical calculation and logical
activities®. The right hemisphere is involved in analyzing emotional context, creativity,

face recognition, understanding three dimensional relationships, and estimation calculation.

Both hemispheres of the cerebellum, which receives sensory information from the
spinal cord and motor information from the cerebral cortex, control the balance of the body.
The brainstem regulates the autonomic functions of the body and it relays information to or

from the spinal cord to the cerebrum and cerebellum?.

The cerebral hemispheres and the brain stem are linked structurally and functionally by
the diencephalon®. The wall of the diencephalon is composed of the thalamus, which acts
as the final relaying point for most of the ascending sensory information and conveys them
to the sensory and motor regions in the brain™®. It is divided into anterior, medial, and
lateral thalamic nuclei groups. These groups can be subdivided into anterior, posterior,

dorsal, and ventral.

The floor of the diencephalon is composed of the hypothalamus®. This structure
contains the control and integrative centers for pain, pleasure, and sexual function as well
as regulation of body temperature, heart rate, and blood pressure. Additionally, it plays a

role in the functions associated with the limbic system.

The cerebrum is covered by a thin layer of gray matter which comprises the cortex
and the deeper cerebrum structure (subcortex). The cerebral cortex and the subcortex were
categorized to 47 patterns according to the cytoarchitecture of the tissue by Korbinian
Brodmann in 1909*. Therefore, each cortex can be represented by Brodmann Areas (BA)

derived from the above mentioned patterns.

Anatomically, the cerebral cortex consists of four lobes: frontal, parietal, occipital and

temporal. Functionally, it includes: motor cortical areas, sensory cortical areas, association
29
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areas, visual cortical areas, auditory cortical areas, and insula cortical area®. Figure 1.1
shows the lobes and cortical areas of the brain. The brain cortical areas which are more

relevant of this PhD will be discussed.

Primary motor cortex ~ Central sulcus —— Primary sensory cortex
Somatic motor association area ‘ ]
(premotor cortex)

—

; /T — PARIETAL LOBE

— > Somatic sensory association area

FRONTAL LOBE
Prefrontal cortex ——

Gustatory —

Insula—
Lateral sulcus

* ————Visual association area

)
" ) OCCIPITAL LOBE

N|

= — Visual cortex
7 — Auditory association
~— Auditory cortex

Olfactory cortex 4 »_,-_\ > TEMPORAL LOBE

Figure 1.1: Lobes and cortical areas of the brain?

The motor cortical area is responsible for planning, controlling and executing the motor
functions™. It is located in frontal lobe and it includes the primary motor cortex (M1),
somatic motor association area (premotor cortex (PMC)) and Supplementary Motor Cortex

(SMC)%

e The M1 is located on the surface of the precentral gyrus of the frontal lobe™? and
is represented by BA 4. 1t controls somatic motor neurons in the brain stem and

spinal cord leading to direct control of voluntary movement™?,

e The PMC is located in front of the M1. It is responsible for the preparation and
coordination of learned movement. The PMC relays the instructions to M1 when

performing a voluntary movement. It can be represented by BA 6.
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e The SMC is represented by BA 8* and is involved in coordinating movements of

both sides of the body™?.

The sensory cortical area receives and controls the somatic sensory information such as
pressure, temperature, pain, touch, and taste?. It is located in parietal lobe and it includes
primary somatosensory cortex (S1) and somatic sensory association area (secondary

sensory cortex (S2)).

e Sl is located on the surface of the postcentral gyrus of the parietal lobe, and is
represented by BA 1, 2, and 3% It receives the somatic sensory information

relayed by the thalamus™?.

e S2is located laterally to S1, in the parietal lobe. It is responsible for monitoring

activities in S1 and can be presented by BA 40 and 43*.

The location on the body of somatosensory input to S1 and the motor control output
from M1 of each part of the body can be topically represented by the homunculus (Figure

1.2)%

The visual cortical area is located in the occipital lobe®?. It includes the visual cortex
(BA 17 and 18%) and visual association area (BA 19). It is responsible for receiving visual
information. The insula cortical area is a deep brain structure involved in consciousness,
perception, cognitive function, motor control, and regulating body homeostatic. It can be

represented by BA 13, 14 and 16°.
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Figure 1.2: Somatotopic cortical representation of primary sensory and motor cortices®
1.1.2 Spinal Cord

The spinal cord is a bundle of nerves that conveys sensory information to the brain and
motor information from the brain to the other parts of the body?. It also contains motor
neurons which are responsible for reflex responses. Figure 1.3 shows the gross anatomy

and the cross sectional structures of the spinal cord®.

Spinal cord is divided into 31 segments which are named according to vertebral
segments of the spine. They are: the cervical (C1-C8), thoracic (T1-T12), lumbar (L1-L5),
sacral (S1-S5) and one coccygeal, as seen in Figure 1.3a. Each spinal segment contains a
pair of dorsal root ganglia which contain cell bodies of sensory neurons, shown in Figure
1.3b. The dorsal roots contain the axons of the sensory neurons which carry sensory
information into the spinal cord. The spinal cord sends motor information through the
axons of the motor neurons which are located in the ventral root. The spinal nerves, which
are a type of mixed nerves, contain both sensory (afferent) and motor (efferent) fibers.
Each group of the spinal nerves is responsible for conveying the sensory and motor

information from/to spinal cord to/from different parts of the body (Figure 1.4)2 It also
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contains the interneurons which are responsible for relaying information between sensory

and motor neurons.

Dorsad ront

Ooraal rpot oo

3

SPOPP 000 0 14

B

%

(b)

Figure 1.3: The gross anatomy and the cross sectional structures of the spinal cord, a: the gross
anatomy structure of the adult spinal cord, b: the cross section structure of the spinal cord for 4

different segments’.
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ANTERIOR POSTERIOR

Figure 1.4: The anterior and posterior dermatomes. The NV means fifth cranial nerve®.

1.1.2.1 White matter of spinal cord

The outer layer of the spinal cord is called white matter. The white matter is made of
spinal tracts (bundles of neuron axons) which share specific functional and structural
properties?. There are two types of spinal tracts: ascending (sensory) tracts and descending

(motor) tracts’ >,

The ascending tracts include: posterior (dorsal) column, spinothalamic tract (STT) and
spinocerebellar tracts® (Figure 1.5). The posterior column carries the sensation of touch,
vibration, and proprioception. The sensory information from the first order neurons ascend

in the ipsilateral posterior column and synapse with second order neurons; then second
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order neurons ascend through the contralateral region of the brain stem to synapse with
third order neurons in the ventral posterior lateral nucleus of the thalamus. The neurons

that arise in the thalamus ascend to the related areas in S1 and S2.

STT carries the sensation of pain, temperature and itching>. Sensory information first
ascends in the contralateral spinothalamic tract, then in the lateral region of the spinal cord
and brain stem to synapse in the ventral posterior lateral nucleus of the thalamus. Finally

the neurons that arise in the thalamus ascend to the related areas in S1 and S2.

The spinocerebellar tract sends proprioceptive information directly to the cerebellum®®.
All ascending tracts carry sensory information from different parts of the body towards the

brain.

The descending or motor tracts of the spinal cord convey motor commands from M1
cortical area to other parts of the body?3®. The most important descending tract in the
spinal cord is the corticospinal tract. The neurons (upper motor neurons) in the M1 carry
motor information through the pons in the brain stem down to the contralateral
corticospinal tract of the spinal cord. The lateral corticospinal tract of the spinal cord
synapses with motor neurons in the spinal cord. The lower motor neurons in the spinal cord
exit through the ventral roots to peripheral nerves and neuro-motor junctions of the skeletal

muscles associated with the spinal nerve.
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Figure 1.5: Ascending tracts of spinal cord®.

1.1.2.2 Grey matter of spinal cord

The inner layer of the spinal cord is called gray matter’. The gray matter of the spinal

cord contains the cell bodies of neurons organized in groups according to their functions.

These functional groups, called nuclei, exist in two types: sensory nuclei, which are

responsible for receiving and relying sensory information from the periphery, and motor

nuclei, which are responsible for sending motor commands to the periphery.

The grey matter is divided into dorsal (posterior) and ventral (anterior) horns®?. The

dorsal horns contain sensory nuclei, while the ventral horns contain motor nuclei. The
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visceral motor nuclei are located in lateral horns which can only be found in the thoracic

(T1-T12) and lumbar (L1-L5) segments of the spinal cord.

1.2 Pain

According to the International Association for the Study of Pain (IASP), “pain is an
unpleasant sensory and emotional experience associated with actual or potential tissue

" This definition shows that pain includes

damage, or described in terms of such damage
both pain perception and nociception®. Perception relates to subjective experience of pain,

while nociception relates to neural mechanism of pain.

Pain has been classified as nociceptive or neuropathic. Nociceptive pain can be defined
as pain arising from actual damage to the tissue®°. Neuropathic pain (NP) has been
defined by IASP as a pain that is caused by injuries or diseases to the somatosensory
system®’. Both types of pain can either be acute, that is lasting less than 6 moths, or chronic,

lasting more than 6 months®*2.

1.2.1 Pain Pathway

Peripheral sensory fibers, such as myelinated A-delta (Ad) and non-myelinated C fibers,
carry the nociceptive information of pain from the periphery to the lateral division of the
dorsal horn of the spinal cord®'®. A$ fibers carry the information of rapid (sharp) pain,

while the C fibers carry the slow (dull) pain.

The STT ascends the nociceptive information to the ventral posterior lateral nucleus of
the thalamus, where it synapses with third order neurons™. Then the third order neurons
terminate in specific areas of S1 and S2. S1 and S2 are important for localization, intensity,
and quality of pain. The spinoreticular tact ascends the nociceptive information to the

brainstem reticular formation, and then the reticular formation sends impulses to the
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thalamus, hypothalamus, and limbic system. The hypothalamus and limbic system have an

important role in reflex and emotional components of pain®.

Several imaging studies have demonstrated that the perception of pain is not only
processed at level of S1 and S2 cortices but also in other regions of the brain'**®. These
regions are anterior cingulate cortex, anterior insular cortex, frontal cortex, supplementary
motor area, and motor cortex. Anterior cingulate cortex and anterior insular cortex are
connected to the limbic system which is involved in emotional components of pain. These

cortices are called the ‘pain matrix’.

1.3 Spinal Cord Injury (SCI)

Spinal cord injury is caused by a lesion on the spinal cord, which can be a result of an

accident, called traumatic SCI, or by a disease, called non-traumatic SCI*

. The patient
with SCI may suffer various impairments to the physiological and neurological system.
The type and degree of these impairments depend on several factors, such as the level of

lesion and severity of the injury.

1.3.1 Level of SCI

According to the International Standard for Neurological Classification of SCI, the
neurological level of SCI is defined as “the most caudal segment of the spinal cord with

normal sensory and antigravity motor function on both sides of the body™%.

SCI can be divided into two types according to the level of injury. (i) Injury that occurs
within the cervical segments may lead to Tetraplegia, an impairment of both upper and
lower limbs functions®®. (ii) Injury to the thoracic, lumbar, or sacral segments may result
in paralysis of lower limbs, called Paraplegia. The injury within thoracic segments also

affects different groups of abdominal muscles (Figure 1.4).
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1.3.2 Completeness of SCI

According to American Spinal Cord Injury Association (ASIA), SCI can be classified
into five groups based on the degree of retained sensory and motor function®®. If there is no
sensory or motor function preserved in the lowest sacral segment (S4-S5), the SCI will be
classed as ASIA A (complete SCI). If there is partial sensation and/or motor function

below the level of an injury, the SCI will be defined as an incomplete SCI.

There are several ASIA subdivisions for incomplete SCI. Class ASIA B refers to the
complete loss of motor function and partially preserved sensory information below the
level of injury. Class ASIA C refers to the incomplete preservation of sensory and motor
function below the level of injury, with more than half of the key muscles below the level
of injury having muscle function grade < 3 (Table 1.1). Class ASIA D means that motor
function is preserved below the level of injury with at least half of the key muscles below
the level of injury having muscle function grade > 3. Class ASIA E is used when sensory

and motor functions are normal.

To determine the level of sensation, the sensitivity to pin prick and to light touch is
tested in all dermatomes. The light touch test is used to evaluate the integrity of the dorsal

column pathway™*?®

and the pin prick test is used to evaluate the integrity of STT
pathway?!. Three point scale (0 to 2) is used to describe the sensation (0 for absent, 1 for

impaired and 2 for normal)®.
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Table 1.1 : Muscle function grading®
Grades | Description

0 Total paralysis

1 Visible contraction

2 Active movement with gravity eliminated

3 Active movement against gravity

4 Active movement against gravity and moderate resistance in a muscle specific
position

5 Normal movement

NT Not testable patient (immobilization, severe pain)

1.3.3 Consequences of SCI

The consequences of the SCI can be divided into primary and secondary consequences.
Primary consequences are presented immediately after injury while secondary
consequences are not caused directly to the injury but are related consequences of SCI.
This PhD is focused in two secondary consequences: neuropathic pain and spasticity days

or even years after the injury.

1.3.3.1 Neuropathic Pain (NP)

NP occurs as the result of damage to the nerve pathways at any point between the
nociceptor (peripheral) and the brain (cortical)®’. NP could be central (CNP), peripheral

(PNP) or mixed®.

PNP is a consequence of a lesion to or damage to the peripheral nerve, plexus, dorsal
root ganglion, or root??. There are several conditions that can cause PNP, such as diabetic
neuropathy, post-herpetic neuralgia, and post-surgical NP. CNP can arise from a lesion or
dysfunction affecting the CNS, which is the brain or the spinal cord. The conditions that
can cause CNP are: multiple sclerosis, stroke, limb amputation, or SCI**. In SCI patients,

the CNP can be at or below the level of SCI*'.
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“At level NP” can be due to damage of nerve roots or spinal cord which is located
within the 3 dermatomes below the SCI, one dermatome above the SCI, or both®. It,
therefore, can be mixed between PNP and CNP. “Below level NP (bNP) is perceived in
three or more dermatomes below SCI and it is caused by damage to the spinal cord. It is
believed that the below level NP has a central origin, and it is therefore also referred as
CNP. Approximately 41% of SCI patients experience bNP within the first six months

following SCI%.

1.3.3.1.1 Mechanism of NP following SCI

The NP associated with SCI is one of the most complex pain syndromes™*"#". It can
be developed by multiple mechanisms due to structural and biochemical changes caused by
SCI?. The mechanisms supposed to contribute to development of NP after SCI include

central sensitization, central disinhibition, and central imbalance®’.

Central sensitization is caused by a decrease of the activation threshold of
spinothalamic neurons due to excessive glutamate release following SCI%%. It can also
result in the hyperexcitability to mechanical, thermal, and nociceptive stimuli***"*. The
hyperexcitability can be also caused by a reduction in gamma-aminobutyric acid, increase
in  N-methyl-D-aspartate receptors, and change in sodium and calcium channel

expression®*®!. The hyperexcitability can also be induced by reduced central inhibition.

The central disinhibition is caused by a decrease in the interneuron inhibitory function
of the spinal cord"’. The change in thalamic integrative circuitry can generate and amplify
aberrant nociceptive impulses, which cause an inappropriate interpretation by the brain and

hence the development of NP3,

The central imbalance occurs when some of the spinal tracts pathways are more

damaged than the others, which leads to an imbalanced the integration between the
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spinothalamic tracts and the dorsal column tract activities. This imbalance may amplify the

nociceptive activity and cause the development of NP*"?°,

1.3.3.1.2 Assessment of NP

There are several assessment methods for NP, which can be divided into:
questionnaires and clinical examination?. Questionnaires are a verbal report of various
items, such as symptoms and signs of the pain, and related symptoms, such as mood, sleep
and activity of daily life. These questionnaires include Neuropathic Pain Symptom
Inventory (NPSI)*?,  Brief Pain Inventory®®, the Leeds Assessment of Neuropathic
Symptoms and Signs (LANSS)*, the Neuropathic Pain Questionnaire (NPQ)*, and
McGill Pain Questionnaire®. Visual Analogy Scales (VAS) or Numeric Rating Scale

(NRS) can also be used to subjectively measure the intensity of pain®*%.

Clinical examination is used to test the sensory response. According to 1ASP, there
are several clinical examinations tools?, such as a piece of cotton wool or a soft brush for
touch sensation, tuning fork (64 or 128 Hz) for vibration, wooden cocktail sticks for
pinprick and sharp pain, cold object (20°C) for cold sensation, and warm object (40°C) for
warmth sensation. Allodynia (painful sensation to a normally non-painful stimulus) and
hyperalgesia (increased sensitivity to pain) are also evaluated by testing the perceptual
threshold using monofilaments®®. Perceptual threshold can be defined as the lowest

stimulus intensity to which an individual reports pain®’.

1.3.3.1.3Management of NP

The management of the NP can be divided into pharmacological and non-
pharmacological treatments. The pharmacological treatments include several types of
medications, such as tricyclic antidepressants, anticonvulsants, analgesics, and opioids®®.

However, these treatments of NP can have side-effects, such as dizziness, sedation,
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drowsiness, and constipation®. Additionally, only 40-60 % of the patients with NP report a

relief from pain with the aid of such pharmacological treatments®.

Non-pharmacological treatments of NP include transcranial direct current stimulation®’,
repetitive transcranial magnetic stimulation*, invasive motor cortex stimulation®, deep
brain stimulation, and Neurofeedback (NF)*. All these techniques are used to directly alter
activity of the pain related areas of the brain. There are also treatments which change

person’s attitude toward pain, such as hypnosis, mindfulness®.

1.3.3.2 Spasticity

Patients with spinal cord injury may suffer from spasticity and spasms after a period of
spinal shock which is also related to the altered activity of STT*. At the first year
following SCI, about 60% to 80% of SCI patients report symptoms of spasticity’’.
Spasticity after SCI is the exaggerated reflex below the level of injury. It occurs as a
consequence of the disrupted nerve pathways between the brain and spinal cord*’. Central
control of spinal reflexes can be lost as a consequence of the damage which occurs to the
upper motor neurons or their descending pathways'’. Figure 1.6 shows that spinal reflexes
are affected by descending inputs from the brain to the la synapse and the motoneuron®.
Therefore, the brain can adjust these reflexes by modifying the control signals to la

synapse and the motoneurons to adapt different actions.
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Figure 1.6: The main pathway of the H reflex and spinal stretch reflex*

The absence of this modulation signal results in the spinal reflex being more responsive
to the sensory signal- this causes muscle spasms*’. In able-bodied people, the brain
modifies the reflex of the affected muscle by sending an inhibitory signal to the spinal cord
to control the intensity of the reflex response’’. The damage may occur at several
descending spinal tracts pathways, and it may differ between pathways leading to altered
type and strength of the input signal to the spinal cord®’. This may cause a decrease in the
discharge rate of the motoneuron, leading to a decrease of the voluntary drive (inhibition),
or to an increase in the discharge rate of motoneuron (exaggerated reflex). Patients with
SCI have a disrupted connection between the brain and the spinal cord due to injury.
Therefore, the brain is unable to regulate a muscle reflex; a relatively small sensory

stimulus causes a large reflex response resulting in spasticity.

A spinal reflex is also altered due to the change of the input signal to the interneurons,
which regulate the activity of the motoneuron®’. All these changes affect the excitability of
the spinal reflex and the transmission of the spinal pathways. The Hoffmann reflex (H
reflex), which is the electrical equivalent of the stretch (mechanical) reflex, has been used

to measure the change in la afferent fiber transmission to the motoneuron*’. Percutaneous
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electrical stimulation activates a group of la afferent fibers. The sensory volley at that point
proceeds to the spinal cord prompting a monosynaptic excitation of the objective

motoneurons and leading to activate the muscle fibers*.

1.3.3.2.1 Assessments of Spasticity

The assessment methods of spasticity can be divided into: clinical examination, rating
scales, biomechanical examination, and electrophysiological tests. Clinical examination
uses a tapping technique to examine the strength and the reflex of the muscles®. Rating
scale, such as the Ashworth Scale, can also be used to assess the spasticity and to
determine the response to treatment>’. Similarly, biomechanical examination, for example
the pendulum test, can be used as an assessment method of spasticity®. In terms of the
electrophysiological test, H reflex can be used as an indirect measure of spasticity by

testing the integrity of spinal pathways*®>*.

1.3.3.2.2Management of Spasticity

There are several treatment methods that have been used to manage spasticity including
physical rehabilitation, pharmacologic interventions, and surgery*®. Physical rehabilitation
uses several physical procedures in order to improve voluntary movements®’.
Pharmacological interventions include antispastic drugs, such as, Baclofen, Diazepam,
Dantrolene and Tizanidine. Finally, intrathecal baclofen can be used to manage the

spasticity particularly in patients with SCI*.

1.4 Biosignals

Biosignals can be defined as signals extracted from a biological system, including the
human body. Bio-electrical signals are generated as the result of the electrical potentials of
nerve or motor cells®®. There are several types of bio-electrical signals which arise from
different tissues. For example, electrocardiogram (ECG) represents the electrical activity of
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the heart muscles, electromyogram (EMG) represents the electrical activity of a muscles,
and electroencephalogram (EEG) is a measure of brain related electrical potential. This

PhD focuses on EMG and EEG.

1.5 Neurofeedback

Biofeedback is a method in which individuals train to voluntarily modulate their body
functions, such as heart rate and breathing®. Neurofeedback (NF) is a as a sub-category of
biofeedback that uses brain activity as a physiological parameter to be modulated at will*®.
By implementing NF technique, individuals can learn to voluntarily control or modify their
brain activity®®>’. The principal purpose of EEG based NF training is to provide subjects

with feedback information regarding their instantaneous brain activity>"®.

Similar to most training and learning modalities, NF requires training two to three
times a week and for several weeks in order to learn the NF strategy®’. The number of NF
sessions may vary from 15 to 60 sessions depending on its application, type of NF, and the

individual’s learning ability”’.

1.5.1 Types and History of NF

There are several types of NF: Hemoencephalography (HEG), functional Magnetic
Resonance Image (fMRI), Low Resolution Brain Electromagnetic Tomography

(LORETA), Magnetoencephalography (MEG) and EEG NF-.

In HEG based NF, subjects train to voluntarily control their cerebral blood flow and
the oxygenation density at a selected scalp site®’. There are two types of HEG based NF
near and passive infrared HEG®. It uses red and infrared light to detect and control
cerebral blood flow and oxygen levels at small frontal regions of the brain (orbital gyrus,

ventral medial cortex, or ventral lateral prefrontal lobes (Fpl, Fp2, Fpz, F7 or F8))>".

46



Chapter 1

The passive infrared HEG (pirHEG) uses non-contact infrared detector to detect
changes in a brain thermal activity as the result of changes in a cerebral blood flow in large
skull areas®. Although both nirHEG and pirHEG NF training may require less learning
and shorter training session, have more immediate effect, and are less affected by artifacts
than EEG NF, they are not suitable for all scalp locations due to interference from hair, and

have lower temporal resolution than EEG NF°'.

Real time fMRI is based on blood oxygen level-dependent (BOLD) response in the
brain®. In fMRI based NF, subjects train to voluntarily regulate their BOLD response by

using real time fMRI®

. This BOLD response is related to the neuronal activity of the brain.
fMRI has a high spatial resolution, therefore, it allows subjects to voluntarily regulate their
brain activity within deep cortical structures. However, real time fMRI has a low temporal
resolution due to a physiological time delay of BOLD in response to neural activity as well
as due to the time delay associated with data recording and analysis®*®. The combined

time delay of these two factors is approximately 6s to 8542,

MEG was first measured by David Cohen in 1986%. Itis a non-invasive
recording technique that is used to record magnetic fields created by the brain by using
very sensitive magnetometers®®. This magnetic field is used for mapping brain activity. In
MEG NF subjects train to voluntarily regulate their neuro-magnetic fields. Although, MEG
NF provides a high spatial resolution and millisecond-scale temporal resolution, it is

expensive and non-portable®®.

In EEG based NF subjects train to voluntarily regulate the electrical brain activity
based on visual or auditory real time feedback of specific EEG features®®. It was first used
by Joseph Kamiya in 1963°, who trained subjects to voluntarily regulate their alpha band
(8-12 Hz). Then, in 1968 Barry Sterman used EEG NF to train cats to increase their SMR

(which unlike human is 12-15 Hz); regularly in NF terminology 12-15 Hz is called SMR
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instead of BCI terminology when SMR refers to 8-12 Hz. Training using EEG based NF is

often designed to modulate the activity of a chosen EEG frequency band®’.

NF training protocol includes the choice of NF parameters, such as EEG recording
montages, EEG electrode locations, EEG frequency bands, methods of providing the
feedback (visual or audio feedback), and the type of NF modulation (reinforced or
suppressed)®’. NF parameters, which are the EEG features to be used as feedback, include
the absolute or relative power of specific EEG frequency bands, power ratio of two
different EEG frequency bands, coherence between two EEG electrodes or power ratio and
Z score- derived measure based on many electrodes. The trainee may be asked to increase
(reinforced) or decrease (suppressed) the activity of a frequency band depending on the NF
application. One can also learn to modulate a ratio of two frequencies (alpha/theta)®’ or

ratio between power in two electrode locations, typically located over two hemispheres.

LORETA based NF is one of the modality of EEG NF in which subjects train to
voluntarily regulate their intracranial current density at the brain region of interest®. It is
based on the LORETA algorithm®® and it requires a minimum of 19 EEG electrodes placed
according to the 10-20 system®. It utilizes LORETA source localization which is widely

used for off-line EEG analysis.

The reward threshold value of the NF training electrode can be set either by 10-20%
above or under the mean absolute/relative power value or root mean square (RMS) value
of the EEG calculated from pre-baseline spontaneous EEG (eyes opened or eyes closed
state)’®, or the NF training parameter exceeds the threshold about 50-80% of time’".
Threshold can also be set so that the amplitude is larger/smaller than threshold for 70% of

time. This 70% baseline corresponds to RMS EEG. The time of updating the NF training

parameter should be less than 0.5s™.
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1.5.2 EEG based NF Application

Various NF protocols have been designed to treat different types of disorders or to
enhance the performance of healthy individuals. For example, the NF protocol for the
reinforced SMR (12-15 Hz) and suppressed theta and beta band power over frontal, central,
and parietal regions, with visual or audio feedback has been used for potential treatment of

attention deficit hyperactivity disorder (ADHD)>"">"4",

A NF protocol that reinforces
(12-15 Hz) over the sensory-motor cortex has also been used for treatment of sleep
disorders’®’’. Additionally, (12-15 Hz) reinforced over the central and frontal cortex has

been used for treatment of epilepsy in humans’® .

The alpha band asymmetry NF protocol over the frontal cortex has been used for the
treatment of depression and anxiety®®. The alpha-theta NF protocol over the occipital
cortex has been used for treatment of post-traumatic stress disorder®®. Connectivity based
NF protocol has been used for the treatment of autism spectrum disorder®. The reinforced
alpha band over the occipital cortex during eyes closed state has been used to increase the
pain threshold and to reduce headaches after a head injury®™. The reinforced SMR and
suppressed theta and high beta bands have been used to reduce pain in patients with
fibromyalgia syndrome®®’. The reinforced alpha combined with suppressed theta and high
beta bands protocol has been used for the treatment of chronic pain in patients with

SCI*88,

1.6 Biomedical Signals Processing

Biomedical signal processing can be used to extract and classify features from
biomedical signals to be used for diagnosis and treatment of a medical condition. In this
section, the methods of pre-processing and analysis of EEG and EMG used in this thesis

will be discussed.
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1.6.1 Event Related Potential (ERP)

An event related potential (ERP) can be defined as a change in the electrical activity of
the brain generated in time domain by specific event or stimuli®®®. It is usually recorded
by EEG. ERP can be generated as a response to an external event stimulus or
psychological influence of an induced activity®. It can be used to assess the brain activity
as a response to a particular external or internal stimulus. ERP analysis is problematic
because of the low signal to noise ratio of the EEG™®, however, this can be solved by

averaging in time the ERP activities for the multiple repetitive trails of the same task.

ERP includes various stimulus dependent waveform components (peaks)® which can
be described by their polarity and latencies. For instance, N200 is a negative peak that
occurs at 200ms, and P300 represents a positive peak that occurs at 300ms following an
external stimulus. ERP components can be divided into sensory (exogenous) and cognitive
(endogenous) components. The exogenous components occur early- that is within the 100-
200ms window after a stimulus, as response to the physical characteristic of the stimulus.
The endogenous components occur late - as a response to psychological influence of the

89,91

stimulus™~". Exogenous ERP are classified as visual, auditory, somatosensory and

pain/thermal.

Movement related cortical potential (MRCP) is a type of ERP. It represents the change
in the electrical activity of the brain generated during execution of overt or covert
movement®**. MRCP comprises of several components: readiness potential®, premotor
positivity®, motor potential®” and reafferent potential®®. Readiness potential appears during
the preparation of movement (before movement execution), while premotor positivity,
motor potential, and reafferent potential appear after movement execution. The impairment
of the sensory motor system can affect these MRCP components. Different experimental

paradigms (cue based, self-paced, and multiple choice cue based) affect the morphology of
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MRCP®2. Studies show that patients with spinal cord injury have abnormal pattern of

MRCP compared to able-bodied individuals® .

1.6.2 Event Related Spectral Perturbation (ERSP)

An event related spectral perturbation (ERSP) is an example of time-frequency analysis
of event related phenomenon. ERSP can be estimated by using wavelet analysis or short
time Fourier transform (STFT) Equation 1.2%. It is one of the approaches to describe the
change of the EEG spectral power evoked by stimulus in both time and frequency

100

domain™". A negative value of ERSP is known as an event related de-synchronization

(ERD) and a positive value of ERSP is known as event related synchronization (ERS)'%.
The ERD/ERS represents decreased/increased power in a chosen frequency band during
task related state compared to the baseline (resting) state. A strong activation in the brain is
represented by large ERD. The reason for the apparent reduction of the amplitude is
desynchronized firing of neurons which when summed up because they do not fire at same
time create smaller average amplitude. In the resting state, neurons fire simultaneously

(synchronized) therefore the resulted amplitude looks higher. ERS/ERD can be calculated

by Equation 1.1.

ERS/ERD — Powertask - Powerbaseline

Powerbaseline

11

1 n
ERSP(f,t) = ;ZIF_k . D
k=1 1.2

Where
n = the number of trials.
Fk(f,t) = the spectral estimation of trial k at frequency f and time t.

ERSP represents the average dynamic changes of the signal in both time and frequency

domain®. It is more suitable to provide comprehensive descriptions of non-stationary
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signals such as EEG, in which it is possible to simultaneously have ERD on one frequency

and ERS on the other.

STFT can be computed by applying Discrete Fourier Transform (DFT) to a subset of
the data. The number of the data points in the subset (M) can be equal or less than the total
number of data points in the whole data (N). When the M = N, the STFT is same as DTF.

The STFT is given by Equation 1.3.

N—-1
1 .
- —Jwkn — —
X(k) o NZ)x(n)W(n)e k=0,1,2,..,N—1 s
n= .

Where:

x(n) =adiscrete time signal n=1,2,3....N

X(K) = a frequency representation of x(n)

w(n) = a windows function to select a subset of x(n) signal
N = the length of the x(n) signal

Fs = sampling frequency

In terms of wavelet analysis, a non-stationary signal, such as EEG, is decomposed into
wavelets rather than trigonometric functions which are used in STFT'®, The wavelet
function ¢(t), which is given by Equation 1.4'%, can be shifted by a and rescaled by & in

order to match the original signal to be analyzed; where a and b are real numbers.

t—b
Pap() =a 0 x <p( )
a 1.4

The advantage of the wavelet analysis over the STFT is that the STFT uses the same
window length in time domain for all frequencies in the signal, while wavelet uses larger
window length for lower frequency and smaller window for higher frequencies. These
properties of the wavelet analysis can provide smaller time resolution for higher
frequencies and larger time resolution for lower frequencies. It is particular suited for EEG
(higher frequencies have smaller energy). In ERD analysis, for example, it is more suitable

to use larger frequency band on higher frequencies than lower frequencies. Additionally,
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transient phenomenon can be better noticed with shorter time windows. There are several

194 “meyer’® and daubechies. The morlet wavelet is one

wavelets families, such as morlet
of the common biologically inspired wavelet'®*®. It has been used to model biological
signals such as EEG. Morlet wavelet comprises of several sinusoidal wave cycles
windowed by Gaussian function (envelope function). The morlet wavelet, which is

implemented in EEGLAB software (http://sccn.ucsd.edu/ eeglab/), has been used in this

PhD thesis.

1.6.3 Frequency Domain Analysis

The raw EEG and EMG signals are the function of time (time domain). The signal in
frequency domain contains information about the distribution of the amplitude and
phase'®” In order to transfer these signals to the frequency domain, spectral estimation
techniques are required. There are several types of spectral estimation techniques, for
instance the continuous or discrete Fourier transform. These techniques can be used to
convert the time domain signal to its representation in the frequency domain. Equation 1.5
represents the continuous Fourier transform, where x(t) is a continuous time signal, X(f) is

a frequency representation of x(t), and ® is 2axf.

X(f) = joox(t)e‘j“’t dt

15

Equation 1.6 represents the discrete Fourier transform (DFT), where x(n) is a discrete
time signal, X(k) is a frequency representation of x(n), and o is 2zk/N where N is the total
number of samples'®.

N-1

X(k) = Z x(n)ejwin =0,1,2 o N -1
= 16
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1.6.4 Power Spectral Analysis

The power spectrum represents the power distribution of the signal in frequency
domain of a signal of a finite duration*®"'%. It can be estimated by squaring the amplitude
of signal in frequency domain as shown in Equation 1.7, where P(f) is the power spectral
and F(f) is a signal in frequency domain'®. The power spectral for a finite frequency
interval between f; and f, can be calculated by Equation 1.8. The power of the signal can
be absolute as calculated by Equations 1.7 and 1.8 or relative Preative(F) at specific

frequency (F) which can be calculated by Equation 1.9.

P(f) = IF(H)I? 17
f2
Pfinte intervar(f) = z P(f) 1.8
f=hf
PR
Fretative(F) = Pfinte interval(f) 19

1.6.5 Independent Component Analysis (ICA)

Independent Component Analysis (ICA) is a linear decomposition method that can be
applied to a multivariate signal such as EEG. In order to decompose it into maximally
temporal independent components a spatial filter is created with relative fixed projections
to the recording electrodes and maximally independent time courses of the data'®**2. ICA
Is @ method used to determine a linear representation of non-Gaussian signal in which the
components are statistically independent'*. It can be described by Equation1.10 *. Three
assumptions have been made in order to estimate the unknown mixing matrix ajn: (i) the
components s, are statistically independent, (ii) s, have non-Gaussian distribution and (iii)

aj, matrix is square™,
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Xj = Aj1S1 T AjpSy + -+ AjpSy for all j
1.10

Where:

X; - a random variable measured at j" site

s, - n"™ independent component (IC) which is also random variable
aj, - weighted sum of n™ IC activity measured at j" site

EEG is a type of multivariate signal recoded over the scalp; hence it is composed of
signals generated from different dipole sources located at different cortical or sub-cortical
regions of the brain. It is also affected by several types of artifacts, such as eye movements,

eye blinks, muscle activity, and line noise''®'**

. Equation1.10 can be rewritten as
equationl.11 to represent EEG signal, where EEG is the EEG channel matrix (scalp
channels (n) by time points (m)), S is the source matrix (no. of sources (n) by time points
(m)) generated by artifacts, deep cortical and/or sub cortical activities, and A is the mixing
square matrix (scalp channels (n) by no. of sources (n)). ICs can be obtained by
multiplying the inverse of A matrix (W=A") with EEG, as shown in Equation1.12. The

back projection of the ICs to the EEG data after removing artifacts and noisy ICs can be

obtained by Equation 1.13.

EEGu, = Ann-Smn

1.11
Smn = Wyn EEGy

1.12
EEGp, =W 1. Smn

1.13

1.7 Aim and Objectives

This thesis aims, firstly, to investigate the effectiveness of neuromodulation of alpha
(8-12 Hz) EEG band on excitability of corticospinal tract, as measured by the H reflex.
Secondly, to understand the causal relation between the brain activity measured by EEG
and CNP early after SCI. Thirdly, to test the effectiveness of NF treatment on CNP early
after SCI. Finally, to explore differences in MCRP activity between able bodied volunteers
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and SCI patients with and without CNP, within functionally connected areas in the brain

including deeper cortical structures which cannot be directly assayed by EEG.

The primary objectives are:

e To explore the possibility of short-term modulation of the soleus H reflex during
different neuromodulation strategies (NF, motor imagery, and mental math) of
the EEG alpha band (8-12 Hz) in abled bodied volunteers. (Chapter 3)

e To define causal relation between EEG and first symptoms of CNP by
comparing both spontaneous and induced EEG activity of three sub-acute SCI
patients groups: a group of patients with pain, a group of patients with no pain,
and a group of patients who developed pain within six months after EEG
recording, as well as a control group of able bodied volunteers. (Chapter 4)

e To test the efficiency of NF for treatment of CNP by comparing two groups: a
group with CNP receiving NF treatment (Treatment group), and a group with
CNP not receiving NF treatment (monitoring group). (Chapter 5)

e To define how the presence of long standing CNP affects two main EEG
phenomena which characterize a motor action, ERS/ERD and MPCP, in order to
find the relation between the activation of the motor cortex and the CNP. This is
achieved by comparing EEG during imagined movement task between three
groups of participants (a group of chronic SCI patients with CNP, a group of
chronic SCI patients with no pain, and a control group of able bodied

volunteers) using measure projection analysis (MPA) method. (Chapter 6)

The secondary objective is:
e To investigate long term changes in the brain activity as a result of NF training,

used for treatment of CNP.
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Chapter 2 Literature Review

This chapter presents an overview of the current state of the art in the area of neural
plasticity following SCI and its influences on SCI patients. Studies which have been
conducted to investigate brain plasticity following SCI and following CNP will be
reviewed. Furthermore, studies which have explored spinal cord plasticity following SCI
will be discussed. A number of possible non-pharmacological therapies of CNP and
spasticity following SCI will also be described. Moreover, several prediction studies for

CNP following SCI will be explored.

2.1 Neural Plasticity following SCI

Neural plasticity is the reorganization of activation patterns at various levels of the
CNS in response to acquiring new skills, development and neuro-rehabilitation following
injury to the CNS™. It can be functional and/or structural plasticity. Functional plasticity
occurs due to modification of the strength of existing neural connections, while structural
plasticity occurs due to development of new neural networks. There is considerable
evidence that neural plasticity occurs after SCI as a consequence of disruption of afferent
and/or efferent pathways between the brain and the spinal cord™*®™°. Neural plasticity

116,119

after SCI may occur in cortical structures , such as the somatosensory area, and in

119,120 d121,122

subcortical structures such as the thalamus and spinal cor

2.1.1 Brain Plasticity following SCI

Brain plasticity is the ability of the brain to adjust its functions and structure in
response to changes in the body or its environment. Brain imaging studies, such as fMRI,
positron emission topography (PET) and EEG, revealed that cortical and sub-cortical

reorganization occurs after SCI**1%°,
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fMRI studies comparing brain activity between chronic complete paraplegic patients

and healthy controls demonstrated that SCI patients have a larger activation over the

123-127 124,125

primary motor cortex (M1) , supplementary motor area (SMA) , primary sensory
cortex (S1)'?*?* prefrontal cortex'***® and thalamus****?® during both imagined*?* 1212
and attempted***'?® movement of the paralysed limb and executed movement of non-

paralysed limbs'?®1?

, thus indicating that paralysis causes wide spread changes which also
affect brain areas of the non-paralysed parts of the body. Additionally, tetraplegic patients
exhibited smaller, task-related activity, in M1 early post-SCI in comparison to healthy
controls during right wrist extension movement and this activation increased over time

during the recovery period*%.

A PET study comparing brain activation between chronic complete SCI patients and
healthy controls during wrist extension of the right hand reported that paraplegic SCI
patients and healthy controls had increased activation over the sensorimotor cortex (SMC)
and thalamus, while tetraplegic patients only had a significant increase in activity over
SMA™°. This study also demonstrated that the activation of the contralateral SMC was
correlated with the function of the hand in tetraplegic patients. Bruehlmeier et al.**
reported that SCI patients showed higher activation over SMA, SMC, thalamus and
cerebellum during repetitive joystick movements of the right hand and these activations

were stronger in paraplegic patients in comparison to tetraplegic patients.

EEG studies comparing the MRCP of chronic SCI patients with healthy controls
reported that large negativity in MRCP amplitude was noticed in SCI patients during
imagined movements of paralyzed lower limbs®!*. Green et al. demonstrated that the
shifting of MRCP location from posterior to anterior regions occurs in SCI patients in
response to improved motor function'**. Gourab and Schmit reported that chronic SCI
patients exhibit stronger 13-35 Hz ERD and lower 13-35 Hz ERS during toe plantar-

flexion attempted movement of the right lower limb as compared to able-bodied
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controls™*. A longitudinal EEG study on sub-acute tetraplegic patients reported that
patients had strong ERD 7-13 Hz and 14 -30 Hz EEG oscillations during attempted
movement of the right hand and this activity was negatively correlated with functional

improvements of the patients™*®.

To summarise these findings, SCI patients showed increased'?® 2130131 activation

over somatosensory and motor area in the brain, shifting in cortical representation

133 D134,l35

(somatotopic reorganization)™°, stronger ER and larger negativity of MRCP

92,132 during a‘Ctual125—127,130,131,133,134 129,135 92,123-125,128,132,135

amplitude , attempt or imagery

movement tasks. The majority of these studies assumed that the main reason for brain or

cortical plasticity after SCI is the deafferentation of the CNS16119123.131.132.135

2.1.2 Brain Plasticity following CNP

The relation between brain reorganization and CNP following SCI have been reported
by many neuroimaging studies'®***** Neuroimaging studies also demonstrated that the

degree of brain reorganization is associated with the intensity of CNP**¢13.

EEG studies comparing spontaneous (resting state) EEGs of chronic paraplegic SCI
patients with and without CNP with EEGs of healthy controls reported that, during eyes
closed relaxed state, patients with CNP exhibited reduction and shifting of dominant alpha
frequency towards the lower frequency compared with the other two groups®*'314.

Jensen et al. reported that higher frontal alpha band activity was associated with higher

intensity of CNP*,

An EEG study by our research group reported that power spectral density (PSD) of
alpha band (8 to12 Hz) increased over most of the EEG electrode locations in patients with
CNP and a larger PSD of theta band (4 to 8) was noticed in patients with CNP over the

frontal and occipital cortical areas as compared with patients with no pain during eyes open
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140

relaxed state™. Moreover, patients with CNP had increased ERD during imagined

movement of both unaffected upper and affected lower limbs over Cz**°.

A fMRI study by Gustin et al. comparing SCI patient with CNP to healthy controls
revealed that SCI patients with CNP showed increased activation in left M1 and the right
superior cerebellar cortex while imagining movement of right ankle plantar flexion and
dorsiflexion™*. Gustin et al. also reported that increased activity in the right dorsolateral
prefrontal cortex, anterior cingulate cortex, SMA and right premotor cortex were
significantly correlated to the severity of CNP during the same motor imagery task*..
Another fMRI study by Wrigley et al. on chronic SCI patients with CNP noticed a shift in
cortical representation of the little finger in S1 towards leg (painful limb) cortical
representation during light brushing of the fingers*®. Furthermore, this reorganization in

S1 was correlated with the intensity of CNP*%.

Yoon et al. revealed using structural MRI that SCI patients had a significant decrease

of grey matter volume in the left middle frontal gyrus, bilateral anterior insula, and right

142

subgenual anterior cingulate cortex compared with healthy controls™“. Yoon et al.

additionally reported that mean diffusivity values in some of the deep and superficial white
matter areas were diminished in SCI patients with CNP. Hypometabolism of brain glucose,
which was measured by fludeoxyglucose positron emission tomography (FDG-PET), was

also noticed in the left middle frontal gyrus and right medial frontal gyrus in SCI patients

with CNP compared with healthy controls'*,

In summary, SCI patients with CNP showed reduction in power and shifting in

24,138-140

dominant alpha frequency and increased in theta (4 to 8 Hz) frequency band'*°

during relaxation. Moreover, increased ERD over sensorimotor cortex during motor

d140. 6 2

imagery was notice Over activation**, shifting™*® and volume loss*** were also

noticed in SCI patients with CNP in both cortical and subcortical structures. Although

differences in outcomes among studies are more likely due to the differences in
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experimental tasks and neuroimaging techniques, the reorganization and over-activation of
the sensorimotor cortex has been consistently reported, and can be considered as the

cortical signature of CNP014,

2.1.3 Spinal Cord Plasticity following SCI

Spinal cord plasticity after SCI can be in response to structural, functional and/or
molecular changes in the spinal cord™®>'*. Structural plasticity includes atrophy,

144145 Molecular or neurochemical

demyelination and degeneration of spinal neurons
plasticity may present as a change in amino acids, cytokines, ions and microglial
activation**. Changes in spinal reflexes can also occur after SCI, resulting in a functional

plasticity™>47148,

MRI studies on chronic SCI patients revealed that they had a reduced cross-sectional
spinal cervical cord area in comparison to healthy controls'****>'*_ A significant reduction
was noticed in the anterior-posterior width of the spinal cord area while there was no
significant reduction in the left-right width. SCI patients with tetraplegia show greater

144 Moreover, the smaller

reduction in spinal cord area than SCI patients with paraplegia
cord area in SCI patients was associated with the presence of below-level CNP*** and

impaired upper limb function®.

Another MRI study by Lundell et al. also found that chronic SCI patients exhibited a
decrease in spinal cord area in both anterior-posterior width and left-right width'*.
Additionally, the international standards for neurological classification of SCI scores of
sensory and motor functions were positively correlated to the anterior-posterior width and
the left-right width of the spinal cord, respectively'*®. A fast decline in the cross-sectional
area of the spinal cord was noticed over 12 months post SCI**°. The decrease of the white
matter volume of the corticospinal tract was also noticed in SCI patients, over the first year

150

after SCI, compared to healthy controls™".
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An animal experimental study by Gwak et al. testing neurochemical plasticity of SCI
demonstrated that rats with SCI exhibited loss in spinal GABAergic cells function as
measured by behavioural and electrophysiological procedures using a von Frey filament
(VFF, 24.5 mN) and extracellular single-unit recordings of wide dynamic range (WDR)
dorsal horn neurons, respectively®. Gwak et al. also reported that the hypo-function of
GABA results in dorsal horn neuronal hyperexcitability which contributes to development
of CNP™. Hains et al. demonstrated that SCI induces the up-regulation of Nav 1.3 sodium
channel expression, resulting in dorsal horn neuronal hyperexcitability associated with
CNP following SCI**%. Gao et al. also demonstrated that an injury to the spinal cord may
result in the down regulation of GABA receptor expression, causing spasticity as a

secondary consequence of SCI*.

A study by Hiersemenzel et al. tested the excitability of spinal neuronal circuits
measured by electrophysiological procedures. They revealed that SCI patients during
spinal shock had small F-waves and an absence of flexor reflexes associated with a loss in

muscle tone and a loss of tendon reflexes in the affected leg™*’

. According to Hiersemenzel
et al., the reappearance of F-waves and flexor reflexes occurred a month after injury and
was associated with the recovery of muscle tone and tendon reflexes**’. No change in H
reflex amplitude was found. However, paraplegic chronic patients showed a decrease in M
wave and flexor reflex amplitudes, which are associated with the clinical signs of

spasticity**’. This study suggested that spasticity is a result of impairment/degeneration of

motoneurons due to long standing SCI**'.

A study by Leis et al. comparing acute and chronic SCI patients noticed that the loss of
F-waves was presented in acute but not in chronic patients'®*. Leis et al. reported that in
acute SCI patients, H reflex amplitude was very small within the first 24 hours after injury
and returned back to its normal amplitude within a few days after injury, as patients were

in a state of spinal shock™*. However, the loss of F-waves continued within the several
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weeks after SCI. The authors of this study suggested that the loss of H reflexes and F
waves at the early stage (within 24 hours following an injury) were caused by the
hyperpolarization of spinal motoneurons, which can remain for more than 3 weeks
following the injury™*. They also suggested that restoration of the H reflex amplitude 24

hours after injury was due to changes in the synaptic function of la motoneurons.

Involuntary muscle contraction (spasticity) in SCI patients has also been attributed to

increased motoneuron excitability within the spinal cord™>>*.

The alteration of spinal
reflex activity can also occur as a result of changes in spinal pathways™"**. A study by
Barthélemy et al., on chronic incomplete SCI patients, tested the relation between the
impairment of the corticospinal tract and the degree of foot drop (inability to dorsiflex the
ankle) during rest and walking™®. In this study, the activity of the corticospinal tract was
measured by motor-evoked potentials (MEPs) over tibialis anterior muscle elicited by
transcranial magnetic stimulation. It was demonstrated that a weaker ankle dorsiflexion
during walking (larger foot drop) correlated with smaller MEPs which are associated with

impairment of the corticospinal™®.

In summary, spinal cord plasticity can happen after SCI as a result of structural,
functional and molecular changes. After SCI, changes in motoneurons excitability,
modification of spinal reflexes and activation of spinal tracts can contribute to several
locomotion problems such as involuntary muscle contraction and increased muscle tone.
Structural, functional and molecular plasticity after SCI can contribute to developing both

spasticity and CNP.

2.2 Non-pharmacological Treatments of CNP

Non-pharmacological interventions can be used to directly alter the cortical and
subcortical activity following CNP which can result in reduction of intensity of CNP.

These interventions include motor cortex stimulation (MCS)** 2 deep brain stimulation
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(DBS)™®**% transcranial direct current stimulation (tDCS)'*®**"™* repetitive transcranial
magnetic stimulation (rTMS)*®*"3"" and neurofeedback (NF)***¢878178-182 There are
also non-pharmacological treatments which can be used to change a patient’s behaviour

183188 and mindfulness™*®*%, A Cochrane

and attitude toward the pain, such as hypnosis
study by Bold et al. identified tDCS, rTMS, and hypnosis but not MCS, DBS, NF, and
mindfulness as non-pharmacological treatments for chronic pain following SCI*". This

may be because there were no many studies of them investigating this area.

MCS and DBS are invasive cortical stimulation methods which use electrical
stimulation to activate deep brain structures'®. They require the implantation of
stimulation electrodes which involves surgical procedures'®®. DBS studies revealed that
stimulation of periventricular/periaqueductal grey matter (PVG/PAG) in addition to the
sensory thalamus and internal capsule was more effective in reducing neuropathic pain
than stimulation of the sensory thalamus alone®®3*®*. Nguyen et al noticed that MCS can
reduce trigeminal neuropathic pain in 75% of patients'®’. However, Im et al. reported that
only 50% of SCI patients with CNP showed 50% of short-term pain relief compared with
80% and 100% of patients with post-stroke central pain and peripheral neuropathy,
respectively'®%. Im et al. also reported that MCS resulted in a larger long-term pain relief
on central pain associated with stroke and peripheral neuropathic pain than on CNP

following SCI*2.

tDCS is a non-invasive cortical stimulator that has been used to modulate cortical
excitability by applying low amplitude direct current (> 2mA) through electrodes attached
to the specific area of the skull above the neural tissue that has to be excited*®®®. tDCS
can increase cortical excitability by applying surface positive (anodal) electrode
stimulation which causes depolarization of neuronal membranes and an increase in the

spontaneous firing rate*®%”. It can also be used to decrease cortical activity by applying
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negative (cathodal) electrode stimulation, causing neuronal hyperpolarization and a

decrease in neuronal firing rate*®>*°".

Results of tDCS studies using anodal tDCS stimulation (2 mA current during 20 min)

to stimulate the M1 cortex in chronic SCI patients (complete and incomplete) with CNP

demonstrated a significant reduction in CNP compared to sham stimulation'®® 1’2 On

the contrary, a tDCS study on complete chronic SCI patients with CNP did not report a

reduction in CNP after anodal tDCS stimulation (2 mA current during 20 min)*"™.

Furthermore, a study by Zaghi et al. reported that the perception and thresholds of pain can

be increased by anodal tDCS over M1,

rTMS is another type of non-invasive neuromodulation technique. In rTMS, a varying

magnetic field is used to induce electrical current in the neurones of a specific area of the

175

cerebral cortex by applying magnetic stimulation coils to the scalp™™. It has been

documented that rTMS may not only stimulate the cortical area below the site of

stimulation but also the distant cortical areas through the lateral neuronal pathways™**%.

Depending on the stimulation frequency, it can cause a decrease or an increase in cortical
excitability™®. For example, rTMS stimulation frequency in the range of 1 Hz can decrease
cortical excitability, while stimulation frequency in the range of 20 Hz can increase cortical
excitability'®. High frequency (> 5 Hz) rTMS stimulation leads to increased neuronal
firing by reducing the neuronal firing threshold and causing an increase in cortical

193

excitability In contrast, low frequency (<1 Hz) rTMS stimulation leads to decreased

neuronal firing by raising the neuronal firing threshold and inhibiting cortical
excitability™®.

rTMS studies on chronic paraplegic patients with CNP showed similar significant
reductions in CNP intensity immediately after each treatment session in both the treatment

and sham group"®*"". However, 2 to 6 weeks after the rTMS therapy, the treatment group

176,177

showed more reduction in CNP than the sham group . ITMS parameters for these
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studies were 500 trains at 5 Hz over a period of 10s*"

and 30 trains at 10 Hz over a period
of 55" applied over lower limbs (painful limbs) presentation of the motor cortex. rTMS
showed a beneficial long-term but not short-term reduction effect on CNP when it was

applied over M1 in patients with chronic SCI*"470:7,

NF in a non-invasive treatment that is used to voluntary modulate brain activity®®. It is
believed that NF can improve synaptic strength and modulate brain connectivity within and
between brain structures which can result in neuroplasticity”®. NF has been used to treat
several types of chronic pain, such as complex regional pain syndrome, migraines and

fibromyalgia syndrome®”*79-182

. However, the mechanisms and the protocols of NF
treatment of CNP are still a matter of debate®. Most NF studies of chronic pain adopt up-
regulation of alpha or lower beta band activity and down-regulation of theta and higher
beta band activity over the central or temporal cortex as part of their protocol®” 8179182,
Studies chose this protocol based on previous studies which linked the presence of CNP

with more theta and beta activity and less alpha 814019

A NF study by Jensen et al. on SCI patients with chronic pain tested three different NF
protocols and failed to show any significant difference on short-term pain intensity
between these protocols®®. Jensen et al. also reported that only 2 out of 10 SCI patients
achieved a clinically significant reduction in pain intensity (>30%) when treated with a NF
protocol in which (10 -15 Hz) was up-regulated and both beta (13-21 Hz) and theta (4 -7.5
Hz) band relative power were supressed over central and parietal cortices®®. This study
suggested that the small number of NF treatment sessions (12 sessions, 4 for each NF

protocol) is the reason for inconclusive results.

A pilot study by our research group tested several NF protocols for treatment of
chronic CNP in patients with paraplegia. It noticed that down-regulating theta (4-8 Hz) and
higher beta (20-30 Hz) and up-regulating alpha (9-12 Hz) relative power over M1 (C3/C4

EEG electrode location) had a beneficial short-term and long-term effect on CNP*.
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Additionally, SCI patients who received > 20 NF treatment sessions had clinically and
statistically significant reduction of CNP with effects lasting at least one month after
therapy*. NF therapy had a neurological effect not only on the cortical but also on deeper
cortical structures involved in the pain matrix. Assessment of cortical activity during
imagined movement of both painful and non-painful parts of the body demonstrated a
reduction of excessive cortical activity, in particular in the theta band. It has been reported
that NF not only activates areas directly influenced by training but also other distant

functionally related areas*.

It has been reported that hypnosis therapy has an effect on chronic pain in general'®*
185 A case study by Stoelb et al. reported that a hypnotic therapy was able to reduce the
experience of chronic pain after SCI*®. Another study on SCI with chronic pain by Jensen
et al. reported that SCI patients showed a significant reduction in average pain intensity
during hypnosis therapy®®’. The same study also reported that the SCI patients who
received hypnosis therapy had a significant reduction in long-term pain intensity (3 months
follow-up period) compared with SCI patients who received EMG biofeedback relaxation

187

therapy~". A hypnosis study on SCI patients with chronic nociceptive and/or neuropathic
pain revealed that a significant reduction in pain intensity was associated with changes in
EEG activity: an increase in theta activity over frontal and posterior areas, an increase in

alpha activity spread over a whole area and a decrease in gamma activity over central areas

was noticed®,

Studies showed that mindfulness therapy can also be used to reduce the intensity of

chronic pain*®88.189

. It has been demonstrated that a single mindfulness session can
produce a significant reduction in chronic pain following SCI, associated with significant
increases in alpha and beta bands EEG activities over left parietal areas'®®. Zeidan et al.

noticed using mindfulness and fMRI that healthy participants exhibited significant

reductions in pain intensity generated by noxious thermal stimulus®. This was associated
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with the reduced activation of contralateral S1 cortex, thalamic deactivation and increased

activity in anterior cingulate cortex (ACC) and anterior insular cortex (AIC)*.

In summary, several neuromodulation treatments seem to be at least partially effective
in the treatment of CNP in SCI patients. A review study by Jensen et al. suggested that NF,
rTMS and tDCS have preliminary promising results in short-term effects of CNP relief'®,
Boldt et al also suggested that tDCS has short and mid-term effects in reducing CNP'".
The majority of these techniques target the sensory-motor cortex. Moreover, the reduction
of CNP intensity was associated with modulation of the brain activity in pain related areas
as measured by fMRI or EEG. According to Boldt et al, however, there was insufficient

evidence to suggest that rTMS and hypnosis interventions are influential in decreasing

CNP following SCI due to the weakness in the methodology".

2.3 Non-pharmacological Treatments of Spasticity
Following SCI

Spinal cord plasticity following SCI can cause spasticity through mechanisms

described in section 2.1.3. There are several non-pharmacological treatment methods that

can be used to reduce spasticity. These methods include: physiotherapy treatments™***%,

197-199

transcutaneous electrical nerve stimulation (TENS) , spinal cord stimulation

(SCS)195200-202 ang repetitive transcranial magnetic stimulation (rTMS)**32%,

Elbasiouny et al. reported that an increase in muscle tone can cause spasticity as well as
affect the mobility of joints and the range of motion in individuals with SCI'*®. Therefore,
stretching the spastic muscle every day may reduce muscle tone and enhance the range of

motion and the mobility of the joint'*®

. Another study on chronic SCI with spasticity by
Onushko and Schmit reported that the sensory information of contralateral hip afferents
plays an important role in the modulation of the excitability of the reflex response in the

ipsilateral leg*®®. Onushko and Schmit also reported that sensory information from the
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contralateral hip crossed the spinal cord and modulated the excitability of the reflex
response in the ipsilateral leg. Therefore, it was suggested that manipulation of the hip

position may reduce the effect of spastic reflex during locomotion™®.

Ping et al. revealed using TENS on SCI patients with lower limb spasticity that one
hour of TENS session (stimulation parameters 0.25 ms pulse duration, 100 Hz frequency,
15 mA current intensity) over the common peroneal nerve resulted in significant and
immediate decreases in lower limb spasticity of patients with SCI in comparison to the

placebo TENS group®’

. Qo et al. also reported using TENS on sub-acute SCI with lower
limb(s) spasticity that one hour TENS (0.2 ms pulse duration, 100 Hz frequency, 15 mA
current intensity) session over the common peroneal nerve followed by 30 minutes
physical therapy had significant reduction on lower limb(s) spasticity of patients with SCI
compared with the control group with just 30 minutes physical therapy'*®. In both studies,
the level of spasticity was measured by a composite spasticity score'®'%. TENS aims to
alter the abnormality of spinal inhibitory circuits, interneuron activities*® and alpha motor

neuron activity'®® in the spinal cord.

Spinal Cord Stimulation was also used as a minimally invasive technique to treat
spasticity. Chronic SCI patients with lower limb spasticity exhibited reduction on spasticity
using Spinal Cord Stimulation (SCS) over the posterior epidural space at vertebral levels
T11 to L1; the effectiveness of SCS depended on SCS electrode location and stimulation
parameters®®. Hofstoetter et al. reported that transcutaneous SCS, in patients with chronic
SCI and lower limb spasticity, for a 30 minute duration (2ms, 50Hz, 20V) over the

201 However, Midha et al. demonstrated

T11/T12 vertebral level, led to reduced spasticity
that SCS had a short-term but not long-term effect on reducing spasticity in chronic SCI
patients®®. It was suggested that SCS increases the level of presynaptic inhibition and

increases the activities of inhibitory networks in the spinal cord*®>%%,
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rTMS study by Kumru et al. on chronic incomplete SCI patients with lower limb
spasticity demonstrated that 20 Hz rTMS over the primary motor cortex of the leg caused a
reduction in lower limb spasticity in patients receiving treatment as compared with the
control group of patients who received a sham rTMS stimulation®®®. In this study the
Modified Ashworth Scale was used to assess the spasticity. On animals with complete SCI,
a rTMS study by Gao et al. revealed that 10 Hz rTMS causes a decrease in spasticity and

153

enhances motor recovery°. rTMS treatment aims to increase corticospinal inhibitory input

and reduce segmental spinal excitability by increasing the excitability of M12%.

In summary, several non-pharmacological treatment methods can be used to treat
spasticity following SCI. These methods aim to alleviate one or more of the spinal
plasticity processes that cause spasticity. Physiotherapy targets biomechanical components

195

of the spasticity™. TENS regulates the abnormality of spinal inhibitory circuits,

9 198

interneuron activities™® and alpha motor neuron activity®® in the spinal cord. SCS
increases the level of presynaptic inhibition and increases the activities of inhibitory
networks in the spinal cord'**?%. The corticospinal and segmental spinal excitabilities are

targeted during rTMS treatment®®.

2.4 Prediction of CNP following SCI

Studies have investigated the sensory profile and the cortical activation of SCI patients
in early post-injury and in a later follow-up period, in order to find a predictor of CNP. A
clinical or cortical predictor of CNP may lead to the development of a preventive therapy

to minimize the risk of CNP in SCI patients?®?%,

A study by Levitan et al. on acute SCI using the sensory components of the
international standards for neurological classification of spinal cord injury (ISNCSCI) to

predict CNP after SCI demonstrated that patients who developed CNP within the first year
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after injury showed a lower pinprick score than SCI patients who did not develop CNP?*.
Additionally, patient who developed CNP showed a higher light touch than pinprick score.

Levitan et al. suggested that the sensory components of ISNCSCI, which is a routine

examination of all SCI patients, can be used to predict the CNP?%*.

Zeilig et al. reported that incomplete acute SCI patients who developed CNP within the
first 6 months after injury, had higher thermal thresholds than patients who did not develop
CNP?. Moreover, the thermal threshold of SCI patients who developed CNP gradually
increased over time. Zeilig et al. also reported that SCI patients, who developed CNP
showed dynamic allodynia within the first 2 months after injury. Therefore, it was
suggested that a loss of the spinothalamic tract function and enhancement of the dorsal

column function over time lead to the development of CNPZ.

A prospective study by Finnerup et al. demonstrated that the present of sensory
hypersensitivity (dysesthesia) in patients within the first month after SCI can be used as
predictor for a later development of CNP?®. They suggested that sensory hypersensitivity
after SCI can be result from neural hyperexcitability preceding the development of CNP.
Zeilig et al. also suggested that neural hyperexcitability preceding the development of CNP
after SCI and it can be consequent to damage to spinothalamic tracts®®. Finnerup et al.
reported that the present of sensory hypersensitivity not only can be used as a predictor but

also can be used to distinguish between at or below the level of injury CNP?®®.

Wasner et al. examined the function of STT of chronic complete SCI patients with and
without CNP using quantitative sensory testing?®®. They noticed that 8 out of 12 patients
with CNP perceived the sensation of the thermal stimuli combined with topical capsaicin
as painful stimuli. In contrast, no sensations were induced in patients without pain. Wasner
et al. suggested that the deficits in STT function can lead to the development of CNP
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below the level of injury“™. Cruz-Almeida et al. used a quantitive sensory test to assess the

function of STT in chronic complete SCI patients with and without CNP and reported that
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the greater severity of CNP below the level of injury was associated with greater sensitivity
to thermal stimuli?®’. They suggested that residual STT function leads to severe CNP
following SCI. Cruz-Almeida et al. also demonstrated that the deficits in STT function

may be necessary for the development of CNP?".

An fMRI study by Lee et al. tested the relation between cortical activities during
passive movement of the toe and the development of CNP after SCI. They revealed that
SCI patients with a higher incidence of CNP showed a significant change in the blood
oxygenation level dependent (BOLD) response in the ipsilateral frontal lobe®®. It was
suggested that CNP after SCI is more likely to develop when changes in the BOLD

response in the ipsilateral frontal lobe are detected during proprioceptive stimulation®®.

In summary, a clinical or cortical predictor for CNP following SCI has been
investigated by several studies. Abnormality in the sensory profile below the level of injury
of SCI patients and the sparing of the STT can be utilized to predict CNP. Moreover,
changes in the BOLD response to the proprioceptive stimulation of the ipsilateral frontal
lobe in SCI patients can lead to expected CNP. Early prediction of CNP following SCI can

be used to initiate a preventive therapy to reduce its development.

2.5 Summary

The plasticity of the brain and spinal cord following SCI have been invistgated by
various neuroimaging studies. Most of the brain imaging studies reported over-activation
of the somatosensory and motor areas of the brain following SCI, while other studies
reported shifting somatotopic reorganization and associated changes of MRCP with SCI.
The plasticity of the brain after CNP has also been reported by brain imaging studies. They
demonstrated that reduction in power, shifting in dominant frequency and an increase in
ERD over the sensorimotor cortex, were associated with CNP following SCI. Over-

activation, shifting and volume loss in both cortical and subcortical structures of the brain
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were also noticed in SCI patients with CNP. However, none of these studies provide
information about the dynamic changes in the activity of deep cortical structures of the

brain.

The structural, functional and molecular changes of the spinal cord following SCI were
also investigated by neuroimaging studies. They reported that changes in motoneuron
excitability, modification of spinal reflexes and activation of spinal tracts associated with
SCI can contribute to developing both spasticity and CNP. Neuromodulation treatments
seem to be at least partially effective in the treatment of CNP following SCI and the
reduction of CNP intensity was associated with modulation of the brain activity in pain
related areas as measured by fMRI or EEG. Although neuromodulation treatments have
been found to have an effect in reducing CNP following SCI, the samples used were in the
chronic phase of SCI. Therefore, it will be beneficial to treat SCI patients for CNP in the
early stage of injury. Moreover, a cortical predictor of CNP following SCI in early post
injury may lead to the development of a preventive therapy to minimize the risk of CNP in

SCI patients.

2.6 Contribution to the Literature

This thesis provides several contributions to the literature, in the area of real time

modulation of brain activity and in the area of CNP

This is the first study showing the modulation of the H reflex during NF and it is also
the first study demonstrating the relationship between the modulation in EEG activity and
the H reflex amplitude during various neuromodulation strategies. This study provides a
novel, important first step towards understanding the effect of voluntary modulation of
SMR on the H reflex amplitude, as an integral part of the neurorehabilitation of movement.

This study should inform development of future motor rehabilitation brain-computer
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interface, which often assume that the modulation of SMR is a sufficient cortical

representative of motor imagination.

Clinical predictors of CNP following SCI have been investigated in several studies
showing that patients at risk of developing CNP have altered sensations to mechanical and
thermal stimuli. These tests are less applicable to patients with complete injury. EEG is a
biological signal that can be reliably measured in all patients independent of the level or
completeness of injury. This thesis demonstrates for the first time EEG predictors of CNP
in patients with SCI, even before signs of allodynia to a mechanical stimulus. This study
provides multiple evidence that gradual changes in cortical activity do not exclusively
occur as a consequence of long standing pain but that they also precede pain, possibly
contributing to its chronification. It also shows that following the onset of pain, cortical
activity undergoes further changes, which are very similar to changes previously observed
in chronic SCI patients with long standing pain. This provides the evidence that the
presence of pain affects cortical activity on a much shorter timescale than previously

believed.

NF treatments have been found to have an effect in reducing CNP following SCI.
However, patient populations were in the chronic phase of SCI. The contribution of this
thesis is in exploring the effectiveness of NF training on CNP in subacute SCI patients and
providing evidence that NF treatment of the recently developed CNP has the same effect as

NF of long-standing CNP.

Electroencephalography signatures of CNP in patients with chronic SCI have been
defined by several studies. The effects of CNP on dynamic EEG signatures on wider
cortical structures have been explored only by researchers in our laboratory, but these were
defined for time-frequency features only. A related analysis of movement related cortical
potentials was inconclusive and limited to only several electrodes located over the central

cortex. There is no published literature that investigates the effect of CNP on the event
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related potential of wider cortical structures. This study utilised the recently developed
Measurement Projection Analysis method to define functionally related cortical areas with
specific morphology of evoked potentials during a cue based motor imagery task. It shows
that in contrast to event-related synchronisation/desynchronisation, MRCP is not affected
by CNP during preparation of movement, but that the main effect is noticeable on the
sensory, reafferentation component of MRCP. It also provides evidence that a neurological
condition which affects the activity of the sensory-motor cortex may affect post-synaptic
responses of main pyramidal neurons (i.e. ERP including MRCP) and oscillations in the

neuronal networks (i.e. ERS/ERD) in a very different way.
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Chapter 3 The Effect of Voluntary Modulation of
the Sensory-Motor Rhythm during
Different Mental Tasks on H Reflex

3.1 Abstract

Objective: Exploring the possibility of the short-term modulation of the soleus H reflex
through self-induced modulation of the sensory-motor rhythm (SMR) as measured by

electroencephalography (EEG) at Cz.

Methods: Sixteen healthy participants took part in one session of neuromodulation. Motor
imagery and mental math were strategies for decreasing SMR, while neurofeedback was
used to increase SMR. H reflex of the soleus muscle was elicited by stimulating tibial

nerve when SMR reached a pre-defined threshold and was averaged over 5 trials.

Results: Neurofeedback and mental math both resulted in the statistically significant
increase of H reflex (p = 1.04-10° and p = 5.47-10" respectively) while motor imagery
produced an inconsistent direction of H reflex modulation (p = 0.57). The average relative
increase of H reflex amplitude was for neurofeedback 19.0 + 5.4%, mental math 11.1 +
3.6% and motor imagery 2.6 + 1.0%. A significant negative correlation existed between

SMR amplitude and H reflex for all tasks at Cz and C4.

Conclusion: It is possible to achieve a short-term modulation of H reflex through short-
term modulation of SMR. Various mental tasks dominantly facilitate H reflex irrespective
of direction of SMR modulation. Significance: Improving understanding of the influence
of sensory-motor cortex on the monosynaptic reflex through the self-induced modulation

of cortical activity.
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3.2 Introduction

The H reflex has been regarded as a valuable tool for investigating the excitability of
the spinal reflex pathways**™3. It is believed that the H reflex can be conditioned through
spinal and supraspinal sites?®®?°. At the supraspinal level, the sensory-motor cortex has
been identified as the main cortical center for H reflex conditioning. It has been shown
that the H reflex amplitude is modulated during overt and covert motor tasks®* 2. In
general, the H reflex amplitude is increased during Motor Imagery (MI)?***** during
which similar neural mechanisms are activated and rules followed as for overt
movement?™. However, the direction of H reflex change may be affected by the amount of
MI practice. For example, in elite speed skaters, who perform mental simulation of
voluntary motor actions as a part of athletic training, the soleus H reflex amplitude is
reduced during mental movement simulation (i.e., vividly imagining skating

movement)?1®4’.

The H reflex can also be modulated during a mental task such as Mental Math (MM).
MM reduces the alpha rhythm in the posterior and occipital region®®. Oishi and
Maeshima observed a significant increase in the H reflex amplitude during MM in non-
elite athletes but not in elite athletes®’. It appears that the mental tasks of Ml and MM
have differing effects on spinal reflex excitability depending on the athletic training
background of the subjects. On the cortical level, both MI and MM decrease the power of
8-12 Hz band measured by electroencephalography (EEG)?*°. However, while M1 directly
modulates localized sensory-motor rhythm (SMR), MM modulates a wide spread 8-12 Hz
activity as well as activity in the delta band*°. To date, EEG activity and the H reflex have

not been measured concurrently during MM or M tasks.

While both MM and M1 result in reduction of SMR, it is an open question how an
increase of SMR would affect the H reflex amplitude. Apart from relaxation, which results

in an increase of wide-spread alpha rhythm (8-12 Hz), it is hard to define a verbalised
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mental strategy that would result in SMR increase. Nevertheless, people can be trained to
voluntarily modulate their brain activity if visual or auditory feedback is provided in real
time. This technique is called ‘neurofeedback’ (NF) and has been used for treatment of a
range of neurological and psychiatric conditions, such as ADHD, epilepsy, depression, and
pain***°. Because NF relies on non-verbalised rules, it typically requires training over
several daily sessions. For example, in a research study by our group, we trained chronic
paraplegic patients with CNP to increase SMR over the primary motor cortex of the right
hand to reduce sensation of pain*. They successfully learned the strategy over 3-4 daily
sessions. Power in 8-12 Hz band increased predominantly over central areas of the cortex,
indicating that patients modulated sensory-motor mu rhythm rather than a wide-spread
alpha rhythm. Recently there have been several controlled randomised studies involving
patients which demonstrated that people can successfully learn to increase power in the
upper alpha (10-12 Hz) frequency band, resulting in improved memory performance?%%,
A person can also be trained to decrease SMR using NF. This strategy has been used in
brain computer interface studies, where visual feedback increases the degree of event-
related desynchronisation during MI tasks, hence decreasing the power of the SMR*%,
However, training to modulate SMR in both directions using non-verbalised strategies
would require an even greater number of training sessions. Occasionally people may be
able to verbalise their mental NF strategies (relaxation, imagination, singing, praying, and
focussing), but strategies vary among people for the same task. It should be mentioned
however, that while there is no published literature on modulation of H reflex using NF,
other biofeedback strategies, not directly exploiting the activity of brain, have been
successfully applied to modulate the amplitude of the H reflex in a desired direction in

humans and animals?%®?%,

The purpose of this study was (i) to explore the possibility of a short term modulation

of the soleus H reflex through a self-induced modulation of the SMR rhythm, (ii) to assess
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whether the direction of H reflex modulation is correlated with the direction of SMR
modulation (i.e. increase or decrease in EEG power), and (iii) to assess whether different
mental tasks, which modulate SMR in the same direction (i.e. MM and MI) affect the
amplitude of the H reflex in a similar way across different cortical locations. We used NF
to train subjects to increase SMR, and used both M1 and MM to reduce the SMR. Defining
the relationship between the self-induced modulation of SMR and the amplitude of H
reflex is important for understanding the mechanism through which the sensory motor

cortex contributes to the conditioning of the H reflex.

3.3 Methods

3.3.1 Participants

Sixteen able-bodied volunteers (10 male and 6 female, age 27.9 + 4.1 vyears)
participated in the study. The exclusion criteria were any known history of neurological
disorder or an ongoing injury to the upper or lower limbs. One of the participants was
excluded from the study due to the inability to detect H reflex. All participants provided
informed consent for the study, which was reviewed and approved by the College of
Science and Engineering ethics committee, University of Glasgow. All methods used in the

experiment comply with the Declaration of Helsinki.

3.3.2 Experimental Setup

Throughout the experiment participants’ posture and head position were maintained to
be unchanged. Participants were seated at a desk, with both legs flexed at the hip (90°),
knee (90°), and ankle (0°). During the experiment they were facing a computer screen (15
size) at an approximate distance of 120cm. Participants kept hands on their thighs. They
were instructed to stay still and relaxed throughout the experiment. Figure 3.1 shows the

experimental setup.
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Control and Synchronisation Signals

it EEG and EMG Data

Bio-amplifier

N Computer

EEG electrodes
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Stimulator
( J

EMG electrodes )

Figure 3.1 The experimental setup diagram. Participants sit straight looking towards the computer
screen. Visual feedback was provided during NF task only. During each of the tasks, computer
calculated power of SMR recorded by EEG device and based on its value activated the stimulator
to elicit H reflex

A 16 channel biosignal amplifier (g.USBamp, Guger Technologies, Austria) was used
to record EEG and electromyogram (EMG). The amplifier consisted of 4 subunits with 4
channels each, which can have separate or common reference and ground. EEG and EMG
were recoded with separate reference and ground. EEG sampling frequency was 2400Hz,
and was band-pass filtered between 2 and 60Hz (and notch filtered at 50Hz) using 5th
order infinite impulse response (IIR) digital Butterworth filter within the g.USBamp device.
The reference electrode was attached to the left earlobe, while the ground electrode to the
right earlobe. Impedance was kept under 5kQ. EEG was recorded from the central, parietal
and occipital cortical areas, C3, Cz, C4, P3, P4 and Oz, according to the international 10-
20 system??>. For 5 participants, additional EEG recordings were acquired using electrodes
C3,Cz,C4, P3, P4, Oz, C1, C2, CPz and FPz. EMG sampling frequency was 2400 Hz and
was band pass filtered between 5Hz and 500Hz using 5" order 1IR digital Butterworth

filter within the g.USBamp device.
82



Chapter 3

For EMG recording, skin was prepared with alcohol swabs and abrasive gel and shaved
if necessary. EMG of the soleus muscle was recorded using bipolar surface pre-gelled
electrodes with Ag/AgCl sensors (Meditrace,USA, 133, 3cm diameter), placed over the
muscle belly with center to center distance of 2cm. The ground electrode was placed at the

medial malleolus and reference electrode at the lateral malleolus.

For EEG, the skin was prepared with a combined abrasive-conductive gel (Abralyt
2000) and EEG was recorded with Ag/AgCl electrodes. The SMR (8-12 Hz) was measured
from electrode Cz (corresponding to the primary motor cortex location for legs), or, for
EEG recordings with additional electrode sites, using the Laplacian derivative®® as
described in Equation 3.1. The calculation was performed on-line in Simulink, Matlab

(Mathworks, USA).

CZLAPLACE =C, -

z

(Cl +C, + FC, +CPZ]

4 3.1

Monopolar recording is known to record mixed activity of both local and distant
sources, thus possibly recording both alpha and SMR activity. The Laplacian derivative is
a spatial filter which preserves only the activity of the local sources, thus possibly reducing
the influence of wide spread alpha rhythm??®. The reason for two different EEG montages
was to compare the effect of modulation of local and distant EEG sources on H reflex.
SMR (8-12Hz) rhythm is an oscillatory activity primarily reflecting sensory-motor
processing in the fronto-parietal networks®?’. An internal event (e.g. imagination of
movement) or an external stimulus causes asynchronous firing of the underlying neuronal
substrate, i.e. desynchronisation, which manifest itself as reduced amplitude of the SMR.
Pfurtscheller and Lopes da Silva describe evoked or induced reduction of central (8-12Hz)
rhythm (here referred to as SMR) as Event Related Desynchronisation (ERD), which
presents an active state?”®. The increase in the amplitude of this rhythm is a result of

synchronous firing of neuronal substrate and is called Event Related Synchronization
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(ERS). This is considered as an ‘idling’ state®*®**°

in which a system is not involved in
processing sensory input or preparing motor output. The ‘occipital alpha’ rhythm is an
EEG correlate of relaxed wakefulness, best observed with the eyes closed. It is usually
found in the occipital, parietal, and temporal regions®®. Increased (synchronized) occipital
alpha rhythm can be considered as an “idling rhythm' of the visual area. Both SMR and
alpha rhythms contribute to EEG recorded at central regions of the brain, with the occipital
alpha thought to be due to the volume-conduction effect; therefore it could be reduced by

Laplacian derivation. In this chapter, EEG signal in 8-12 Hz range recorded with both

montages will be referred to as SMR.

3.3.3 Measurement of H Reflex

Participants’ H reflex was evoked with self-adhesive electrodes (Anode: 9 x 4cm,
Cathode: 3cm diameter, Pals platinum, Nidd Vally Medical Ltd, UK). The cathode was
placed over the tibial nerve in the popliteal fosse and the anode was placed on the patella.
Bipolar electrical stimulator Digitimer (Stimulator Model DS7, England) was used to
deliver the 1ms long rectangular pulses. Current intensity was increased in increments of
2mA to obtain a maximal muscle response (M wave). The exact location of the cathode
was determined by hand held bar stimulation electrode (9 mm diameter, AD instruments).
The normalized H reflex was chosen on the rising part of the recruitment curve so that the
M wave amplitude was approximately equal to 20% of the maximum M wave. Minimum

time between two stimuli was 15s to avoid habituation.

3.3.4 Study Procedure

Prior to the experiment which modulated H reflex, all participants took part in 3 daily
NF training sessions, because this technique requires previous training. The NF training
sessions will be explained later in the text, in Section 3.3.6. On the fourth day all

participants took part in Experiment 1 (as described in Section 3.3.70), following
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procedures shown in Figure 3.2. Five participants took part in the subsequent Experiment 2
(as described in Section 3.3.8) on the same day, in which Laplacian EEG derivation was

applied following the same experimental protocol (Figure 3.2).

As a part of Experiment 1 and Experiment 2, the H reflex was measured in five
conditions: a relaxed state before neuromodulation tasks (PreRelax), during each of three
mental tasks in the following order: MM, NF and M1, and in a relaxed state following the
three mental tasks (PostRelax). The H reflex was evoked when SMR reached a predefined
threshold for at least 0.5s. For the NF task, threshold was set to 60% above the baseline
relative SMR power, and for MM and M1 task it was set to 80% under the baseline relative
SMR power (details on baseline recording provided in Section 3.3.7). For each
experimental condition, the H reflex was evoked 5 times and mean + standard deviation
(SD) values presented in the results. Minimum time between two H stimulus was 15s to
avoid habituation. The stimulation parameters were kept constant throughout the

experiment.
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Measurement of relaxed state EEG to determine
baseline SMR (BSMR)

!

[ M wave and H reflex recruitment curve

2

PreRelax
+/-5% BSMR

 S—

N

MM
-80% BSMR

NF
+60% BSMR

Ml
-80% BSMR

PostRelax
+/-5% BSMR

Figure 3.2 Experimental protocol for Experiments 1 and 2. Sensory-motor rhythm (SMR) refers to
the normalized power in the 8-12 Hz band measured from Cz in either monopolar (Experiment 1)
or Laplacian derivation (Experiment 2). Threshold SMR of each condition was measured with
respect to a corresponding baseline SMR (BSMR). An H reflex was evoked when SMR reached a
threshold for 0.5s. Numbers in boxes describing conditions present corresponding threshold values
to evoke H reflex

3.3.5 Real-Time Data Acquisition and Analysis

Real time data acquisition and processing were performed with g.RTanalyzer (Guger
technologies, Austria) in Simulink. A graphical user interface was developed in LabView

(National Instruments, USA). Real time data acquisition software, from the same
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manufacturer as the EEG device, contains a block in Simulink representing the EEG device
that can be used to select recording electrode sampling frequency, common ground, and

other recording parameters.

The EEG device sends signal in batches, the size of batch depending on the sampling
frequency. For 2400 samples/s it is 128. Then, EEG data was down-sampled to 300
samples/s using ‘Downsample’ block in Simulink (down sample factor, K = 8). To
calculate the relative EEG power in 8-12Hz bands, down sampled EEG recorded at Cz (or
Laplacian derivation calculated in Simulink) was bandpass filtered (5" order IIR
Butterworth) in 8-12Hz and 2-30Hz bands using two independent filter blocks in Simulink.
Filtered EEG in both bands was then squared and smoothed/averaged over a half second
sliding window (150 samples), updated after each sample (1/300s), to obtain the band
power features. However, because of receiving signals in batches, the sliding window was
effectively updated after every 8 samples. Following this, a relative power was calculated
by dividing power in 8-12Hz band with the power in 2-30Hz band. This value was
compared with a reference value for a given task, which was previously calculated based
on 2min EEG recording in the relaxed eyes opened (EO) state, using a graphical user
interface developed in LabView. For different tasks, conditions to activate electrical
stimulator to elicit H reflex were met when relative power calculated over one sliding

window of 150 samples reached the threshold.

3.3.6 NF Pre-Training

Neurofeedback strategy requires several training sessions in which participants explore
the non-verbalised mental strategy that results in a desired outcome (operant conditioning).
Prior to Experiment 1, participants were trained to increase SMR amplitude during 3
training sessions organized over three separate days. Throughout SMR training for all

participants, the Laplacian derivation was not used. Each session was divided into 6 sub-
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sessions lasting 5min each (30min in total). At the beginning of each NF practice session,
monopolar EEG was recorded in EO relaxed state for 2min. During EO EEG recording,
participants were asked to stay still and to concentrate on a small cross in the middle of a
computer screen to avoid eyes movement. This EEG was used as the baseline EEG for a
subsequent NF training. During NF training, participants were instructed to control a
graphical object (bar) on the computer screen using their EEG. A graphical user interface
was developed in LabView. Real time data acquisition and processing was performed with

g.RTanalyzer in Simulink.

The height of the bar was proportional to the power of the SMR and changed color
from red to green when the power increased above the threshold, set at 20% above the
baseline value (Figure 3.3). This threshold was lower than during NF experiment, because
a threshold set too high in the initial training would result in poor performance and might

cause frustration. Electrical stimulation was not applied during NF pre-training sessions.

3.3.7 Experiment 1

EEG baseline activity in EO state was measured. Participants sat still looking in front
of them at a cross at the computer screen for 2min. EEG was visually inspected and
portions of EEG exceeding 100V were removed before calculating the power of the SMR.
Following this, an H reflex recruitment curve was created and stimulation amplitude of H
reflex was determined as previously described. Next, participants were asked to perform a
maximum isometric dorsiflexion of both feet for 10s, as a reference for defining 60% of
maximum voluntary contraction for a subsequent M1 task. The raw EMG was observed on
the computer screen, its amplitude measured during maximum contraction, and
approximate amplitude for 60% of maximum contraction calculated. The participants were

verbally informed when their contraction reached that level. Participants performed several
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real muscle contractions at about 60% of maximum voluntary contraction which facilitated

subsequent kinaesthetic imagination (K1) of movement (described in Section 3.3.7.3).

In Experiment 1, H reflexes were measured in five experimental conditions: PreRelax,
NF, MI, MM and PostRelax. Participants were allowed to rest 5 min between each of the

conditions.

SMR Relative SMR Relative
Power Threshold Power
20% above the baseline
& ~
A B

Figure 3.3 Visual feedback during neurofeedback, bars represent normalized power of SMR
averaged over 0.5s sliding window. When SMR was above the threshold (20% above the baseline
for pre-training, 60% for Experiments 1 and 2), the color of the bar was green, otherwise it was red

3.3.7.1 Measuring H Reflex Amplitude in a Relaxed State

The same procedure was adopted for measuring H reflex amplitude in PreRelax and
PostRelax condition. Participants sat still and relaxed in front of a computer screen looking
at a cross in the middle of the screen (to minimize saccadic eye movement). Their SMR
was monitored, and H reflex was evoked when SMR was within 5% of the baseline SMR
measured at the beginning of the experiment for at least 0.5s. At least 15s was allowed

between two H reflex evocations to avoid habituation.

3.3.7.2 Neurofeedback Task

During NF training, participants were instructed to control a graphical object (bar) on
the computer screen using their EEG. During the NF condition, participants were asked to
increase the SMR amplitude. The size of the bar was proportional to the power of the SMR

rhythm and changed the color from red to green when it increased above the threshold
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(Figure 3.3), set at 60% above the baseline value. H reflex was automatically evoked when
the power of SMR rhythm was 60% above the baseline for at least 0.5s. The H reflex was

elicited five times with a minimum inter-stimulus interval of 15s.

3.3.7.3 Motor Imagery Task

Following a visual cue on a computer screen, participants were instructed to imagine
repetitive ankle dorsiflexion at 60% of the maximum voluntary contraction of the soleus
muscle at their preferred pace. They were instructed to imagine feeling muscles in their
legs (kinaesthetic imagery) rather than a simple visual imagery because of their distinctive

activation of the sensory-motor cortex?*°

. After each cue, 5s were given to participants to
concentrate on the tasks prior to SMR measurement. Visual feedback was not provided for
this task. H reflex was evoked when SMR was 80% under the baseline value for at least
0.5s. An H reflex was evoked following each cue. The H reflex was evoked five items with

a minimum inter-stimulus interval of 15s.

3.3.7.4 Mental Mathematics Tasks

During MM, participants were instructed to subtract numbers in intervals of 7 starting
from a random large number. H reflex was evoked if SMR was 80% under the baseline
value for at least 0.5s. Visual feedback was not provided for this task. The H reflex was

evoked five times with a minimum inter-stimulus interval of 15s.

In order to examine whether there is any short term carry-over effect, following the
three experimental conditions (MM, NF and M), participants were asked to relax and sit

still while 5 H reflexes were elicited at rest (PostRelax).

3.3.8 Experiment 2

Five participants took part in Experiment 2. They were given a 10min rest between
Experiments 1 and 2. The same experimental procedure was adopted as in Experiment 1;
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except SMR was calculated at Laplacian-derived Cz. Current amplitude to evoke the H
reflex was kept the same as in Experiment 1. A baseline SMR from Cz apLace Was
calculated (see Equation 3.1) from EEG measurement at the very beginning of the

experiment, prior to Experiment 1, when it was also recorded from Cz monopolar montage.

3.3.9 Kinaesthetic and Visual Imagery Questionnaire (KVIQ)

Following Experiments 1 and 2, on a separate day, participants’ level of visual and
kinaesthetic imagery were tested by using Kinaesthetic and Visual Imagery Questionnaire
(KVIQ)?!, KVIQ is divided into two imagery tests: kinaesthetic and visual imagery. Each
test comprises 17 questions. Participants were asked to perform a specific movement of a
limb or a trunk, which was presented verbally. Then, they were asked to imagine
performing the same movement and to rate it on a 5 grades scale, which describes the
imagination clarity. For kinaesthetic imagery, 0 means no sensation, and 5 means as

intense a sensation as if executing the action.

3.3.10 Off line Signal Processing

Offline analysis was performed using Matlab. Normalized power, with respect to
power in 2-30Hz band was calculated for theta (4-8Hz), SMR (8-12Hz) beta 1 (12-15Hz),
and beta 2 (16-24Hz) band. The Pearson correlation test was performed to examine a
possible correlation between the H reflex amplitude, normalized with respect to the
maximum amplitude for each participant, and the power in all frequency bands for the

initial baseline period and all three tasks.

To exclude the influence of background EMG on H reflex, the stability of the
background EMG was examined post hoc by calculating the root mean square (RMS)
value of the EMG for both 100ms and 2s pre stimulus intervals in all five conditions. The

short 100ms period was based on the requirements of studies looking into the modulation

21
|3

of H reflex during MI“™°. A choice of the 2s period was based on results of biofeedback
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studies?®®* which recommended that background EMG should be stable (i.e. within a
predetermined range) for at least 2s before stimulation in order to ensure no effect of EMG
backgorund on the H reflex. The relative amplitude of the H and M waves during MM, NF,
MI and PostRelax tasks was expressed with respect to the H and M waves during the initial

relaxed period (PreRelax) — see Equation 3.2 and Equation 3.3 respectively.

H (%) = HTASK —H PRERELAX

3.2
H prereLax

M (%) — MTASK -M PRERELAX 100 33
M prereLax

Normalized H reflex amplitude was presented as the percentage of maximum H reflex
amplitude for that person. While relative H reflex amplitude presents the H reflex of a task
with respect to the H reflex in a relaxed condition, normalized H reflex characterizes a
certain task, independent of the baseline value, and can therefore be also calculated for
PreRelax period. The former is convenient measure to assess the effect of a mental task on
the H reflex, while the latter is more appropriate measure to find a correlation between the

amplitude of different brain rhythms and the amplitude of the H reflex.

3.3.11 Statistical Analysis

A non-parametric test (paired sign rank sum, p=0.05) was used to check whether there
was a statistically significant difference between any pair of tasks. A linear correlation
between two independent variables was measured using the Pearson correlation test. A
correction for multiple comparisons was performed using Holm-Bonferroni correction®2.
To test whether there existed a statistically significant difference in mean values between
more than two variables across repeated measures, a non-parametric Friedman test (non-
parametric, repeated measure ANOVA) was used. In cases of several factors e.g. one
factor montage and other factor task, Friedman test had to be applied to each factor

separately, because it does not allow analysis of interaction between factors. All
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calculations were performed in Matlab. H reflex was considered stable (no habituation or
carry-over effect) if the absolute difference between PreRelax and PostRelax was less than

+ 5%.

3.4 Results

In this section we first present the results of modulation of H reflex and M wave
amplitude during all three mental tasks for both monopolar and Laplacian montage. This is
followed by the analysis of correlation between the H reflex and EEG power in different
frequency bands during MM, NF and MI tasks during Experiments 1 and 2. We
subsequently present modulation of power in different frequency bands over the central,
parietal and occipital cortex during different mental tasks. Finally, we show results of a

correlation between the H reflex and vividness of KI.

3.4.1 The Variation of Relative H Reflex and M Wave during

Neuromodulation Tasks

The average relative H reflex and M wave amplitudes during different conditions are
presented in Figure 3.4 and Figure 3.5 respectively. The average relative amplitude
increase of H reflex (with respect to PreRelax) was largest during NF (19.0 *+ 5.4%, mean
+ median) followed by MM (11.1 + 3.6%) and MI (2.6 + 1.0). During MM, NF, and Ml,
12 out of 15 participants achieved modulation of H reflex amplitude larger than 5% in at
least one task. During NF the amplitude of H reflex significantly increased as compared to
the PreRelax (p = 1.04-10°), and similarly during MM as compared to the PreRelax
(p=5.47-10"). Low values for the relative H reflex amplitude during MI are due to a fact
that in about half participants with significant (> 5%) modulation, the amplitude of the H
reflex increased and in the other half it decreased. This resulted in overall non-significant

difference compared to PreRelax (p=0.57). There was a statistically significant difference
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in relative H reflex amplitude between the tasks (MM vs NF p=0.037, MM vs MI

p=0.0064 and NF vs MI p=1.93-10").

There was no statistically significant difference in H reflex amplitude between
PreRelax and PostRelax state (p=0.69). In all participants, the H reflex amplitudes
PostRelax remained stable (variation less than + 5%) as compared to the amplitude during

PreRelax. This indicates that there was no modulation of H reflex due to habituation.

On a group level, there was no statistically significant difference in M wave amplitude
between the baseline level PreRelax and all three tasks together (p=0.0723). There was
also no statistically significant difference in M wave amplitude between neuromodulatory
tasks (MM vs NF p=0.0818, Ml vs NF p=0.9305 and MM vs MI p=0.1765). The M wave
for all participants remained stable during all tasks (variation less than + 5%) compared to
the amplitude before the experiment (PreRelax). This indicates the stability of direct

efferent muscle response throughout the whole experiment.

Figure 3.6 shows the H reflex and M waves during PreRelax, all three neuromodulation
tasks, and PostRelax for three representative participants. Figure 3.6.A shows an example
in which H reflex increased in all neuromodulatory tasks, in particular during NF, and
returned to the baseline value during PostRelax task (P8, in Figure 3.4 and Figure 3.5).
Figure 3.6.B shows an example in which H reflex decreased during MI and slightly
increased during NF (P4, in Figure 3.4 and Figure 3.5). Finally, Figure 3.6.C shows an
example with no changes in H reflex during neuromodulatory tasks (P3, in Figure 3.4 and
Figure 3.5). Note that in all participants and in all 5 conditions the M wave remained

stable.
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Figure 3.4 Relative H wave amplitude with respect to the values in relaxed state before the
neuromodulatory tasks (PreRelax). The horizontal dashed lines mark + 5 % change of the H reflex
amplitude compared to the PreRelax; MM: mental mathematics; NF: neurofeedback; MI: motor
imagery; PostRelax: relaxed state following all neuromodulatory tasks. Error bars present a
standard error.
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Figure 3.5 Relative M wave amplitude with respect to the values in relaxed state before the
neuromodulatory tasks (PreRelax). The horizontal dashed lines mark + 5 % change of the H reflex
amplitude compared to the PreRelax; MM: mental mathematics; NF: neurofeedback; MI: motor
imagery; PostRelax: relaxed state following all neuromodulatory tasks. Error bars present a
standard error.
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3.4.2 Correlation between H Reflex and EEG Power for Different

Frequency Bands, Tasks and Electrode Locations

For each participant all responses to all 5 stimuli for each task were normalized with
respect to the maximum H amplitude. Power of theta, SMR, betal and beta 2 for each
stimulus were expressed as power normalized with respect to 2-30Hz band. Beta 1 (12-
15Hz) is called SMR in neurofeedback literature and is used for different neurofeedback
protocols®®, and beta 2 (16-24Hz) is in the frequency range of beta SMR related to the

228

control of movements“=. Midline-frontal theta rhythm (4-8Hz) is influenced by increased

level of concentration and might be involved in all active tasks®.

For electrodes at the central, parietal, and occipital cortex, a linear regression was
calculated between the H reflex amplitude of all participants (5*15=75) and the normalized
power of a single frequency band. Figure 3.7 shows a linear regression between SMR and
H reflex for all three mental tasks at Cz. The largest negative correlation was found
between the H reflex amplitude and SMR at C4 and Cz (Table 3.1). A statistically
significant correlation existed between H reflex and SMR power for all three tasks and
PreRelax. A statistically significant negative correlation was also found between H reflex
and SMR for MM at all examined electrode locations. In other frequency bands, a
statistically significant correlation was found only between H reflex amplitude and the beta
2 band for NF at Oz (p=0.0016 and R=-0.3578). A general conclusion was made that there
exists a negative correlation between the H reflex amplitude and the SMR power. Note that
larger SMR power characterises synchronised neuronal activity (ERS), which describes the
‘idle’ state®®®, so there is effectively a positive correlation between the active SMR (ERD)

and the H reflex amplitude.

The analysis of the contribution of individual participants reveals that in most cases for
both MM and Ml the same participants had low or high H reflex amplitude (e.g. P2 and P5

had low H reflex amplitude, and P11, P12, and P14 had high H reflex amplitude). In
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addition, the same participant P15 had a very high SMR power for low H amplitude, and
removing this single ‘outlier’ participant would result in nonsignificant correlation between
SMR power and H reflex amplitude for MM task (p=0.0958 and R=-0.2006) while for Ml
this correlation would still have remained statistically significant (p=-0.0363 and R=-
0.2507). In case of NF there is less similarity than between MM and MI cases. For
example, P6, who for MM and MI had high H reflex amplitude for low SMR power,
during NF had low H reflex amplitude for low SMR power. Participant’s P15 results do

not appear to be outliers as they overlap with results of P1 and P7.

Stimubus
Artifacs PreRelax MM MI PostRelax

A
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Stimubus
Artifacts HReflex
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Figure 3.6 The H and M waves for two baseline periods before (PreRelax) and after (PostRelax)
neuromodulation tasks and during neuromodulation tasks (MM, NF and MI) for three
representative participants (A: highest increase in H reflex, B: highest decrease in H reflex and C:
no change in H reflex). The black thin line represents the M and H reflex for each stimuli and the
black thick line represents their average.
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Figure 3.7 Linear correlation between SMR measured and normalised H reflex amplitude for
different mental tasks. NF (p=0.0325, R=-0.2472), Ml (p=9.6-10", R=-0.3734) and MM (p=2.4-10-
4, R=-0.412). The combination of different symbols and colours presents contribution of a single

participant.

99



Chapter 3

Table 3.1 Linear correlation (p and R values) between normilised H reflex amplitude and
SMR power across different conditions and different electrode locations. PreBL: baseline
before the experiment, NF: neurofeedback, MM: mental math, MI: motor imagery. Bold
marks statistically significant values

PreRelax MM NF Ml

p R p R p R p R

C3 0.0793 -0.2039 6.95-10° -04932 0.1447  -0.17 0.0903  -0.197
Cz 6.42:10* -0.3853 240-10° -0.412  0.0325 -0.2472 9.67-10* -0.3734
C4 0.0108 -0.2928 0.0031  -0.3376 0.0337  -0.2456 0.0336  -0.2458
P3 0.2711  -0.1287  0.005 -0.3212  0.0755  -0.2065 0.2526  -0.1337
P4 0.1849  -0.1548 2.43.10° -0.5138 0.0854  -0.2 0.4196  -0.0946

Oz 0.9749 3.7*10°  0.0054 -0.3181  0.555 -0.0692  0.4437 -0.0898

3.4.3 H Reflex during Monopolar and Laplacian EEG Derivation

To assess the influence of neuromodulation based on EEG measurement of local and
wide spread sources, five participants were asked to repeat the same five tasks (PreRelax,
MM, MI, NF and PostRelax) while EEG was recorded from an additional 4 electrodes (see
methods). For all five tasks, SMR was calculated from Laplacian-derived Cz. The relative
amplitude of the H reflex during monopolar and Laplacian EEG derivations are presented
in Figure 3.8, showing a similar trend except for Ml task in P11, and NF tasks in P15. A
two way repeated measures Friedman test was performed to compare whether there was a
statistically significant difference between monopolar and Laplacian derivation across all
five tasks, each task repeated 125 times (5 tasks x 5 repetitions x 5 persons). The test
demonstrated that there was no statistically significant differences between different
derivations for all tasks p=0.2099. The same test was applied to compare between five
different tasks for both derivations together, with 50 repetitions (2 derivations x 5
participants x 5 repetitions) resulting in nonsignificant differences among tasks, p=0.0712.
When Friedman test was applied to only the first four tasks (without PostRelax which is
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very similar to PreRelax, (see Section 3.4.1) it resulted in a statistically significant

difference between tasks p=0.0277.

Linear regression was calculated for both derivations between the normalized
amplitude of H reflex and EEG power in theta, SMR, beta 1, and beta 2 band for each task
(25 measurements of Laplace derivation, and 25 for monopolar derivation). A statistically
significant negative correlation was found in both cases between SMR and the H reflex for
the PreRelax (Laplace p=0.038, R=-0.4172, monopolar p=6-10° and R=-0.7723) and NF
(Laplace p=0.0173, R=-0.4717, monopolar p=0.0013, R=-0.6084). In monopolar
derivation only, statistically significant negative correlation was also found for both MM
and Ml tasks (p=4.2-10", R=-0.7244 and p=4.7-10, R=-0.7214) respectively. Though the
results of both derivations show similar trends, they are somewhat different from the
results on 15 participants with monopolar derivation, probably due to the small number of
participants. Although participants practiced NF with monopolar derivation this did not
negatively influence their performance during NF with Laplace derivation. The average
time to achieve 5 conditions for H reflex stimulation during NF was 16.7 + 2.1s for

monopolar and 15.6 + 0.8s for Laplace.
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Figure 3.8 Relative H wave amplitude for all three neuromodulation tasks (MM, NF and MlI)
during two EEG recording derivations (Laplacian and monopolar)

3.4.4 Kinaesthetic Imagery Scores

The mean value of Kl scores across all 17 questions, including MI of different parts of
the body, and across 12 participants (participants 6, 10 and 11 were not available for the
test) was 3.2 £ 0.6, and it ranged from 1.95 to 4. These results show that on average
participants had moderate kinaesthetic imagery (KI=3). To test the relation between the
ability of the KI and the variation in H reflex amplitude during MI, a linear regression was
calculated between KI score and the relative H reflex amplitude (Figure 3.9). The
correlation coefficient was moderate (Pearson p=0.164, R=0.4282) but was not statistically

significant.

102



Chapter 3

4
® ¢ 35 » 2
8 .
“
w2
2 e 25
29
15
1
05
0
0 20 0 20 40 60

Relative H reflex amplitude %

Figure 3.9 A linear regression between Kl score and the relative H reflex amplitude during Ml across all 12
participants (3 out of 15 participants did not take part in this test)

3.4.5 Background Electromyography

The mean RMS value of background EMG in a period 100ms before each stimulus
during all experimental conditions and across all participants was 3.49 £+ 1.85uV (min
1.18uV, max 9.62uV). The mean RMS value of background EMG in a period 2 s before
each stimulus was 3.42 + 1.84pV (min 1.30pnV, max8.72 pV). All values were under
10pV, which was a benchmark value to determine stability of background EMG in some
previous studies?®*, showing that H reflex was not modulated due to the modulation of the

background EMG activity.

3.4.6 Modulation of Other EEG Frequency Bands during Mental

Tasks

Figure 3.10 shows an example of Power Spectral Density (PSD) as a function of
frequency over 2-30Hz range for PreRelax, MM, NF, and MI. PSD was calculated based
on 1s of EEG before stimulation, providing 5s of recording for each condition. Although
stimulation was based on 0.5s EEG, a period of 1s was chosen for computational reasons
as 0.5s provided an overall EEG signal that was too short (only 2.5s). During MM and Ml

the power in 8-12Hz was smaller, and during NF it was larger than in PreRelax state.
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While power was controlled in the SMR band only, it can be noticed that power was also
modulated in other frequency bands, most notably in the theta and beta 1 band during MM

and MI.

Power (u \72,4"Hz)

12 | | | | ] | | [ ] | | | ] ]
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Frequency (HZ)

Figure 3.10 EEG power as a function of frequency averaged across 15 participants in Experiment
1. PreRelax: relaxed state before the experiment; MI: motor imagery; NF: neurofeedback; MM:
metal math

Figure 3.11 shows power in other frequency bands during modulation of SMR power,
across different electrode locations at the central, parietal, and occipital cortex for different
mental tasks. It also shows the baseline power across different cortical areas. Asterisks in
Figure 3.11 mark statistically significant differences between the PreRelax and the various
mental tasks across the frequency bands and electrodes, corrected for multiple
comparisons. In the SMR band an increase in baseline power can be noticed, starting from
the central area towards the parietal and occipital area, though it did not reach a statistically
significant level (p=0.0683 Cz vs Oz). While the difference in SMR between the PreRelax

1y it was not significant for Oz

and NF was statistically significant for Cz (p=1-10
(p=0.085). This indicates that although EEG derivation was monopolar, it was the true

SMR rather than wide-spread alpha being modulated during this task.
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Significant decrease of the SMR during MM and MI can be noticed across all electrode
locations. Wide spread posterior-occipital reduction in SMR activity during MM has been

previously reported, and was related to modulation of the alpha rhythm?®

. Beta 1 power
was also significantly reduced for MM at all electrode locations. A wide-spread reduction
in SMR during MI can be attributed to aggregation of different processes involved in the
transformation from seeing (a visual cue) to doing®’. Beta 1 was significantly reduced
(p=0.035) at Cz for MI. Theta band power was significantly reduced at Cz, C3, P4, and Oz
during MM, and at Cz, P4, and Oz during MM. Beta 2 power was not significantly

modulated by any of the mental tasks.

For Laplacian derivation at Cz, during MI, power was on average reduced in the SMR
rhythm and theta and beta 1 band Figure 3.12. Although SMR and beta 2 are two nearby
bands, MI did not result in reduced power in beta 2 band. During NF, the average power
increased in SMR, beta 1 and beta 2, as compared to the baseline. Again, although SMR
and theta are neighbouring frequency bands, theta band power decreased while SMR
power increased. Finally, during MM, power decreased in SMR and theta bands, staying
on a similar level as during the baseline in beta 1. On the contrary, beta 2 power decreased
during MM. Compared to the monopolar montage, NF had a similar effect on the theta,
SMR, beta 1 and beta 2 band, M1 had the similar effect on the SMR, beta 1 and beta 2 band
and MM had similar effect on SMR and theta band. It should however be noted, that
largest differences between monopolar recording and Laplacian derivation were in bands
in which there was no statistically significant differences between the baseline and the task,

in case of monopolar montage shown in Figure 3.11.
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Figure 3.11 Relative EEG power at different frequency bands (Fig A-D) during different mental
tasks over several electrode locations. A: Theta band (4-8Hz), B: SMR (8-12Hz), C: Beta 1 (12-
15Hz), D: Beta 2 (16-24Hz). PreBL: baseline power before the experiment, NF: neurofeedback,
MM: mental math, MI: motor imagery. Asterisks above bars indicate tasks which significantly
modulated power as compared to the baseline value. Initial statistical significance level p=0.05 was
corrected for multiple comparisons for each single band/electrode.
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Figure 3.12 Relative EEG power at different frequency bands during different mental tasks over
Cz electrode location during Experiment 2. PreRelax: baseline power before the experiment, NF:
neurofeedback, MM: mental math, MI: motor imagery.

3.5 Discussion

It is believed that the sensory-motor cortex presents the major supraspinal site for
modulation of the H reflex’®*?!°. However the effect of the self-induced modulation of

SMR on the H reflex has not been sufficiently explored.

The present study explores the effect of short term modulation of SMR using different
mental strategies on the H reflex amplitude of the soleus muscle. From the literature, it is
known that mental tasks, including M, can induce unspecific facilitation of motor evoked
potential®®®. Our recent study shows that up-regulation of SMR power by NF over the
motor cortex, results in increased SMR power primarily over the central areas of the
cortex**. However, it is not known how it affects H reflex. In this study, the effect of MM
and NF on the H reflex was excitatory despite the opposite direction of modulation of the
SMR rhythm. Both tasks significantly increased the H reflex. Ml also resulted in
modulation of H reflex but in about one half of participants with significant modulation
(amplitude change larger than £5%) it caused an increase, while in the other half a

decrease of H reflex amplitude. The comparable values of the baseline H reflex before and
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after the experiment in the current study indicate that there was no carry-over effect

following a single session of three mental tasks.

Modulation of H reflex was largest during NF. To the best of our knowledge, there is
no published study providing information about the change in cortical excitability during
NF task. However, Ros and Gruzelier studied the effect of suppression of monopolarly
recorded 8-12 Hz rhythm over C3 on corticospinal tract excitability following 30 min NF
training®®. Motor evoked response to transcranial magnetic stimulation was used as a
measure of excitability. They noticed no significant change in cortical excitability
immediately after NF, followed by a significant increase in excitability 15 min after NF. In
the current study, participants were asked to increase SMR power for 5 min only and no

significant difference was noticed between PreRelax and PostRelax baseline H reflex.

An rTMS study showed that stimulation with 1Hz increased 8-12 Hz band power over

238 \while stimulation

the sensory-motor cortex as the result of ERS of neuronal activity
with 5Hz caused ERD. Another rTMS study showed that stimulation with 1Hz caused
increase in H reflex”’ while stimulation with 5Hz caused reduction of H reflex, resulting
in reduced spasticity in patients with multiple sclerosis. Results of these studies show that
1Hz rTMS stimulation is related to both ERS and increase in H reflex. This indicates a
possible relation between ERS (increased 8-12 Hz power) and increased H reflex. If we
hypothesise that NF and rTMS result in a similar effect on SMR power, then the effect of

229238 which results in

NF would be similar to ERS, i.e. inhibition of cortical networks
increased H reflex. In patients with spinal cord injury, total or partial loss of
communication between the brain and monosynaptic loops in the spinal cord results in
spasticity”>*2*° which can manifest itself as an exaggerated H reflex®*. In our recent NF
study with spinal cord injury patients, we noticed increased spasm in legs during NF

training from C3/C4 and Cz in people with an incomplete injury**. The NF protocol

involved up-regulation of 8-12 Hz and down-regulation of theta and beta (20-30 Hz) band
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power using monopolar EEG montage. A post hoc analysis revealed that 8-12 Hz rhythm

was increased over the central area indicating that it was most likely the SMR rhythm.

It is of interest that while NF resulted in H reflex increase, largest increases were
noticed for smaller increases of SMR. This apparent decoupling between the global effect
of NF and a specific relation between SMR and H reflex might indicate that some more

factors, apart from SMR, are involved in modulation of H reflex during NF.

During MM a significant increase in H reflex amplitude was noticed. It is believed that
the mechanism for increasing H reflex during MM is caused by stress which heightens
sympathetic outflow?*?. Sympathetic outflow enhances the stretch reflex response in the

relaxed soleus muscle in humans®. It

is of interest that reduced power during both MM
and MI was noticed over the parieto-occipital region. It has previously been reported that
mental math affects the widespread alpha rhythms over the parieto-occipital region®®. This
indicates that MM actually modulated the alpha rhythm rather than the SMR. However, in
experiments with Laplacian derivate, which should reduce the influence of a widespread
alpha rhythm on the stimulation-triggering SMR measurement, increase in H reflex during
MM was noticed in some cases. Thus, MM probably modulated both SMR and alpha
rhythms. On the other hand, a widespread cortical reduction of 8-12 Hz rhythm during Ml
over the central, parietal, and occipital regions might be the consequence of a volume-

conduction effect or may reflect a complex process of transformation of seeing (a visual

cue) into doing®’.

Previous studies demonstrated that the effect of MI on the H reflex depends on the

level of fitness2l2-214216217

. In our study the level of fitness was not measured, but
participants belonged to a general population. However, a moderate, though non-
significant, positive correlation (R= 0.4282, p=0.164) was noticed between the kinaesthetic

imagery score and the H reflex amplitude during MI. Although we asked participants to

perform MI at 60% of maximum contraction of the soleus muscle it is possible that this
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varied among participants. Hale et al. found that M1 practice rather than the intensity of
imagination influenced H reflex amplitude, as it increased throughout the experiment
including repeated M1 sessions®*®. The inconsistent results on the influence of MI on H
reflex indicate that although MI produces consistent decrease of SMR, the SMR power is
likely not the only factor influencing the H reflex amplitude. In a recent study on rats by
Boulay et al. two mechanisms were proposed through which the activity of the sensory-
motor cortex may influence H reflex?”®. These two mechanisms were associated to a
distinctive relation of H reflex with two frequency bands. The first, which is probably
mediated by presynaptic inhibition, results in H reflex increase with increased activation of
SMR (8-12 Hz). The second, which is probably mediated via the motoneuron itself as well
as changes elsewhere in the spinal cord, has the opposite effect. A more active sensory-
motor cortex in lower gamma band (40-85 Hz) results in lower H reflex. This could
explain why, in some cases, H reflex was reduced during MI. A limitation of the current
study is that gamma band activity was not recorded, making it impossible to test this
hypothesis. In addition, it is not known to what extent results in humans and rats are

comparable.

A recent study by Takemi et al. analyzed the influence of ERD during MI on the
excitability of the human spinal motoneurons, as measured by the presence of F wave®*.
Although the intensity of ERD (5% or 15%) had no impact on the results, increasing SMR
during MI task had an overall excitatory effect. A difference between F and H waves is
that the F wave is elicited at supramaximal M wave amplitude and is caused by an
antidromic stimulus in the motor pathways, meaning it requires higher current than H
reflex and does not involve the sensory pathways. In our study H reflex activated both
sensory and motor pathways, and intensity of ERD was 80% - much higher than that used

by Takemi et al.?**.
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Analysis of the power spectrum during all three tasks showed that modulation of SMR
was accompanied by the modulation of EEG in other frequency bands. Significant
reduction in theta and beta 1 power was noticed over the central cortex for Ml, and over
central, parietal, and occipital cortex for MM. These frequency bands might independently
affect H reflex. We therefore calculated a correlation between the H reflex and modulation
of power in different frequency bands over the central, parietal, and occipital cortex. A
statistically significant negative correlation between H reflex and EEG power was found
for SMR band only. It was present for all three mental tasks and PreRelax at electrode
locations Cz and C4 located over the primary motor cortex. This effectively means that
ERS was negatively and ERD positively related to the H reflex amplitude, confirming

results of Boulay et al.?*,

A possible limitation of the study is that only NF included visual feedback and direct
conscious self-regulation of SMR. This may have influenced wider cortical networks,
including the occipital cortex; however in this study we found no significant modulation of
8-12Hz rhythm at Oz during NF. Since people use various mental strategies for NF, the set
of mental tasks used to increase the SMR during NF is probably less homogeneous than
mental tasks used to reduce SMR with MM and MI. To the best of our knowledge there is
no verbalized rule that can be used to increase 8-12 Hz rhythm, apart from relaxation

which typically affects the parieto-occipital alpha rhythm?*®

. Additionally, the duration of
NF training prior to the study was relatively short. We did however check the participants’

ability to self-regulate their brain waves through post hoc analysis of PSD during NF.

Furthermore, another limitation is that we used monopolar montage for most of
participants, which probably records a mixture of sensory-motor rhythm and alpha rhythm.
In Experiment 2 of this study, the Laplacian derivation was used to exclude the effect of a
widespread alpha rhythms modulation in 5 participants. A Friedman test failed to

demonstrate a statistically significant difference between two montages, indicating that
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either the modulation of relative H reflex amplitude was not clearly affected by the origin
of 8-12 Hz rhythms, or that both montages recorded dominantly SMR. A regression
analysis between SMR and H reflex amplitude showed a significant negative correlation
for PreRelax and NF in both cases, while a negative correlation for MM and M1 was found
for monopolar montage only. The NF result confirm the result of our previous study in
which we recorded multichannel EEG during NF*, and showed that NF tasks
predominantly modulated the central 8-12Hz rhythm, i.e. SMR. The absence of significant
correlation for both MM and MI tasks for Laplacian derivation is probably a combination
of two factors, the small number of participants and possibility that widespread alpha,
rather than SMR was modulated. Unfortunately, due to the small number of participants
we had to apply a nonparametric statistic which did not allow us to analyse between factors
‘derivations’ and ‘tasks’ to draw conclusions about which of five tasks was influence by

different derivations.

The present study provides an important and novel first step in exploring the effect of
modulation of SMR during neuromodulation tasks on H reflex amplitude in the able-
bodied population. It is however based on the measurement of the immediate effect of a
single session of neuromodulation. Repeated experiments over an extended period would
be necessary to understand the long-term changes of H reflex induced via prolonged
modulation of brain activity. The results of the study are also relevant for the design of
brain-computer interface rehabilitation strategies, which are based on cortical activation to
promote restoration of the neural activity in the cortico-spinal tract. Very often MI is
combined with functional electrical stimulation (FES) to promote simultaneous activation
of sensory and motor pathways®*®2*3, Results of this study, in particular results concerning

M1, should inform future design of such BCI-FES studies.
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3.6 Conclusion

Short term voluntary modulation of SMR from Cz resulted in modulation of H reflex
amplitude of the soleus muscle. The excitatory effect on H reflex was independent of the
direction of modulation of the SMR rhythm. Increasing SMR through NF produced the
largest increase in the H reflex. Decreasing SMR through MI had an inconsistent effect on
the H reflex, indicating possible concomitant influence of other EEG rhythms present in
the same area of the cortex or the influence of sub-cortical centres. All three mental tasks
also resulted in modulation of the theta and lower beta band power in the central, parietal,
and occipital cortex; however, a significant correlation with H reflex was found mainly for
SMR. A single neuromodulation session produced only a short term modulation of the H

reflex.
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Chapter 4 Cortical Predictors of CNP in Sub-acute
Patients with SCI

4.1 Abstract

Obijective: to define dynamic EEG predictors of CNP in sub-acute SCI patients who have

not developed physical symptoms of CNP.

Methods: Forty one participants took part in this study: 10 Able Bodied (AB), 11 Patient
with CNP (PwP), 20 Patients with no CNP at the time of EEG recoding. Ten out of 20
developed CNP within six months after EEG recording (PdP) and 10 stayed pain free
(PnP). EEG was recorded during cue-based motor imagery (MI) tasks involving the left
arm (LA), right arm (RA) and feet (F) and during eyes opened (EO) and eyes closed (EC)
relaxed state. Power spectral density (PSD) and time-frequency EEG analysis were

performed on average brain response, analysed separately for each limb.

Results: As predictors of CNP (preceding the physical symptoms of CNP), high theta PSD,
shift of the dominant alpha peak towards lower frequencies and lower EEG reactivity
during relax state as well as stronger alpha and beta ERD during MI were noticed in PdP
group. Furthermore, the PwP group who already had pain at the time of EEG recording,
had increased theta PSD during a relaxed state and a stronger ERD activity including lower

frequency theta band during MI.

Conclusion: This study demonstrated that changes in spontaneous and induced EEG can

be both predictors and consequences of CNP following SCI.
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4.2 Introduction

Central neuropathic pain (CNP) is one of the worst secondary consequences of SCI.
More than 40% of SCI patients experience CNP, though the onset of its first symptoms
might vary from weeks to years after injury®®. As a consequence of CNP, patients’ quality
of sleep is reduced accompanied by a high level of anxiety and depression®**?*°. CNP not
only affects patients’ health status and quality of life, but has also an economic impact on

the patient and the wider society®”.

CNP is refractory to most surgical, pharmacological, behavioural and physical
interventions®®?2** This might be because patients are treated after considerable
reorganisation and anatomical changes have occurred in the brain and spinal cord as a

p20.136.142,15L152 pag) |t

consequence of CN from animal model studies suggested that CNP

may be prevented by pre-emptive treatment early post injury in individuals with SCI%>%®,
Therefore, defining the predictor of CNP could lead to the development of the preventive

treatment of CNP in SCI patients and possibly in other patient groups suffering from this

type of pain.

An electroencephalographic (EEG) study by our research group demonstrated that
chronic SCI patients with CNP have a characteristic ‘signature’ of pain, which can be
detected while patients activate their sensory-motor cortex, by imagining moving the
paralysed, painful part of the body. These signatures are particularly noticeable over the
primary motor cortex (M1)**° during motor imagination task and a known close relation
between the over-activation of motor cortex and CNP'. It is however still debatable

whether these signatures are predictors or consequences of CNP.

Studies demonstrating cortical and subcortical reorganisation in patients with long-
standing pain indicate that changes in the brain are a consequence of long standing
:~136,138-140 : . .
pain . Typically, patients who experience CNP for more than 6 months are
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included in these studies, in order to treat pain as chronic*?. However multiple non-

pharmacological treatments**88169.176

, including a neurofeedback treatment by our research
group**, demonstrated that the modulation of brain activity results in reduced intensity of
pain and also reverse cortical activity. These results indicate that changes in brain activity

might be a cause rather than a consequence of pain.

This study was conducted to explore the causal relation between EEG and CNP in the
transitional period of early symptoms of CNP. Patients with SCI present a good model to
explore CNP because of the well-defined location of CNP at or under the level of injury
and because of the distinctive burning and shooting sensation which accompany this type
of pain. In addition, most SCI patients have reduced, and in some case absolutely no
sensation below the level of injury, which would in general reduce their sensation of
nociceptive pain. Finally CNP responds to anticonvulsants and antidepressants, which are
not effective in the treatment of nociceptive pain providing additional evidence of
neuropathic origin of pain. For these reasons, we could also include in this study patients
with CNP which persisted for less than 6 months, in order to investigate the effect of a

relatively short-term presence of CNP on the activity of brain.

We compare both spontaneous and induced EEG activity of sub-acute SCI patients
with and without CNP, as well as with able bodied participants. We also perform a
retrospective study on the group of patients with no pain at the time of EEG recording, by
separating them into two groups of those who did or did not develop pain within 6 months
following the recording. In this way we were able to capture a transition from just before

the onset of pain until a period just after the onset of pain.
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4.3 Methods

4.3.1 Participants

Forty one adult participants were recruited for this study. Participants were categorized
into four groups:

1. Ten able-bodied volunteers (AB) (3 Female (F), 7 Male (M), age 35.2+7.2)
2. Eleven sub-acute SCI patients with CNP (PwP) (4 F, 7M, age 44.9+16.9)
3. Twenty sub-acute SCI patients with no CNP at the time of EEG recoding were
divided into:
a) Ten developed CNP within six months after EEG recording (PdP) (1 F, 9 M,
age 46.9+15.9).
b) Ten stayed pain free within the first year after EEG recording (PnP) (1 F, 9 M,
age 42.1+13.3)
All participants gave their informed consent. The study was approved by the University

of Glasgow, College of Science and Engineering ethical committee for the able-bodied
participants and by the National Health Service for Greater Glasgow and Clyde ethical
committee for patients. American Spinal Injury Association (ASIA) Impairment
Classification was used to determine the neurological level of SCI. The inclusion criteria
for SCI patients with pain were intensity of CNP > 4 VAS and pharmacological treatment
of CNP ongoing for at least 6 weeks. The general inclusion criteria for all groups were
adults aged between 18 and 75 years, no history of brain disease or injury and normal or
corrected to normal vision. The general exclusion criteria for all groups were chronic or
acute pain > 3, diagnosed mental health problems. Table 4.1 shows the demographic
information of the patient with CNP (PwP), patients with no pain (PnP) and patients

developed CNP (PdP).
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Table 4.1 Demographic information of SCI patients groups

Patients with CNP (PwP)

No. Levelof ASIA  Weeks Weeks with Pain intensity Medication
injury after SCI CNP (VAS)
1 T12 B 20 20 9 Pregabalin
2 T7/T8 A 12 12 6 Gabapentin
3 C3/C4 D 16 16 7 Tramadol
4 C5/C6 A 17 15 5 Tramadol
5 T3 A 24 6 5 /
6 T10 A 12 12 7 Pregabalin
7 T8 C 26 26 5 /
8 C3 D 6 6 6 /
9 T6 B 28 28 8 Pregabalin
10 C4 A 6 6 7 Gabapentin
11 T6 C 6 6 7 Gabapentin
Patients with no pain (PnP)
No. Levelof ASIA  Weeks
injury after SCI
1 T7,T10 B 12
2 L1 C 12
3 T11 B 7
4 T12 A 4
5 T6 A 12
6 T6/T7 B 21
7 L1 D 7
8 L1 B 4
9 T3,T5 D 10
10 T6 C 10

Patients developed CNP (PdP)

No. Levelof ASIA  Weeks Weeks Developing Location of the CNP
injury after SCI CNP after EEG
Recording
1 C3/C4 D 12 8 At and below level CNP
2 C3/C4 B 8 12 At and below level CNP
3 T7/T8 D 9 6 below level CNP
4 T12 A 6 10 At and below level CNP
5 C5/C6 A 12 4 At and below level CNP
6 L2 B 6 4 At and below level CNP
7 T3 A 24 8 At and below level CNP
8 T5 A 6 7 At level CNP
9 T6 A 4 2 At and below level CNP
10 C3 A 6 4 At and below level CNP
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4.3.2 EEG Recording

Three modules of a modular biosignals amplifier (g.USBamp, Guger Technologies,
Austria) were used to record 48 EEG channels. EEG electrodes were placed according to

the international 10-10 standard system of electrode placement®>’

, shown on Figure 4.1.
An ear-linked reference was used and ground was placed on AFz location. EEG was
recorded with a sampling frequency of 256 Hz and band-pass filtered between 0.5 and 60
Hz (and notch filtered at 50 Hz) using 5™ order IIR digital Butterworth filters within the
g.USBamp device. Filters could be set through a graphical user interface of a Simulink
module of gUSBamp proprietary software. EEG recoding was performed using Simulink
and MATLAB (MATLAB R2010a, The MathWorks Inc., USA). The electrodes

impedance was also monitored through a proprietary Simulink block and was kept under 5

kQ.

Figure 4.1 The international 10-10 standard system of electrode placement used for this
study, the black circle shows the position of the ground electrode and the gray circles
show unused electrode locations.

120



Chapter 4

4.3.3 Experimental Protocol

Prior to the start of EEG recording, patients with CNP (PwP) were asked to fill out a
Brief pain inventory®® questionnaire to collect information about their pain intensity,

location of pain and medications. Figure 4.2 shows patient’s perceived pain locations.

The sensory profiles of patients with no pain at the time of EEG recording were
evaluated by testing the perceptual threshold (PT) using monofilaments. This test was
performed in addition to the ASIA test which also involves testing the sensory threshold
over different dermatomes. PT can be defined as the lowest stimulus intensity at which
SCI patients reported sensation®”. They were examined for mechanical wind-up by using
monofilaments no. 6.65. Mechanical wind-up is a repeatable mechanical stimulus of
identical intensity which causes a gradually increasing pain®. Stimulus was applied 4
consecutive times on their foot and shank of both legs. Patients ware asked if the stimulus
was painful and to rate the intensity of pain after the first and fourth stimulus on VAS. It is
believed that those patients for whom the sensation is painful are at a high risk of
developing CNP?°. They were tested every two months while in the hospital or until they

developed CNP.

4.3.4 EEG Recoding during Relaxed State

Spontaneous EEG activity was recorded during eyes opened (EO) and eyes closed (EC)
relaxed states for 2 min each and repeated twice alternating between EO and EC conditions.
During EO relaxed state, participants were instructed to stay still and to focus on a small
cross presented in the middle of a computer screen to avoid eyes movement, while during

EC relaxed state, they were asked to close their eyes and relax.
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Figure 4.2 Perceived location of pain as reported by patients in PWP group (black shaded areas)
4.3.5 EEG Recoding during Motor Imagery Task

Induced EEG activity was recorded during a cue based motor imagery (Ml) task. The
paradigm of the MI task was implemented using rtsBCI?*®. Participants were seated at a
desk in the front of a computer screen at a distance of about 1.5m. They were instructed to
imagine waving with their right hand (RH), left hand (LH) or both feet (F). Each MI trial

lasted for 5s, as shown in Figure 4.3.

The Ml trial started at t=-2s, when a black screen was presented, followed by a warning

cue (a cross) at t=-1 s to give participants indication to get ready for MI. The cross was
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presented for 4s (from -1 s to 3s (end of the trail)). At t=0 s, an arrow (initiation cue) was
presented on the screen for 1.25s, overlapping with a cross. The arrow pointed to the right
for RA MlI, left for LA Ml or down for F MI. The participants were instructed to keep
imagining a movement until the cross disappeared, i.e. for 3s in total. The resting period
between trials was semi-random and varied between 3-5 s, to avoid expectation of a
predictable stimulus. Participants performed 6 MI sessions which lasted 5 min each. Each
MI session included 30 trails (10 trails for each condition in semi-randomized sequences).

In total, each participant performed 180 trails (60 trails for each condition).

Feet
Left hand {—-ﬂ-—} Right hand

Cue

+ Cue

Readiness Cue / Readiness Cue

2 -1 0 1 2 3 -2 -1
Figure 4.3 Experimental protocol for a cue-based motor imagery task

4.3.6 Pre-Processing of EEG data

Both spontaneous and Induced EEG were exported to EEGlab toolbox®™. EEG signals
were then visually inspected and the signals with artifact or which had an amplitude > 100
MV were manually removed. The EEG signal was then re-referenced to an average
reference and decomposed into 48 independent temporal components using infomax
independent component analysis (ICA) algorithm™® implemented in EEGlab for further
noise removal. The non-EEG components were identified and removed by considering
their characteristic morphology, spatial distribution and frequency content. On average, no

more than 3 out of 60 trials had been removed.
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4.3.7 PSD Analysis for Spontaneous EEG

The group analysis was performed by utilising EEGLab structure ‘study’ in order to
compare the power spectral density (PSD) of the spontaneous EEG between different
groups (AB, PnP, PdP and PwP) and between different conditions (EO and EC). The
averaged power over participants within the same group for each condition for a single
frequency band, including theta (4-7Hz), alpha (8-12Hz) and beta (13-30Hz), was used for
group analysis. That provided 3 EEG power analyses for EO and 3 for EC state. To assess
the differences between and within the groups and between the conditions the statistical
non-parametric method with a significance level p=0.05 was used. The comparison of the
power and frequency of the dominant peak between and within the groups and during EO
and EC relaxed state was performed using nonparametric Wilcoxon rank-sum test. A

correction of multiple comparison was performed using the False Discovery Rate (FDR)**.

4.3.8 ERD/ERS analysis for Induced EEG

The group analysis was performed by utilising EEGLab structure ‘study’ in order to
compare the event related desynchronisation / event related synchronisation (ERD/ERS)
induced by MI between different groups (AB, PnP, PdP, and PwP) and between different
conditions (RA, LA and F). ERD/ERS was computed using EEGlab. ERD/ERS analysis
was performed on the EEG data within a frequency range (3 to 45Hz) using Morlet
Wavelet transform*® with Hanning-tappered window applied and with a minimum of 3
wavelet cycles per window at lower frequency. The baseline period used for ERD/ERS
analysis was (t=-1.9 to -1.1s). The averaged ERD/ERS over trails and participants within
the same group for each MI condition was used for group analysis. A scalp map based on
averaged ERD/ERS over a short time window and specific frequency bands was also used
for group analysis. The statistical non-parametric two way ANOVA method with

significance level p=0.05 was used in order to assess the differences between the groups
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and conditions. A correction for multiple comparison was performed using the False

Discovery Rate (FDR)*°.

4.3.9 sLORETA Localisation for Spontaneous and Induced EEG

SLORETA analysis was performed on spontaneous EEG data (EO and EC relax state)
and on induced EEG data (Ml tasks) for all 4 groups. SLORETA has been used to estimate

the cortical three dimensional distribution of the EEG sources current density®.

For spontaneous EEG, data for each subject of each group was split into 4s long time
epochs. Each of these epochs was exported to SLORETA. The current source density was
computed in SLORETA for each of these epochs in three frequency bands including theta
4-THz, alpha 8-12Hz and beta 13-30Hz. The frequency dependent changes in brain
activation at surface and deep cortical structures were compared between the groups during
EO and EC state. A non-parametric t test implemented in SLORETA package with 5000
randomisation of statistical analysis was used to compute corrected p values. The statistical

significant level was set at p=0.05.

For induced EEG, the trials were split into 1s long epochs and exported to SLORETA.
The current source density was computed in SLORETA for each of these 1s epochs in four
frequency bands including theta 4-8Hz, alpha 8-12Hz, beta SMR 16-24Hz and beta 20-
30Hz. The baseline was taken for 1s from the baseline period of each Ml trial (-2 to -1s).
The frequency dependent changes in brain activation at surface and deep cortical levels
were compared between the groups for all three MI conditions (F, LH and RH). A non-
parametric t test implemented in SLORETA package with 5000 randomisation of statistical
analysis was used to compute corrected p values. The statistical significant level was set at

p=0.05.
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4.4 Results

Due to a considerable length of this chapter a summary of results will be presented to
help the reader to understand the overall structure of results. Results are divided in a brief
section reporting on mechanical stimuli followed by EEG results. EEG analysis is divided
into spontaneous EEG analysis in EO and EC state and in analysis of induced EEG activity
during motor imagination task. Each of these two is divided into EEG based analysis and
SLORETA analysis. Results section comprise mostly of statistically significant results and
where necessary, to preserve the consistency of data, also of non-significant results.
However, for the majority of non-significant results that were presented in this chapter
related figures are shown in Appendix A. A summary of the results is provided in section

(4.4.7).

Section 4.4.2 Spontaneous EEG analysis is divided into:

e Comparison between PSD in EO and EC state for each single group separately.

e Comparison of PSD between each pair of groups for EC and for EO state, for
theta, alpha and beta band.

e The analysis of inter-subject PSD variability in EO and EC state for each single
group.

e Comparison of dominant alpha peak power and dominant alpha peak frequency
between each pair of groups.

Section 4.4.3 sSLORETA comparison of the spontaneous cortical activity between groups is

divided into:

e SLORETA comparison of spontaneous cortical activity between groups in the
theta band

e SLORETA comparison of spontaneous cortical activity between groups in the
alpha band

e SLORETA comparison of spontaneous cortical activity between groups in the
beta band
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Section 4.4.4. Induced EEG during motor imagery (M) tasks is divided into
e Analysis of ERD/ERS for all groups at representative electrodes
e Comparison of ERD/ERS scalp maps between PnP and PdP

e Statistical analysis of differences in ERD/ERS maps between all groups

Section 4.4.5. Spatio-temporal dynamics of ERD/ERS during Ml task is divided into:
e Spatio-temporal dynamics of theta band ERD/ERS
e Spatio-temporal dynamics of alpha band ERD/ERS
e Spatio-temporal dynamics of beta band ERD/ERS

Section 4.4.6 sSLORETA comparison of the cortical activity between groups during Ml
tasks is divided into:
e SLORETA comparison of the cortical activity between groups in the theta band
during MI task.
e SLORETA comparison of the cortical activity between groups in the alpha band
during MI task.

e SLORETA comparison of the cortical activity between groups in the beta band
during MI task.

4.4.1 Response to Mechanical Stimulus

All patients in PnP and PdP have been tested for wind-up effect. Only one patient, who
also verbally reported unpleasant altered sensation in his sole (touching a sand paper),

reported pain during this test.

4.4.2 Spontaneous EEG Analysis

Spontaneous EEG was analyzed in both eyes opened (EO) and eyes closed (EC)
conditions and compared among each of the groups. Two major features were adopted as a
measure of spontaneous EEG, the power spectral density (PSD) and the dominant alpha
frequency. The PSD has been analysed for different frequencies within a 2-30Hz band
which covers theta, alpha and beta rhythms. Previous studies showed that these three

rhythms are most affected by the presence of CNP?**3¥14 The PSD was analysed in the
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form of scalp maps for a selected frequency band as well as a full spectrum PSD over
selected individual electrodes. For the later analysis, 5 representative electrode locations
over frontal (Fz), central (C3, C4 and Cz) and occipital (Oz) regions were chosen. The 3
central representative electrodes located over the primary motor cortex of arms and legs

260

cover the sources of the mu rhythm=>" while the other two cover the frontal and the

occipital sources of the alpha rhythm®"*°.

4.4.2.1 Comparison between PSD in EO and EC State for Each Single Group

This analysis was performed for theta, alpha and beta band, separately for each
frequency band. The scalp maps based on PSD on each of 48 electrodes in theta (4-7Hz),
alpha (8-12Hz) and beta (13-30Hz) EEG frequency bands for all groups are shown in
Figure 4.4, Figure 4.5, and Figure 4.6, respectively. Figure 4.4 shows that the AB group has
lower theta PSD over the whole scalp in both EO and EC states compared to patient groups.
The highest theta PSD was noticed in PwP and PdP groups. The statistically significant
differences (without correction for multiple comparisons) between the groups were found
over central, parietal and occipital regions during EO. Significantly larger theta PSD in EC
state compared to EO state were found in AB and PnP groups over most of the 48
electrodes locations. PwP group also show significantly larger theta PSD in EC compared
to EO over frontal and parieto-occipital regions. There was no significant difference in

theta PSD between EO and EC states in PdP group.

In the alpha band (8-12Hz), AB exhibited lower PSD over central area than in all three
patient groups during EC state (Figure 4.5). During EC state, all groups exhibited higher
occipital alpha power compared to EO state. Significantly higher alpha PSD in EC state
compared to EO was noticed over all 48 electrode locations in the AB group. The group of
PnP show a significantly higher alpha PSD in EC state compared to EO state over frontal
and occipital regions. Comparing between EC and EO state, PdP and PwP also exhibited a

significantly higher alpha PSD (without correction for multiple comparison). The
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comparison between all groups during EO or EC state showed that there was no significant
difference in the alpha band PSD. In the beta band (13-30Hz), the comparisons between
EO and EC states show that AB had significantly larger PSD during EC over most of the
electrode locations and PnP had significantly larger PSD over the occipital region (Figure
4.6). Larger, but not significantly, beta PSD during EC state was noticed in PdP and PwP
compared to EO state. The comparison between all the groups during EO or EC state

showed no statistically significant difference in the beta band PSD.

4.4.2.2 Comparison of PSD between each pair of groups for EC and EO state,

for theta, alpha and beta bands

The analysis was performed for the theta, alpha and beta frequency band, separately for
each bands. The comparisons of scalp maps based on PSD between each pair of groups
during EO and EC states of each of 48 electrodes in theta (4-7Hz), alpha (8-12Hz) and beta
(13-30Hz) frequency bands are shown in Figure 4.7. The largest differences were noticed
in the PwP group when compared to the AB group. The comparison shows that PwP
exhibited a significantly higher theta PSD compared to the AB group in both EO and EC
state over most of the 48 electrode locations. It can be also noticed that PdP had
significantly higher theta PSD over frontal and parieto-occipital regions compared to AB in
both EO and EC. The comparison between AB and PnP group shows that PnP had higher
theta PSD over several electrode locations at the frontal and parieto-occipital regions
during EC state. The comparison between all three patient groups during EO or EC state
and for all three frequency bands showed no statistically significant difference except over
two electrode locations (P7 and P8) which showed significantly higher beta PSD in PdP
compared to the PnP group and over three electrode locations (P2, PO4 and POz) which
showed significantly higher theta PSD in PwP compared to PnP during EO state. The
comparison between AB and all three patient groups in alpha and beta bands and in EO

and EC show the patient groups had a higher PSD over several electrode locations over the
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scalp. None of these differences reached the adjusted p value after FDR correction of

multiple comparisons.
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Figure 4.4 The scalp maps based on PSD average over theta 4-7Hz frequency band for all groups
(AB: able bodied, PnP: patients with no pain, PdP: patients developed CNP and PwP: patients with
CNP) and eyes opened (EO) and eyes closed (EC) relaxed states. The statistical significant
differences between the EO and EC of the same group are shown on the last bottom raw while the
statistical significant differences among the groups for EO or EC state are shown on the last right
column (p = 0.05). Red circles marked statistical significant differences with FDR correction of
multiple comparisons while blue circles marked statistical significant differences without FDR.
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Figure 4.5 The scalp maps based on PSD average over alpha 8-12Hz frequency band for all groups
(AB: able bodied, PnP: patients with no pain, PdP: patients developed CNP and PwP: patients with
CNP) and eyes opened (EO) and eyes closed (EC) relaxed states. The statistical significant
differences between the EO and EC of the same group are shown on the last bottom raw while the
statistical significant differences among the groups for EO or EC state are shown on the last right
column (p = 0.05). Red circles marked statistical significant differences with FDR correction of
multiple comparisons while blue circles marked statistical significant differences without FDR.
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Figure 4.6 The scalp maps based on PSD average over higher beta 13-30Hz frequency band for all
groups (AB: able bodied, PnP: patients with no pain, PdP: patients developed CNP and PwP:
patients with CNP) and eyes opened (EO) and eyes closed (EC) relaxed states. The statistical
significant differences between the EO and EC of the same group are shown on the last bottom raw
while the statistical significant differences among the groups for EO or EC state are shown on the
last right column (p = 0.05). Red circles marked statistical significant differences with FDR

correction of multiple comparisons while blue circles marked statistical significant differences
without FDR.
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Figure 4.7 The comparison of scalp maps based on PSD between each pair of groups; able bodied
(AB), patients with no pain (PnP), patients developed pain (PdP), and patients with pain (PwP)
during eyes opened (EO) and eyes closed (EC) relaxed states in theta (4-7Hz), alpha (8-12Hz) and
beta (13-30Hz) EEG frequency bands. Blue circles marked statistical significant differences
(p=0.05) without FDR correction of multiple comparison.

4.4.2.3 Analysis of Inter-subject PSD Variability in EO and EC State for Each
Single Group

Power spectrum density of a group is typically presented as the average value. This
however does not account for inter-subject variability. This section looks into the
variability of PSD of individual participants within each group and compares this
variability between different groups. The PSD of each subject and the averaged PSD for
these 5 representative electrode locations for AB, PnP, PdP and PwP groups are shown in

Figure 4.8, Figure 4.9, Figure 4.10 and Figure 4.11, respectively. These figures show that
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there are large variations between the subjects within the same group in terms of the

dominant peak frequency.

During EO state the largest variations across all 48 electrode locations can be noticed
in both the PwP group (variance (VAR) = 2.12) and PdP (VAR = 2.07) compared to AB
(VAR=10.99) and PnP (VAR = 1.02). The F test was used to compare the variance between
the groups. No significant difference between groups during EO was noticed (AB vs. PnP
p=0.96, AB vs PdP p=0.28, AB vs. PwP p=0.26, PnP vs PdP p=0.3, PnP vs PwP p=0.28
and PdP vs PwP p=0.98). During EC state, although the variations between the subjects of
the same groups are smaller than in EO state, PwP still exhibits the largest variations
(VAR=1.77) compared to AB (VAR=0.27), PnP (VAR=0.92) and PdP (1.03). During EC
state the variance of the PwP group was significantly larger compared to AB (p=0.009) but
there were no significant differences between other groups AB vs. PnP (p=0.07), AB vs
PdP (p=0.06), PnP vs PdP (p=0.85), PnP vs PwP (p=0.34) and PdP vs PwP (p=0.48). Due
to this variability between subjects, the power and the frequency of the dominant peak for

each of the 48 electrode locations was calculated individually for each subject.
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Figure 4.8 The power spectral density (PSD) of each subject (thin black line) and the average
PSD across all subjects (red thick line) in able bodied group (AB) during eyes opened (EO) and
eyes closed (EC) relaxed states and for Fz, C3, Cz, C4 and Oz electrode locations.

134



Chapter 4

3071 EC

-
N
m
o

—— Subject Power
= Average Power

—— Subject Power

Fz = Average Power 15}

Power (WV%/Hz)
(o))

30(

-
N

C3

Power (LV?/Hz)
(o)}

[N
N
{

Cz

Power (UV4/Hz)
(o))

[EY
N

C4

Power (UV%/Hz)
[e)]

[y
N

(@)

N
Power (LV%/Hz)

(o))

30

Frequency (Hz) Frequency (Hz)

Figure 4.9 The power spectral density (PSD) of each subject (thin black line) and the average
PSD across all subjects (red thick line) in patients with no pain group (PnP) during eyes opened
(EO) and eyes closed (EC) relaxed states and for Fz, C3, Cz, C4 and Oz electrode locations.
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Figure 4.10 The power spectral density (PSD) of each subject (thin black line) and the average
PSD across all subjects (red thick line) in patients developed CNP group (PdP) during eyes
opened (EO) and eyes closed (EC) relaxed states and for Fz, C3, Cz, C4 and Oz electrode
locations.
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Figure 4.11 The power spectral density (PSD) of each subject (thin black line) and the average
PSD across all subjects (red thick line) in patients with CNP group (PwP) during eyes opened
(EO) and eyes closed (EC) relaxed states and for Fz, C3, Cz, C4 and Oz electrode locations.
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4.4.2.4 Comparison of Dominant Peak Power and Dominant Peak Frequency

between Each Pair of Groups

A dominant peak in PSD graphs, such as one shown in Figures 4.8-4.11 is the ‘peak’
e.g. highest amplitude point which is typically located in alpha (8-12 Hz) range. This peak
value is defined by its frequency and by the average power in PSD graph, for a narrow
frequency band (peak+2Hz) surrounding the dominant peak, as described in the Method

section.

The comparisons between the power of the dominant peak for each of the 48 EEG
electrode locations during EO and EC state and for each group are shown in Figure 4.12.
The comparison shows that AB and PnP had higher power during EC state compared to
EO over most of the 48 electrode locations. PwP also show higher power during EC
compared to EO state over frontal, parietal and occipital regions. Only several electrode
locations with significantly higher power in EC compared to EO were noticed in the PdP
group. The higher power during EO state was noticed in the PdP group compared to other
groups (Table 4.2). None of the electrode locations in both PwP and PdP groups reached
the adjusted p value after FDR correction of multiple comparisons (Figure 4.12). The
increase of alpha power (alpha synchronisation) during EC state can reflect the idling

status of the cortical (cognitive default state)?".
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Figure 4.12 The comparison between the power of the dominant peak for each 48 EEG electrode
location during EO and EC state and for each group, AB: able bodied, PnP: patients with no pain,
PdP: patients developed pain and PwP: patients with pain. Electrodes with statistically significant
differences (p =0.05) and FDR correction of multiple comparisons are presented with black dots
while grey dots mark electrodes with statistically significant differences without FDR correction.
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The EC/EO power ratio of the dominant peak for each of the 48 EEG electrode
locations was compared amongst the groups. The EC/EO power ratio of the dominant
frequency was computed in order to investigate the EEG reactivity between EO and EC
state'®*?%?_ Figure 4.13 shows the comparison of EC/EO power ratio of dominant peak over
all 48 electrode locations between each pair of groups (AB vs. PnP, AB vs. PdP, AB vs.
PwP, PnP vs. PdP, PnP vs. PwP, and PdP vs. PwP). The EC/EO ratio of the PdP group was
significantly lower than the ratio in the AB and PnP groups, predominantly over the frontal
and parieto-occipital regions. PwP demonstrated significantly lower EC/EO power ratio
over FC3, P7, P5, O1 and Oz electrodes compared to AB. Statistically higher EC/EO
power ratio of the dominant peaks were also noticed in PnP over Cp3 and P3 and
statistically lower in PdP over Fpz and P1 compared to PwP. No significant difference in
the EC/EO ratio of dominant peaks was found between AB and PnP. Over all 48 electrode
locations PdP exhibited the lowest EC/EO ratio compared to other groups AB, PnP and
PwP, as shown in Table 4.2. The deficiency in EC/EO power ratio has previously reported
in SCI patients with CNP suggested that the reduction in EC/EO ratio can be an indicator

of the thalamo-cortical dysrhythmia®.

A shift of the dominant alpha frequency towards the lower frequencies was noticed in
all patient groups compared to AB during both EO and EC state. This confirmed the
results of the previous studies reporting ‘slowing down’ of EEG in chronic SCI patients
with CNP**¥24° and with no pain®? compared to the able-bodied controls. During EO state
and over all 48 electrodes, PdP showed the lowest dominant frequency compared to AB,
PnP and PwP (see Table 4.2). Comparisons of dominant frequency among the groups
during EO and EC states and over all 48 electrode locations are shown in Figure 4.14 and
Figure 4.15, respectively. The largest number of electrodes which show a significant
difference between groups (before correction for multiple comparisons) was located in the

occipital region, which is the source of the wide-spread alpha activity. During EO state, the
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lowest dominant frequency of PdP was significantly different than AB and this ‘low
frequency shift” was present mostly over the central and parietal regions (Figure 4.14),
which indicated that the source of this 8-12 Hz rhythm presents a mixture of the central mu
and the wide spread alpha rhythm. PwP also showed a significantly lower dominant
frequency compared to AB. Group PnP had a significantly lower dominant frequency over
P7 and P3 electrodes compared to AB. No significant difference among the patient groups
in dominant frequency for EO was found. Across all 48 electrodes and during EC state no

significant difference in dominant frequency was found between all groups.

During EC state and over all 48 electrodes, PdP also showed lowest dominant
frequency compared to AB, PnP and PwP (see Table 4.2). The significantly lower
dominant frequency during EC state was found on most of the EEG electrode locations (45
out of 48 electrodes) between PdP and AB (Figure 4.15). PnP and PwP also showed a
statistically significant difference in dominant frequency compared to AB. No significant
difference was found in EC dominant frequency among patient groups, except between
PdP and PwP over a single electrode location, FC6 (Figure 4.15). Across all 48 electrodes
and during EC state, the dominant frequency of PdP and PwP groups were significantly
lower than in AB (PdP vs AB p= 0.0021, and PwP vs AB p= 0.0265). No significant

difference in dominant frequency was found between any other groups.
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Figure 4.13 The comparison of EC/EO ratio of the amplitude of the dominant peak between pair
of groups (AB vs. PnP, AB vs. PdP, AB vs. PwP, PnP vs. PdP, PnP vs. PwP, and PdP vs. PwP).
Electrodes with statistically significant differences (p =0.05) and FDR correction of multiple
comparisons are presented with black dots while grey dots mark electrodes with statistically
significant differences without FDR correction.
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Figure 4.14 The comparison of the dominant peak frequency between pair of groups (AB vs. PnP,
AB vs. PdP, AB vs. PwP, PnP vs. PdP, PnP vs. PwP, and PdP vs. PwP) during EO state. Electrodes
with statistically significant differences (p=0.05) are presented with grey dots mark electrodes. All
statistical results without FDR correction.
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Figure 4.15 The comparison of the dominant peak frequency between pair of groups (AB vs.
PnP, AB vs. PdP, AB vs. PwP, PnP vs. PdP, PnP vs. PwP, and PdP vs. PwP) during EC relaxed
state. Electrodes with statistically significant differences (p =0.05) and FDR correction of
multiple comparisons are presented with black dots while grey dots mark electrodes with
statistically significant differences without FDR correction.

Table 4.2 The power and frequency of the dominant peak during EO and EC relaxed states
and the EC/EO power ratio of the dominant peak across all 48 electrode location and for all
4 groups.

Power of the dominant EC/EO power Frequency of the dominant
Group peak ratio peak

(Mean + SD) pV?/Hz (Mean + SD) (Mean + SD) Hz

EO EC EC/EO EO EC

AB 1.4+1.0 7.8+4.3 8.3£7.4 10.4+1.0 10.0£0.6
PnP 3.2+£3.2 14.2+10.2 10.5%11.2 9.6+1.1 9.2+1.0
PdP 55435 11.04£5.9 2.6£1.5 9.3t14 8.6+1.0
PwP 4.7+7.0 10.5+8.0 5.1+5.8 9.5¢1.5 9.0+1.4

EO: Eyes Opened Relaxed State, EC: Eyes Closed Relaxed State, AB: Able bodied, PnP:
Patients no Pain, PdP: Patients Developed Pain, PwP: Patients with Pain.

4.4.3 sLORETA Comparison of the Spontaneous Cortical Activity

between Groups

This subsection presents figures of statistically significant results only, while the rest of
the analysis is provided in the Appendix A. The comparison of the cortical activity
between all 4 groups and during EO and EC states are shown in Figures A.1 and A.2
(Appendix A) for theta band (4 to 7Hz), Figure 4.16 and Figure 4.17 for alpha band (8 to

12Hz), and Figure 4.18 and A.3 for beta band (13 to 30Hz).
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4.4.3.1 sLORETA Comparison of Spontaneous Cortical Activity between
Groups in The Theta Band

None of the differences reach a statistical significance (p=0.05), therefore all figures
are presented in Appendix A. In the theta band (4-7Hz), the comparisons between AB and
patient groups are shown in Figure A.1 while the comparisons among the patients groups
are shown in Figures A.2. Figure A.1 shows that the AB group exhibited higher activation
over the central area during EO compared to the PnP group but this difference diminished
during EC. Compared to the PdP group, AB showed higher theta activation over frontal
and occipital regions during EO state and lower theta activation over central and parietal
areas during EC state. The widespread lower theta activation was also noticed in the AB
group compared to PwP. In other words, PdP and PwP had higher theta activation while
PnP had lower theta activation compared to AB groups during both EO and EC states.
Figure A.2 shows that PnP had lower theta activity compared to both PdP and PwP groups
over the central area particularly during EC for the PdP group and both EO and EC for the
PwP group. The comparisons between the PdP and the PwP groups show that PdP had
lower theta activity over frontal and occipital regions and higher activity over the central

area.

4.4.3.2 sLORETA Comparison of Spontaneous Cortical Activity between
Groups in The Alpha Band

In the alpha band (8-12Hz), the comparisons between the AB group and patient groups
are shown in Figure 4.16. It shows that AB had higher activity over the parietal and
occipital areas compared to PdP and PwP groups and the strongest activity of the AB
group was noticed over the parietal area compared to the PdP group during EC state. The
comparisons between patient groups show that the PnP group had higher activity over
parietal and occipital areas compared to both PdP and PwP groups during EC state and the

stronger differences were noticed over the parietal area (Figure 4.17). The strongest
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differences of alpha activity with statistical significance (p=0.05) were noticed during EC
state between AB and PdP groups, PnP and PdP, and PnP and PwP. Table 4.3 shows the
brain area and the number of the voxels with significant differences between AB vs PdP,
PnP vs PdP, and PnP vs PwP during EC state. There was no statistically significant
difference between any other pair of groups in the EC state. There was also no statistically

significant difference between any pair of groups in EO state.

4.4.3.3 sLORETA Comparison of Spontaneous Cortical Activity between
Groups in The Beta Band

In the beta band (13-30Hz), AB exhibited stronger activity expanding from central to
occipital regions compared to patient groups during EO and these differences were reduced
in the EC state (Figure 4.18). PwP had higher beta activity over central region compared to
AB during EO and EC states. The higher beta activity during the EC state can also be
noticed over the central region in PdP compared to AB. The comparisons between the
patient groups show that PnP exhibited lower beta activity over the central area compared
to both PdP during EC and PwP groups during EO and EC states (Figure A.3). The lower
beta activity over frontal and central regions was also noticed in the PdP group compared
to the PwP group during EO state and this difference was reduced in the EC state. A
significantly larger beta activity (p=0.05) was noticed during the EO state in AB compared
to all three patient groups. Table 4.4 shows the brain area and the number of the voxels
with statistically significant differences between AB vs PnP, AB vs PdP, and AB vs PwP

during EO state.
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Table 4.3: Areas with significant differences in cortical activity between AB vs PdP, PnP vs
PdP and PnP vs PwP in alpha (8-12Hz) EEG frequency band during eyes closed (EC) relaxed

state.
Voxel with maximum t
value
Grouns Brain Brodmann Brain Number  Statistics MNI
P Lobe area Hemisphere of Voxel  t-values Coordinate
X y z
AB Vs Parietal 7 Land R 39 4.96 10 -80 45
PdP Parietal 19 R 1 4.42 15 -85 40
PNP vs Parietal 7 L 28 5.02 25 -60 50
PdP Parietal 40 L 1 4.38 35 -55 55
PNP vs Parietal 7 L 8 5.07 25 -50 55
PwP Parietal 40 L 2 4.62 35 -50 55

MNI: the Montreal Neurological Institute and Hospital (MNI) coordinate system. R, Right; L,
Left. The brain hemisphere with bold font is the hemisphere with higher contribution in the
number of significant voxel.

Table 4.4: Areas with significant differences in cortical activity between AB and patients

groups, in beta (13-30Hz) EEG frequency band during eyes opened (EO) relaxed state.

Voxel with maximum t

value
Grouns Brain Brodmann Brain Number  Statistics MNI
P Lobe area Hemisphere of Voxel  t-values Coordinate
X y z
ABVS  parietal 7 R 5 465 20 -80 45
PnP
AB vs .
PdP Parietal 7 R 5 3.90 15 -65 65
ABVS  porietal 7 L and R 11 440  -10 -65 65
PwP

MNI: the Montreal Neurological Institute and Hospital (MNI) coordinate system. R, Right; L,
Left. The brain hemisphere with bold font is the hemisphere with higher contribution in the

number of significant voxel.
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Figure 4.16 SLORETA localisation for eyes open (EO) and eyes close (EC) relaxed state for able
bodied (AB) group compared with patients groups: patients with no pain (PnP), patients
developed CNP (PdP) and patients with CNP (PwP) in alpha EEG frequency band (8-12Hz). The
first raw of each figure represents 3D map of the localisation while the second raw represents the
3D slice at the displayed of the voxel with negative or positive strongest activity. The (X, y, z)
under each figure represent the Montreal Neurological Institute and Hospital (MNI) coordinate
system of the voxel with strongest activity.
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Figure 4.17 sLORETA localisation for eyes open (EO) and eyes close (EC) relaxed state
compared among the patients groups: patients with no pain (PnP), patients developed CNP (PdP)
and patients with CNP (PwP) in alpha EEG frequency band (8-12Hz). The first raw of each figure
represents 3D map of the localisation while the second raw represents the 3D slice at the displayed
of the voxel with negative or positive strongest activity. The (X, y, z) under each figure represent
the Montreal Neurological Institute and Hospital (MNI) coordinate system of the voxel with
strongest activity.
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Figure 4.18 sSLORETA localisation for eyes open (EO) and eyes close (EC) relaxed state for able
bodied (AB) group compared with patients groups: patients with no pain (PnP), patients developed
CNP (PdP) and patients with CNP (PwP) in beta EEG frequency band (13-30Hz). The first raw of
each figure represents 3D map of the localisation while the second raw represents the 3D slice at
the displayed of the voxel with negative or positive strongest activity. The (x, y, z) under each
figure represent the Montreal Neurological Institute and Hospital (MNI) coordinate system of the
voxel with strongest activity.
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4.4.4 Induced EEG during Motor Imagery (Ml) Tasks

4.4.4.1 Analysis of ERD/ERS for all Groups at Representative Electrodes

The ERD/ERS maps were averaged across all participants and trials for each group
(AB, PnP, PdP and PwP) over three electrode locations, which are located over the primary
cortex of the left hand (C4), feet (Cz) and right hand (C3), and are shown in Figure 4.19.
The ERD/ERS maps were analysed at Cz for Ml of feet, at C4 for M1 of the left hand and
at C3 for MI of the right hand. Negative values (blue color) represent the ERD, i.e.
activation while positive values (red color) represent ERS, i.e. deactivation. The
statistically significant differences among all four groups are shown in Figure 4.19 in the
column furthest to the right. At approximately 0.3 s after both warning (t=-1) and
execution (t=0) cues, the ERS can be noticed in all groups and all conditions at low
frequency which is possibly related to the visual processing of a sensory input. At
approximately 0.5 s after the MI execution cue, ERDs can be noticed for all groups and all
conditions. PwP show a large ERD which spreads over most frequency bands in the first
second post cue at C3 and C4 electrode locations but it is only sustained until t=1s. For t
>1s, ERD can be noticed in alpha and beta bands. This activation pattern for PwP is
characteristic for the electrode location rather than for a task and also exists at C3 and C4
for Ml of feet as shown in Figure 4.21, Figure 4.22 and Figure 4.23. PdP also show larger
ERD expanding over a wide frequency range, sustained throughout the whole trial in the
alpha and lower beta range. The largest difference between PdP and PnP can be noticed in
the higher beta band at 20 to 30 Hz and time window 0.5 to 1.5 s for each of three
conditions of MI. As shown in Figure 4.19, the ERD/ERS comparisons between each pair
of groups (AB vs. PnP, AB vs. PdP, and AB vs. PwP) over Cz for F MI, C4 for LH MI and

C3 for RH M1 are shown in Figure 4.20.
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Figure 4.19 ERD/ERS maps of electrode locations Cz for F: feet, C4 for LH: left hand and C3
for RH: right hand averaged across all participants and trials in each group (AB: able bodied,
PnP: patients with no pain, PdP: patients developed pain and PwP: patients with pain) during Ml
task. The statistical significant differences among all four groups are shown on the last right
column (p = 0.05). At t=-1 s, a warning cross appears, while at t=0 s (the vertical dashed line)
participants start with motor imagery. The ERD/ERS maps are shown for t= -1.5 s to 2.5 s and

frequency 3 Hz to 45 Hz.
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Figure 4.20 ERD/ERS comparisons between each pair of groups (AB vs. PnP, AB vs. PdP, and
AB vs. PwP) over Cz for F: foot, C4 for LH: left hand and C3 for RH: right hand during M task.
At t=-1s, a warning cross appears, while at t=0 s (the vertical dashed line) participants start with
motor imagery. The statistically significant differences were calculated using non-parametric
ANOVA with p value =0.05. The ERD/ERS maps are shown for t= -1.5 s to 2.5 s and frequency

3 Hzto 45

Hz.
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Figure 4.21 ERD/ERS maps of electrode locations Cz for F: feet, LH: left hand and RH: right hand
averaged across all participants and trials in each group (AB: able bodied, PnP: patients with no pain,
PdP: patients developed pain and PwP: patients with pain) during MI task. At t=-1 s, a warning cross
appears, while at t=0 s (the vertical dashed line) participants start with motor imagery. The ERD/ERS
maps are shown for t=-1.5 s to 2.5 s and frequency 3 Hz to 45 Hz.
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Figure 4.22 ERD/ERS maps of electrode locations C3 for F: feet, LH: left hand and RH: right hand
averaged across all participants and trials in each group (AB: able bodied, PnP: patients with no pain,
PdP: patients developed pain and PwP: patients with pain) during MI task. At t=-1 s, a warning cross
appears, while at t=0 s (the vertical dashed line) participants start with motor imagery. The ERD/ERS
maps are shown for t=-1.5 s to 2.5 s and frequency 3 Hz to 45 Hz.
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Figure 4.23 ERD/ERS maps of electrode locations C4 for F: feet, LH: left hand and RH: right hand
averaged across all participants and trials in each group (AB: able bodied, PnP: patients with no
pain, PdP: patients developed pain and PwP: patients with pain) during MI task. At t=-1 s, a
warning cross appears, while at t=0 s (the vertical dashed line) participants start with motor
imagery. The ERD/ERS maps are shown for t=-1.5 s to 2.5 s and frequency 3 Hz to 45 Hz.

4.4.4.2 Comparison of ERD/ERS Scalp Maps between PnP and PdP

In this section a detailed comparison of ERD/ERS between PnP and PdP groups will be
presented. ERD/ERS scalp maps are compared separately for each frequency band, theta
(4-8Hz), alpha (8-12Hz), beta SMR (16-24Hz) and beta (20-30Hz) over a time window
between t=0.5 to 1.5s. Results are shown in Figure 4.24, Figure 4.25, Figure 4.26 and
Figure 4.27, respectively. In the theta band, significant differences were noticed over C5,
CP1, CP3 and CP5 during LH MI. No statistical difference between the PnP and PdP
groups was found in the alpha band, Figure 4.25. In the beta SMR band, significant
differences were found over C3, CP5 and CP3 during MI of LH and over F3, FC3, FC5
and T7 during MI of RH Figure 4.26. The largest difference between the PnP and PdP
groups is noticed in the beta band during MI of the left hand over premotor, motor, and
sensory cortices ipsilateral to the MI task (Figure 4.27). As corresponding to Figure 4.27,
Cp3 electrode location has been chosen because it shows the largest difference in
ERD/ERS between PnP and PdP compared to other electrode locations. The ERD/ERS

map over Cp3 electrode location for PnP and PdP groups during the three MI conditions
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are shown in Figure 4.28. The strongest ERD is noticed in Theta (4 to 8 Hz) and beta (20

to 30 Hz) specifically during motor imagery of the left hand (LH) at time 0.5 to 1.5s.
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Figure 4.24 The comparison of scalp maps based on ERD/ERS between PnP and PdP groups.
The cortical activity averaged in theta (4-8Hz) frequency band and over 0.5 to 1.5 s and for Ml
of F, LH and RH. The statistical significant differences between the groups are shown on the last
bottom raw while the statistical significant differences among the conditions within the same
group are shown on the last right column (p = 0.05). All statistical results without FDR
correction.
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Figure 4.25 The comparison of scalp maps based on ERD/ERS between PnP and PdP groups.
The cortical activity averaged in alpha (8-12Hz) frequency band and over 0.5 to 1.5 s and for Ml
of F, LH and RH. The statistical significant differences between the groups are shown on the last
bottom raw while the statistical significant differences among the conditions within the same
group are shown on the last right column (p = 0.05). All statistical results without FDR
correction.
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Figure 4.26 The comparison of scalp maps based on ERD/ERS between PnP and PdP groups.
The cortical activity averaged in beta SMR (16-24Hz) frequency band and over 0.5 to 1.5 s and
for Ml of F, LH and RH. The statistical significant differences between the groups are shown on
the last bottom raw while the statistical significant differences among the conditions within the
same group are shown on the last right column (p = 0.05). All statistical results without FDR
correction.
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Figure 4.27 The comparison of scalp maps based on ERD/ERS between PnP and PdP groups.
The cortical activity averaged in beta 20-30Hz frequency band and over 0.5 to 1.5s and for Ml of
F, LH and RH. The statistical significant differences between the groups are shown on the last
bottom raw while the statistical significant differences among the conditions within the same
group are shown on the last right column (p = 0.05). All statistical results without FDR
correction.
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Figure 4.28 ERD/ERS maps of electrode locations Cp3 for F: feet, LH: left hand and RH: right
hand averaged across all participants and trials in each group (PnP: patients with no pain and
PdP: patients developed pain) during MI task. The statistical significant differences between the
two groups are shown on the last bottom raw while the statistical significant differences among
the conditions within the same group are shown on the last right column (p = 0.05). Att=-1s, a
warning cross appears, while at t=0 s (the vertical dashed line) participants start with motor
imagery. The ERD/ERS maps are shown for t=-1.5 s to 2.5 s and frequency 3 Hz to 45 Hz.

4.4.4.3 Statistical Analysis of Differences in ERD/ERS Maps Between all

Groups

In this section ERD/ERS maps in theta, alpha and beta bands were compared between
each pair of groups. Results show only electrode locations of statistically significant

differences rather than original ERD/ERS scalp maps.

The comparison of scalp maps based on ERD/ERS between each pair of groups and for
all three MI conditions averaged over theta (4-8Hz), alpha (8-12Hz), beta SMR (16-24Hz)
and higher beta (20-30Hz) frequency bands and over a time window 0.5 to 1.5s are shown
in Figure 4.29, 4.30, Figure 4.31 and Figure 4.32, respectively. In the theta band, the

difference between AB and PnP was noticed over Fc3, C4, C6, P5 and P7 electrode
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locations during M1 of feet, while between AB and PdP it was found over Cp3, Cp5 and P3
electrode locations during M1 of the left hand (Figure 4.29). No difference was noticed
between AB vs PwP, PnP vs PwP and PdP and PwP groups. In the alpha band, the largest
differences were found during MI of feet (paralysed limbs in all patients). PnP exhibited
the largest difference over the most electrode locations, particularly over the frontal,
parietal and occipital region compared to the AB group. Compared to the AB group, PdP
also showed statistical differences over several frontal electrode locations (Fpl, Fpz and
Fp2) and over the parieto-occipital area (Cpl, Cp2, Cp3, Pz, P1 and P5). The comparison
between patient groups shows that PwP had the largest difference over frontal (Fpz, Fz, F1,
F2, F4, F8 and Fc4) parietal (P3, P5 and P7) and occipital area (Poz, Po3, Oz, and O1)
during MI of feet compared to the PnP group. No difference between PnP and PdP was
found. For the beta SMR frequency band the largest difference was noticed between AB
and PdP over central and parieto-occipital regions during MI of feet; between PnP and
PdP over C3, Cp3 and Cp5 during MI of left hand; and over T7, Fc3, Fc5, F3, and Cpz
during M1 of right hand (Figure 4.31). In the beta band as mentioned previously, the largest
difference was noticed between PnP and PdP during Ml of the left hand over the premotor,

motor, and sensory cortices ipsilateral to the Ml task.

ABvsPnP ABvVsPdP ARvsPwP PnPvsPdP PnPvsPwP PdP vs PwP
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Figure 4.29 The comparison of scalp maps based on ERD/ERS between each pair of groups and
for all conditions of cortical activity averaged in theta (4-8Hz) frequency band and over 0.5 to
1.5s. The electrode locations with statistical significant differences are shown in red dots (p =
0.05).
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Figure 4.30 The comparison of scalp maps based on ERD/ERS between each pair of groups and
for all conditions of cortical activity averaged in alpha (8-12Hz) frequency band and over 0.5 to
1.5s. The electrode locations with statistical significant differences are shown in red dots (p =
0.05).
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Figure 4.31 The comparison of scalp maps based on ERD/ERS between each pair of groups
and for all conditions of cortical activity averaged in beta SMR (16-24Hz) frequency band and
over 0.5 to 1.5s. The electrode locations with statistical significant differences are shown in red
dots (p = 0.05).
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Figure 4.32 The comparison of scalp maps based on ERD/ERS between each pair of groups
and for all conditions of cortical activity averaged in higher beta (20-30Hz) frequency band
and over 0.5 to 1.5s. The electrode locations with statistical significant differences are shown
in red dots (p = 0.05).

4.4.5 Spatio-temporal Dynamics of ERD/ERS during Ml task

The changes of cortical activity during a motor imagery task (MI) as a function of time
can be visualized as spatio-temporal patterns of ERD/ERS. To achieve this, ERD/ERS in a
selected frequency band were calculated over 0.5s time windows ranging from 0.5s to 3s.
This time range covers the early onset of ERD at t=0.5s and last till the end of imagined
movement at t=3s. The purpose of this analysis is to visually compare time-course and
lateralization of ERD between different groups for all three frequency bands. Under time-
course, one considers the duration of visible ERD while lateralization describes the
intensity of ERD contralateral to the hand that performed MI. In case of the right hand
shown here, ERD should be stronger on the left side of the cortex. This analysis is
informative of the effect of paralysis and presence of CNP“? on spatio-temporal dynamics

of ERD.
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4.45.1 Spatio-temporal Dynamics of Theta Band ERD/ERS

The spatio-temporal changes of the cortical activity of all groups during motor imagery
of the right hand (a dominant hand for all participants) for different frequency bands (theta
4-8Hz, alpha 8-12Hz, beta SMR 16 to 24Hz and beta 20-30Hz) are shown in Figure 4.33,
Figure 4.34, Figure 4.35, and Figure 4.36, respectively. In the theta band (4-8 Hz), all
patient groups exhibit stronger ERD than AB at the period 0.5 to 1.0s, particularly over
central, parietal and occipital areas, as shown in Figure 4.33. The strongest and most
widespread ERD is noticed in the PdP group. The ERD of the PdP and PwP groups lasted
longer than in AB and PnP, over the central-parietal areas of the right hemisphere. No

particular lateralization pattern could be observed.

1.5-2.0s 2.0-2.5s 2.5-3.0s

Figure 4.33 The changes of scalp maps based on ERD/ERS with time (from t=0.5s post the Ml
cue till t=3s the end of the MI trial and with time window 0.5 s) in all four groups (AB: able
bodied, PnP: Patients with no pain, PdP: patients developed pain and PwP: patients with pain)
and for Theta (4-8Hz) during motor imagery of the RH: right hand.

4.4.5.2 Spatio-temporal Dynamics of Alpha Band ERD/ERS

In the alpha band (8-12 Hz), all three patient groups show stronger widespread ERD
compared to AB in a time period 0.5 to 1.0s post cue (Figure 4.34). However, the PdP

group shows distinctive ERD over the central area of the cortex compared to PnP and PwP,
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which was lateralised over the contralateral cortex. The ERD in the PnP group is sustained
longer than in the PdP and PwP groups but it is not lateralised as it can be observed on
both hemispheres. The AB group also exhibited typical ERD dominantly located over the
central area of the cortex in the left hemisphere which is contralateral to the motor imagery

task (RH).

4.4.5.3 Spatio-temporal Dynamics of Beta Band ERD/ERS

In the beta SMR band (16 to 24Hz), PdP and PwP have the stronger ERD compared to
AB and PnP at the time interval between t=0.5 to 2.0s (Figure 4.35). PdP and PwP also
show sustained and lateralised ERD compared to the PnP group of the same beta SMR
band and compared to their ERD in the alpha band (Figure 4.34). PnP only has strong ERD
in a period 0.5 to 1.0s without clear lateralisation. The ERD in PnP group ceases shortly
after the first second. AB, PdP and PwP show more sustained ERD until the end of the Ml
trial at t=3s. The AB group also shows particularly strong lateralised ERD over the cortical
area that represents the right hand. In the beta band (20-30Hz), PdP exhibited stronger
ERD compared to other groups (Figure 4.36). The ERD of PdP is not only stronger but
also lasted longer than the trial over the central areas of the left hemisphere. Similar to the
alpha and beta SMR band, the AB group had typical ERD dominantly located over the
central area of the cortex in the left hemisphere which is contralateral to the motor imagery
task (RH). The lowest ERD was noticed in the PnP group. PwP exhibited widespread beta

activity which lasted longer until the end of the Ml trial at t=3s.

In summary, judging by the scale of the side bar, the intensity of ERD for all groups
was strongest for alpha band and the overall difference in ERD between PnP and PdP was

strongest in beta (20-30 Hz) band in a period t=0.5 to 1s.
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Figure 4.34 The changes of scalp maps based on ERD/ERS with time (from t=0.5s post the Ml cue
till t=3s the end of the MI trial and with time window 0.5 s) in all four groups (AB: able bodied,
PnP: Patients with no pain, PdP: patients developed pain and PwP: patients with pain) and in
Alpha (8-12Hz) during motor imagery of the RH: right hand.

0.5-1.0s 1.0-1.5s 1.5-2.0s
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Figure 4.35 The changes of scalp maps based on ERD/ERS with time (from t=0.5s post the Ml cue
till t=3s the end of the MI trail and with time window 0.5 s) in all four groups (AB: able bodied,
PnP: Patients with no pain, PdP: patients developed pain and PwP: patients with pain) and in beta
SMR (16-24 Hz) during motor imagery of the RH: right hand.
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0.5-1.0s 1.0-1.5s 1.5-2.0s

Figure 4.36 The changes of scalp maps based on ERD/ERS with time (from t=0.5s post the Ml
cue till t=3s the end of the MI trial and with time window 0.5 s) in all four groups (AB: able
bodied, PnP: Patients with no pain, PdP: patients developed pain and PwP: patients with pain)
and in beta (20-30 Hz) during motor imagery of the RH: right hand.

4.4.6 sLORETA Comparison of the Cortical Activity Between
Groups During Ml Tasks

The comparison of the changes in the cortical activity during a motor imagery M1 task
between all four groups over a time window (t=0.5 to 1.5s) are shown in Figure 4.37 and
Figure 4.38, and Figures A.4-A.9 (Appendix A). Only statistically significant results are
shown in the main text. Figures A.4 and A.5 show results for the theta band (4-8Hz).
Figure A.4 shows differences between AB and patient groups while Figure A.5 shows
differences between 3 patient groups. In a similar manner, Figure 4.37 and Figure 4.38
show the alpha band, Figure A.6 and A.7 show beta SMR, and Figure A.8 and A.9 show
the beta band. From the previous section, it can be observed that a time period t=0.5s to
1.5s corresponds to strongest ERD. A one second long time window was based on

SLORETA analysis recommendations.
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4.4.6.1 sLORETA Comparison of the Cortical Activity Between Groups in the
Theta Band During MI Task

Analysis of the activity in the theta band show no statistical significance (p=0.05)
between groups, therefore all figures are presented in the Appendix A. In the theta band,
AB shows higher activation over the parietal and occipital regions during MI of the feet
and left hand compared to PnP group (Figure A.4). Group PdP exhibited higher theta
activity over the frontal and central regions during all 3 MI conditions compared to AB
group. Higher theta activity over the parietal region can be noticed in PwP compared to the
AB group during MI of the left hand and right hand while during M1 of the feet AB had
higher theta activation over the frontal and central regions compared to PwP group (Figure
A.4). Figure A.5 shows the comparison of the cortical activation during MI tasks between
patient groups in the theta band. The comparison between PnP and PdP groups show that
PdP had higher theta activity over the frontal, central and occipital regions and the highest
activation can be noticed over the occipital region of the left hemisphere. PwP also shows
high theta activity over the occipital region particularly in the left hemisphere (Figure A.5).
It can also be noticed that PdP had higher activation over the frontal and central regions
compared to the PwP group. Although these differences did not reach statistically
significant level, they are worthwhile mentioning because strong theta ERD was

considered a signature of CNP in patients with chronic SCI**.

4.4.6.2 sLORETA Comparison of the Cortical Activity Between Groups in the
Alpha Band During Ml Task

The results of comparing cortical activity in the alpha band (8-12Hz) between AB and
each single patients group during Ml tasks are shown in Figure 4.37. It can be noticed that
the PnP group show higher widespread activation compared to the AB group particularly
during MI of the feet. The AB group exhibited higher alpha activity over the right

hemisphere occipital region during both right hand and left hand M1 compared to both PdP
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and PwP groups. Cross sections showing largest differences between the patients groups
are shown in Figure 4.38. PnP group had higher occipital alpha activity compared to both
PdP and PwP during all three MI conditions. The significant differences between the

groups in the alpha band are shown in Table 4.5.

4.4.6.3 sLORETA Comparison of the Cortical Activity Between Groups in the
Beta Band During MI Task

Beta band activity was compared in SMR band (16-24 Hz), most reactive to Ml task,
and for consistency with the remaining results also in beta (20-30 Hz) band, None of the
difference between groups in neither beta bands reached the level of statistical significance
(p=0.05), therefore all figures are presented in the Appendix A. In the beta SMR band (16-
24Hz), PwP exhibited stronger activation compared to the AB group particularly during
MI of the right hand over the central and occipital regions (Figure A.6). PnP and PdP also
show higher beta SMR activation over the frontal and occipital regions compared to the
AB group. The comparisons of the beta SMR activity between the patient groups are
shown in Figure A.7. It can be noticed that PwP had higher activation compared to PnP
over both the central and occipital regions. Higher beta SMR activity is also noticed over

the central and occipital regions in PwP compared to the PdP group.

In the beta band (20-30Hz), PwP also shows the strongest activation over the central
and occipital regions compared to the AB group specifically during MI of the right hand
(Figure A.8). It can also be noticed that PdP has higher beta activity over the central and
occipital regions during M1 of the right hand and left hand compared to the AB group and
PnP has lower activity over the occipital region during MI of the feet compared to AB.
Comparisons between patient groups show that both PdP and PwP have higher beta
activation compared to the PnP group over the central and occipital regions and PwP have

the strongest beta activity (Figure A.9).
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Figure 4.37 sSLORETA localisation for motor imagery (MI) during F: feet, LH: left hand and
RH: right hand MI and for able bodied (AB) group compared with patients groups: patients with
no pain (PnP), patients developed CNP (PdP) and patients with CNP (PwP) in alpha EEG
frequency band (8-12Hz) over time window (0.5 to 1.5s). The first raw of each figure represents
3D map of the localisation while the second raw represents the 3D slice at the displayed of the
voxel with negative or positive strongest activity. The (x, y, z) under each figure represent the
Montreal Neurological Institute and Hospital (MNI) coordinate system of the voxel with
strongest activity.
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Figure 4.38 SLORETA localisation for motor imagery (MI) during F: feet, LH: left hand and
RH: right hand MI compared between the patients groups: patients with no pain (PnP), patients
developed CNP (PdP) and patients with CNP (PwP) in alpha EEG frequency band (8-12Hz) over
time window (0.5 to 1.5s). The first raw of each figure represents 3D map of the localisation
while the second raw represents the 3D slice at the displayed of the voxel with negative or
positive strongest activity. The (X, y, z) under each figure represent the Montreal Neurological
Institute and Hospital (MNI) coordinate system of the voxel with strongest activity.
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Table 4.5: Areas with significant differences in cortical activity between all 4 groups, in alpha (8-
12Hz) EEG frequency band during Ml tasks.

Voxel with maximum t

value
Groups MI Brain B!’ain Number  Statistics Ml\_ll
task  Lobe Hemisphere of Voxel t-values Coordinate
X y z

AB vs PdP LH Parietal 7 R 32 -4.76 15 -80 45
AB vs PdP RH  Parietal 7 R 18 -4.58 20 -75 55
AB vs PwP RH  Parietal 7 R 1 -4.06 30 -70 55
PnP vs PdP F  Parietal 7 R -4.37 20 -75 55
PnP vs PdP LH Parietal 7 R 11 -4.12 10 -65 40
PnP vs PdP RH  Parietal 7 R 6 -4.46 15 -75 55
PnP vs PwP F Parietal 7 L -3.91 -35 -60 50
PnP vs PwP LH Parietal 7 L 15 -4.54 -30 -70 50
PnPvsPWP RH Parictal - 27 A3 30550

40 L 2 -4.37 -35 -55 60

MNI: the Montreal Neurological Institute and Hospital (MNI) coordinate system. R, Right; L, Left.
The brain hemisphere with bold font is the hemisphere with higher contribution in the number of
significant voxel. F: feet, RH: right hand, LH: left hand. MI: motor imagery. BA: Brodmann area.

4.4.7 Summary of the results

EEG between three groups of patients and a group of able bodied people was compared
during relaxed state and motor imagery task. In a relaxed, eyes open and eyes closed state,
parameters such as EEG power in different frequency bands, the ratio of EEG power
between eyes open and eyes closed states and the frequency of dominant alpha peaks were
compared between groups, while during motor imagery tasks, the time-frequency analysis

was computed and compared between groups.

The results of spontaneous EEG show that all three patient groups had a higher theta
band PSD compared to the able bodied group and the highest theta band power was
noticed in groups which already had pain (PwP), or have eventually developed pain (PdP).
The statistically significant differences in theta band PSD (without correction of multiple
comparisons) between all four groups was noticed in open eyes state over central, parietal
and occipital regions. There were no significant differences between all groups in the alpha
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and beta bands. In terms of the dominant alpha peak, both eyes opened and eyes closed
relax states showed a similar tendency. A shift of the dominant alpha frequency towards a
lower frequency was noticed in all patient groups compared to AB. The largest difference,
over most of the 48 recorded electrodes, was found between PdP and AB during eyes
closed state. EEG reactivity, which is an indicator of thalamo-cortical connectivity, was
lower in the PdP group compared to the other three groups. A significantly lower EEG
reactivity in PdP was noticed over most of the 48 electrode locations compared to the AB
group and over 24 electrode locations (without correction of multiple comparisons)

compared to the PnP group.

The results of SLORETA analysis of spontaneous EEG show that PdP and PwP had
higher, though not statistically significant, theta activity compared to AB and PnP in the
eyes closed state. In the alpha frequency band, AB and PnP exhibited significantly higher
activity compared to PdP, and the PnP group also showed significantly higher alpha
activity compared to PwP. Significantly higher beta activity was noticed in AB compared
to patient groups. All statistically significant differences between groups in the alpha and
beta bands were found in the parietal region, a part of the secondary sensory cortex. These
results show that while some CNP signatures, such as lower dominant frequency, reduced
reactivity and lower alpha power, are common to early and chronic CNP, as shown in
literatures, other signatures of chronic CNP, such as higher theta power, are not so
prominent in early CNP. These results provide us with an insight into the order of changes

in EEG activity.

The results of the induced EEG compared event related desynchronisation/
synchronisation (ERD/ERS) scalp maps at time window t=0.5s to 1.5s and showed that
PdP had significantly larger ERD in the theta, beta SMR and beta bands over the central
area of the left hemisphere, particularly during Ml of the left hand, compared to PnP. In the

alpha band the significantly larger ERD over the frontal, parietal, and occipital regions was
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noticed in PnP compared to AB and PwP during MI of the feet. The results of spatio-
temporal analysis showed that PdP and PwP had larger and more widespread theta, beta
SMR and beta ERD predominantly over the centro-parietal region of the left hemisphere,
which last longer until the end of the motor imagery trial. The PnP group showed weaker
beta band ERD which was not lateralised during motor imagery tasks compared to other

groups.

The results of SLORETA analysis of induced EEG showed that alpha band
desynchronisation is the best indicator of both future and present pain. In the alpha band,
significantly higher activities were noticed in AB groups predominately over the parietal
region of the right hemisphere compared to PdP and PwP during both right and left hand
MI tasks. The PnP group also showed significantly higher alpha activity over the parietal
region of the right hemisphere compared to PdP and over the left hemisphere compared to
PwP during all thee Ml tasks. Although PdP and PwP had more theta, beta SMR and beta

power than PnP and AB, these results did not reach statistical significance.

4.5 Discussions

It is believed that SCI patients can experience CNP weeks or even years after injury®
and it has a severe impact on the patients’ quality of life and health status®*®?°. Several
animal model studies reported that the development of CNP can be avoided by preventive
treatment in the early stages after SC1°>?*®. Therefore, defining reliable EEG predictors of
CNP can lead to development of a preventive treatment. However, to the best of our
knowledge, there is no published study defining an EEG predictor of CNP following SCI.
The present study aims to define EEG predictors of CNP in sub-acute SCI patients who
have not developed physical symptoms of CNP. To achieve this aim, the cortical EEG
activities, recorded during relax state and during motor imagery tasks in three groups of

SCI patients (PnP, PdP and PwP) as well as able bodied (AB) control group were
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investigated and compared. The results of spontaneous EEG during EO and EC relaxed
states will be discussed first followed by the results of induced EEG during motor imagery
tasks. Worth to mention is that all but one patient in PdP group had no painful response to
mechanical wind-up, which is believed to be an early predictor of CNP in SCI patients®.
This indicates that changes in EEG occur before altered peripheral sensation. Thermal test
was not applied in this study and it would be interesting to see whether changes in EEG
precede changes in thermal sensation, which are also considered predictors of pain®®.
Testing EEG against thermal sensation would be maybe more relevant than mechanical
stimulus test because of parallel neural pathways of pain and temperature sensations from

periphery to the CNS.

4.5.1 Spontaneous EEG during EO and EC Relaxed States

In terms of EEG power, the largest differences between all 4 groups were noticed in the
theta band (4-7Hz). In the theta (4-7Hz) band, in both EO and EC states, PdP and PwP had
higher power compared to PnP and AB groups. Although higher theta power was presented
in both PdP and PwP, it was clearly higher in PwP, which had consistent, significantly
higher theta power at most of the 48 electrode locations compared to AB group.
Furthermore, in comparison to AB group, the PdP group showed significantly higher theta
power at 14 electrode locations during EO and at 23 electrode locations during EC over the
frontal and central regions. On the contrast, compared to the able bodied, PnP had
significantly higher theta power at only one electrode location during EO and at 13
electrode locations during EC. Association between increased theta power and the presence
of CNP was reported in previous studies*®***?% hut here we demonstrate that this occurs
actually even before the appearance of the physical symptoms of pain . Increased theta
power in patients with pain is related to thalamo-cortical dysrhythmia. Results of this study

confirm that thalamo-cortical dysrhythmia precedes and possibly causes CNP.
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The comparison between power of EO and EC state showed that PdP and PwP
exhibited the lowest difference in all three frequency bands compared to PnP and AB
groups. This was caused by the lack of reactivity i.e. insufficient increase in EEG power
when closing eyes. Although power reactivity due to transition from EC to EO state has
been most studied in the alpha band, results of published literature as well as our results,

show that this is not a phenomena restricted to this band®®*.

Similar results have also been noticed by comparing the power of the dominant alpha
peak between the EO and EC states which showed that PdP and PwP had smaller
differences compared to PnP and AB groups. Functional significance of alpha band
reactivity has been explored by previous studies™*?®. Rowe et al. reported that the
difference in EEG activity between EO and EC can be used to explore the function of
thalamo-cortical networks®®. Boord et al. suggested that the neural networks in able
bodied individuals and patients with no pain were able to adjust the change in sensory
input between EO and EC but the patients with CNP were unable to adjust this change*°.
Boord et al. also suggested that the dynamic mechanisms adjusting the change in sensory
input were highly affected by the presence of CNP*¥. Although in this study, both AB and
PnP exhibited significantly higher alpha PSD in EC compared to EO state, PnP does not
show this difference over the central region. This particular result might be a less relevant
finding because the main sources of alpha activity are in the occipital region while
combination of mu and alpha rhythm at the same 8-12 Hz frequency exists over the central

areas.

The lower EEG reactivity measured by the EC/EO power ratio was noticed in the PdP
group compared to the other three groups. A statistically significantly lower EC/EO ratio
was noticed at a large number of the electrode locations predominantly over the frontal and
parieto-occipital regions. The group of PdP showed a lower increase in PSD during EC

state compared to EO state, resulting in a smaller difference in PSD between EC and EO
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compared to the other groups. The deficiency in the EC/EO power ratio previously
reported in SCI patients with CNP suggested that the reduction in EC/EO ratio can be an
indicator of the thalamo-cortical dysrhythmia'*®. “Slowing-down” of the dominant alpha
peak (i.e. shifting towards the lower frequencies closer to the theta band) was noticed in
this study in SCI patient groups compared to the AB control. Although slowing-down of
the dominant alpha peak was present in all three SCI patient groups, it was greater in the
PdP group, which had consistently significant lower alpha dominant frequency at 45
electrode locations in comparison to the AB group during EC and over the central and

parietal regions during EO.

The comparison of the cortical and deep cortical activity by SLORETA, between all 4
groups and for all four frequency bands shows that PdP and PwP exhibited higher but not
statistically significant activations in both theta (4-7Hz) and beta (13-30Hz) bands
predominantly over the frontal, central and parietal particularly during EC state compared
to both AB and PnP groups. The over activation in the theta and beta bands was noticed in
patients with chronic neurogenic pain specifically over the cortical pain matrix including
insular (IC), anterior cingulate (ACC), prefrontal, and inferior posterior parietal cortices,
and primary (S1), secondary (S2), and supplementary somatosensory (SSA) cortices in
comparison to healthy controls®®. Stern et al. also reported that these theta and beta over
activations was reduced specifically over IC and ACC after a therapeutic lesion in the
thalamus®®. Therefore, they suggested that the higher theta and beta activity was
associated with thalamo-cortical dysrhythmia. In the alpha band (8-12Hz), PdP showed
statistical significant lower activity predominantly over the parietal region (Brodmann area
7) of the left hemisphere compared to AB and PnP groups during EC state. The PwP group
also exhibited significantly lower alpha (8-12Hz) activity over the parietal region

(Brodmann area 7) of the left hemisphere compared to the PnP group. Previous studies
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showed that SCI patients with CNP exhibited lower alpha power compared to the control

138,139,194

group

4.5.2 Induced EEG during Motor Imagery (Ml) Tasks

The time-frequency analysis of the EEG data recorded during MI tasks showed that
PdP and PwP exhibited larger ERD over alpha and beta bands sustained throughout the 3s
(a whole trial) compared to AB and PnP groups. PwP also exhibited larger ERD in the
theta band compared to all of the other three groups but it was only sustained for 1s post
MI cue. The larger and long lasting ERD in the PdP and PwP groups was characteristic for
the electrode locations rather than for the Ml tasks; as it was present for all three conditions
of MI at the central cortex. A previous study of our research group found that during
imagination of movement, SCI patients with long standing CNP had strong theta and alpha
ERD compared to able-bodied people and SCI patients with no pain groups over the
central and parietal regions which were not restricted to somatotopic arrangement of the

painful area of the body'*

. The reduction of these theta and alpha over-activations were
associated with the reduction of CNP?®’. The fMRI study by Gustin et al. also revealed that
SCI patients with CNP exhibited strong activation over the central region during

imagination of movement compared to healthy controls***. In comparison to the AB group,

PnP exhibited lower beta SMR and beta ERD in particular during M1 of left and right hand.

The comparison of scalp maps based on ERD/ERS between all four groups and at time
window t=0.5 to 1.5s for all selected frequency bands (theta, alpha, beta SMR and beta)
showed that PdP had significantly larger ERD over electrode locations at the central and
parietal regions in the theta band compared to both AB and PnP groups; and in the beta
band compared to the PnP group specifically during Ml of the left hand. The PdP group
also exhibited significantly larger ERD predominantly over the central region in alpha and

beta SMR bands during MI of feet. The PnP group showed significantly larger ERD over
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most of 48 electrode locations compared to the AB group and over the frontal and central
regions compared to the PwP group in alpha band during MI of the feet. However, all
results of the ERD/ERS scalp maps did not reach the adjusted p value after FDR correction
for multiple comparisons. FDR is known to reduce false positive at a cost of inducing false
negative results, and although it is widely used in EEG analysis, it is not best suited for

analysis where spatial distribution of significant values should be taken into account.

Spatio-temporal analysis of scalp maps based on ERD/ERS analysis between all four
groups showed that both PdP and PwP had stronger and widespread ERD in the theta band
predominantly over the centro-parietal region of the left hemisphere which lasted longer
until the end of the Ml trial at t=3s. The intensity of ERD is proportional to the activity of
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neuronal substrates*™", in this study indicating stronger activity.

The changes in the cortical activity during motor imagery MI tasks between all four
groups over time window (t=0.5 to 1.5s) have been compared by SLORTEA. sSLORETA
results showed that PdP showed higher, but not statistically significant theta activity over
the centro-parietal region during all three MI tasks compared to AB and PnP groups, but it
was lower compared to the PwP group. The highest theta activity was noticed in PdP and
PwP groups over the parietal region of the left hemisphere during MI of the left hand
compared to the PnP group. Both AB and PnP groups showed significantly higher
widespread alpha activity over the parietal region compared to both PdP and PwP groups.
In beta SMR and beta (20-30 Hz) bands, PwP showed the highest but not statistically

significant activations over the central-parietal region compared to all other groups.

In summary, in the relaxed state, the comparison of PSD between EC and EO shows
that the AB group had significantly higher theta, alpha and beta bands PSD and the PnP
group had significantly higher theta and alpha bands PSD in EC compared EO state. The
PwP group also exhibited significantly higher theta band PSD in EC compared to EO. In

terms of the dominant alpha peak, AB and PnP groups showed significantly higher power
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of dominant alpha peak in EC compared to EO state. The PdP group exhibited a
significantly smaller EC/EO power ratio of the dominant peak as well as a significant shift
towards the lower frequency of the dominant alpha peak during EC predominantly over the
frontal and parieto-occipital regions compared to the AB group. The results of SLORETA
during a relaxed state show that AB and PnP groups had significantly higher alpha activity
over the parietal area of the left hemisphere compared to the PdP group. PnP exhibited
significantly higher alpha activity over the parietal area of the left hemisphere compared to
the PwP group during EC state. Additionally, the AB group showed significantly higher
beta activity over the parietal area of the right hemisphere compared to PnP and PdP
groups, and over the parietal areas of both right and left hemispheres compared to the PwP

group during EO state.

During M, the results of SLORETA show that the AB group exhibited significantly
higher activity in the alpha band over the parietal region of the right hemisphere compared
to PdP during MI of left hand. The AB group also had significantly higher alpha activity
compared to both PdP and PwP during MI of right hand. The PnP group also showed
significantly higher activity in the alpha band over the parietal region of the right
hemisphere compared to PdP and over the parietal region of the left hemisphere compared

to PwP during all three M1 conditions.

In this study the PnP group showed weaker beta band ERD which was not lateralised
during MI tasks compared to other groups. Similar findings were noticed in the chronic
PnP group®. However, in the relaxed state, there was no significant difference in alpha
PSD between PnP, and both AB and PwP. In contrast to this, the chronic PnP group
showed significantly lower alpha PSD compared to AB and chronic PwP**. The results of
PdP show that changes in EEG precede the onset of pain and they became even more
pronounced once the patients start experiencing pain as noticed in the PwP group. The

results of PwP are very similar to PwP group with long standing CNP*°. During the
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relaxed state, the high theta activity and lower frequency of the dominant alpha peak can
be noticed in both PwP groups. During MI both PwP with short and long standing CNP
showed large ERD spreading over most of the frequency bands. Additionally, PwP in this
study show larger beta band ERD predominantly over the parietal region which has also
been found in chronic PwP. In this study however this result was not only found in the
PwP group but also in PdP. These results indicate that changes in both relaxed and induced

EEG can precede the onset of pain and happen much faster than previously thought.

4.6 Conclusion

This study demonstrated that changes in spontaneous and induced EEG can be both
predictors and consequences of CNP following SCI. As predictors of CNP (preceding the
physical symptoms of CNP), shift of the dominant alpha peak towards lower frequencies
and lower EEG reactivity during the relaxed state as well as stronger alpha and beta ERD
during Ml can be noticed in the PdP group. In patients who already develop pain in PwP
group, an increase in theta PSD during the relaxed state and stronger ERD activity that

extended towards the lower frequency (theta band) during M1 can be noticed.
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Chapter 5 Neurofeedback Treatment of Central
Neuropathic Pain in Sub-Acute Patients
with Spinal Cord Injury

5.1 Abstract

Objective: Exploring the effectiveness of the NF therapy on treatment of CNP in sub-acute

patient with SCI (several months after injury).

Methods: Eleven sub-acute SCI patients with CNP > 4 VAS participated in this study.
Patients were divided into two groups: a treatment group (n=7, 5 male and 2 female, age
43.4+16.3 years) and a control group (n=4, 1 male and 3 female, age 43.8=12.8 years).

Patients in the treatment group received NF therapy as well as medication while patients in
control group received medication only. The intensity of pain of the control group was
monitored within a 2 month follow up period. The NF protocol was to enhance alpha (9 to
12Hz) and suppress theta (4 to 8Hz) and higher beta (20 to 30Hz) band relative powers for
10% above/below the pre-determined baseline threshold over electrode location C4 for
30mins. EEG was recorded during EO and EC relaxed states and during motor imagery
task before the first and after the last NF session in order to assess the long-time effect of

the NF therapy.

Results: Only Four out of seven patients in the treatment group completed multiple
neurofeedback sessions 14, 14, 8, and 12 NF sessions. Clinically and statistically
significant lower pain intensity as well as a reduction in painful areas was noticed in three
patients out of four in the treatment group. The reduction of pain was accompanied by a

reduction in ERD, reflecting the reduction of the over-activation of M1.

179



Chapter 5

Conclusion: The results of this study demonstrate that the NF treatment has a positive
effect on the reduction of pain, at least over the period of the study. However, numerous
factors, and in particular patients’ low prioritization of pain, indicate that early NF of CNP

in SCI patients might not be a practical solution.

5.2 Introduction

I® and non-

Treatments of the CNP can be divided into pharmacologica
pharmacological** . The pharmacological treatments of CNP may have side-effects on
the patients, such as dizziness, sedation, drowsiness and constipation®®, and only 40-60 %
of the patients with CNP can achieve relief of pain®®. Therefore, non-pharmacological
treatments of CNP such as repetitive Transcranial Magnetic Stimulation (rTMS),
transcranial Direct Current Stimulation (tDCS) and Neurofeedback (NF) have been used to
treat CNP**1%2 A common denominator for all non-pharmacological treatments,

including rTMS, tDCS and NF, is that they modulate the activity of the primary motor

cortex (M1) to treat CNP**,

In this study NF therapy was suggested as a non-invasive neuromodulatory technique.
Although the effect of NF has lots of similarities to rTMS in the sense that it modulates the

activity of the motor cortex at one site and causes wide spread modulation of the cortical

191,192

activity , it does not require an external stimulating device. NF provides users with

information about their brain activity and enable them to modulate that activity at will**".
During NF training a person is provided with feedback information on a selected brain

wave feature from the selected location of the cortex®".

Neurofeedback information is provided in an auditory or a visual form, the latter
typically being a graphical user interface presented on a computer screen. Most often
neurofeedback is based on EEG because of its relative inexpensiveness and good temporal

resolution providing fast feedback of the cortical activity. With the aid of a neurofeedback
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technique, individuals can learn to voluntarily control or modify their EEG®®*’. NF can be
based on non-verbalised strategy** where subjects learn how to voluntarily control or
modify their behaviour based on visual or audio feedback which reflects that behaviour, or
verbalised strategy®®, where subjects learn how to modulate their behaviour based on
verbal strategies, such as motor imagery. Neurofeedback therapy has been used for several
neurological and psychological disorders such as attention deficit hyperactivity disorder
(ADHD), epilepsy, cognitive enhancement, anxiety and alcohol dependence®®®”. At least

20 NF sessions are required for NF to be effective as a therapy***’.

A set of selected features and locations defines a NF protocol. The NF protocol used in
this study was the same protocol that was used in a previous study by our group™.
Although the previous NF CNP study showed that NF can effectively treat pain®*, only
patients with long standing pain were included. Knowing that prolonged presence of

chronic CNP pain causes measurable changes in cortical activity™®'*

, We hypothesise that
early NF treatment of CNP might be more effective in both the reduction of pain and in the
prevention of a maladaptive cortical plasticity. This study was conducted to explore the

effectiveness of an early NF treatment of CNP following SCI in patients in the sub-acute

phase, still hospitalised after the injury.

5.3 Methods

5.3.1 Participants

Eleven hospitalized SCI patients with recently developed symptoms of CNP (6 male
(M) and 5 female (F), age 42.6 =15.2 years) participated in this study. They were divided

into two groups: a treatment group and a control group. All patients started receiving
pharmacological treatment a few weeks before this study. These types of medication take
several weeks to achieve the full effect so pain could be reduced over the period of NF

study because of the cumulative effect of the pharmacological treatment. To separate the
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effect of NF on CNP from the effect of medications, two groups of patients with CNP were

compared: a treatment group (5 M and 2 F, age 43.4+16.3 years) that received NF and

pharmacological treatment and a monitoring group (1 M and 3 F, age 43.8£12.8 years)

that received pharmacological treatment only. The pharmacological treatment was a part of
their standard treatment (independent of this study). Because of the small number of
patients, randomization was performed before starting the study. Five red and five blue
marbles were taken out of a box and the order of the marbles corresponds to the order in
which patients were assigned to the treatment (blue marbles) and to the control (red
marbles). A medical doctor not directly involved in the NF treatment randomly assigned
patients into one of the groups. All participants had symptoms indicative of NP: injury to
somatosensory system a few weeks/months preceding the onset of pain,
burning/stinging/shooting sensation below the level of injury, intensity of pain was not
related to movement (most patients were not able to move part of body perceived as being
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painful)*™. Allodynia and hyperalgesia were not systematically tested because 7 out of 11

participants had complete sensory and motor paralysis.

All participants gave their informed consent. The study was approved by the National
Health Service for Greater Glasgow and Clyde ethical committee. The American Spinal
Injury Association (ASIA) Impairment Classification was used to determine the
neurological level of SCI*. The inclusion criteria for both groups were: the intensity of
CNP > 4 on the Visual Analogue Scale (VAS, 0=no pain, 10=worst pain imaginable), CNP
ongoing for at least 6 weeks, age between 18 and 75 years, no history of brain disease or
injury and normal or corrected to normal vision. The exclusion criteria were chronic or
acute muscular or visceral pain > 4 VNS, epilepsy, diagnosed mental health problems.
Table 5.1 shows the demographic information of the patient in treatment (PwP_NF) and

control (PwP_C) groups.
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Table 5.1 Demographic information of SCI patients in a treatment and control groups

Patients NF Treatment Group (PwP_NF)

. Pain wearin
No. L_e\_/el of ASIA Weeks V\.”th intensity Numb er of Medication bracesg
injury SCI/Pain (VAS) NF sessions

1 T12 B 20/20 6 7 Pregabalin Yes

2 T7/T8 A 12/12 4 2 Gabapentin Yes

3 C3/C4 D 16/16 7 14 Tramadol No

4 C5/C6 A 17/15 5 14 Tramadol No

5 T3 A 2414 5 8 / Yes

6 T10 A 12/12 6 2 Pregabalin Yes

7 T8 C 26/20 5 12 / No
Patients Monitoring Group (PwP_C)
No. '-ﬁ}‘l’ﬁ'r;f Asia VEESWIN  pain intensity (VAS)  Medication  yeard

1 T7/T8 A 12/12 Gabapentin Yes

2 T12 A 20/2 Gabapentin No

3 T7/T10 D 8/8 Pregabalin No

4 T10 A 12/12 Pregabalin Yes

ASIA: American Spinal Injury Association (ASIA) Impairment Classification
VAS : Visual Analogue Scale (VAS, 0=no pain, 10=worst pain imaginable

5.3.2 EEG Recording during Assessment Phases

During the assessment phase, performed before the first and after the last NF training

session, multichannel EEG was recorded using the same procedures as in study on the

predictors of CNP (section 4.3.2).

5.3.3 EEG Recording during NF Training

During NF treatment, EEG was recoded from 6 electrode locations (F3, F4, C3, C4, O1
and O2) according to the international 10-10 standard system®’. The EEG activity from
the C4 electrode was used as feedback during the visual NF training session, while EEG
activity from the remaining 5 electrodes was recorded for off-line analysis purposes. The
rationale for choosing these electrodes was to modulate the central 9-12 Hz rhythm with

NF while monitoring the frontal and the occipital alpha rhythm. This enables testing
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whether NF modulates the wide spread alpha or the central SMR. This question is relevant

because of the close relation between CNP and the activity of the primary motor cortex.

One module of a biosignals amplifier (g.USBamp, Guger Technologies, Austria) was
used to record the 6 EEG channels with a sampling frequency of 256 Hz. The EEG was
band-pass filtered between 0.5 and 60 Hz (and notch filtered at 50 Hz) using 5" order IIR
digital Butterworth filters within the g.USBamp device during recording. Reference and
ground electrodes were connected to the right and left ear lobes, respectively. Simulink and
MATLAB (MATLAB R2010a, The MathWorks Inc., USA) were used to perform EEG

recording. The electrode-skin impedance was kept under 5kQ.

5.3.4 NF GUI and Online EEG Analysis during NF Training

The NF graphical user interface (GUI) was created in LabVIEW (Robotics 2001 SP1,
National Instruments, USA). A communication between Simulink and LabVIEW was
performed using Simulation Interface Toolkit (version5). The EEG neurofeedback training
features (a relative power in a selected frequency band) was calculated online in Simulink
using a proprietary software g.RTanalyzer (Guger Technologies, Austria), and then sent to
LabVIEW GUI for visualization purposes. The relative powers of the selected bands were
computed with respect to 2-30Hz EEG band (Equation 5.4). The NF training feature was
averaged over a 0.5s moving average window (corresponding to 128 EEG samples) and
updated for every sample (1/256 s). The GUI consisted of three bars, the middle bar
represented the dominant band (the alpha band) while the left and right bars represented
the theta and beta bands respectively, as shown in Figure 5.1. The height of the bar was
proportional to the relative power while the color represented the status of the patients
according to the threshold. When the condition of the threshold was satisfied the color

turned to green otherwise it was red. Therefore, patients were instructed to “do whatever
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necessary” to keep the bars green in order to achieve successful training. This type of non-

verbalized training is called ‘operant conditioning’.

Pabsolute (F)
2
Z;:fl Pabsolute (f)

PRelative(F) = 54

Where

Preiaeive (F) = Relative power of specific frequency (F)

Pabsonute (F) = Absolute power of specific frequency (F)

Passouee () = Absolute power of specific frequency band; f1 and f1 are lower and higher frequency
of the frequency band, respectively.

The NF protocol (training site and EEG features) was based on a previous NF study by
our group*’. Relative power values from theta (4-8Hz), alpha (9-12Hz) and higher beta
(20-30Hz) over electrode location C4 were used as online EEG training features for the
visual NF training session, while during the audio relaxation feedback session alpha (7-
10Hz) relative power over electrode location O1 was used as the EEG feedback feature.
The relative power of the lower alpha band 7-10Hz was used for audio relaxation session
because studies reported that patients with CNP had a lower dominant alpha frequency
compared to the able bodied control***!**. During the audio relaxation session, relative
power of the alpha band was used as a measure of relaxation. When the relative power of
the alpha band was higher than the threshold (10%); the intensity of the music was lower,
and vice versa. The relaxation session is standard general procedure recommended for the
start of any NF. The purpose of the audio feedback, provided from the occipital cortex, was
relaxation while the primary purpose of the visual feedback training was the reduction of

pain.

During the visual NF training session, the patient was instructed to suppress the theta

and higher beta band and to enhance the alpha band relative power for 10% above/below

the pre-determined baseline threshold. Studies reported that the increase in theta'***4%:1%

and beta®

bands were associated with presences of CNP. Moreover, a previous NF study
showed that an increase in the alpha band power can lead to reduced CNP**®. The pre-
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determined baseline threshold was calculated as the relative power of each EEG band
recorded during 2 min eyes opened (EO) or eyes closed (EC) relaxed state. The 10%
threshold above or below the baseline was calculated using Equation 5.5 and 5.6,

respectively.

THgominant = Pdominant X 1.1 55
THinnibitory = Pinnivitory % 0.9 5.6
Where,

Pdominate @Nd Pinninic are mean relative power for dominant and inhibitory bands, respectively.
THaominate @nd THinninit are threshold values for dominant and inhibitory bands, respectively.

Figure 5.1 Graphical user interface for NF treatment. Patients were instructed to ‘do
whatever necessary to keep bars green’.

5.3.5 Study Procedures

5.3.5.1 Pain Monitoring of Control Group

Patients with CNP that did not receive NF treatment were recruited in order to separate
the effect of NF treatment from that of medications. They were asked to fill out a Brief
Pain Inventory questionnaire®® every two weeks, over a period of two-months, to establish
if their pain level changed and if there were any changes in their medications. A two
month period was chosen as it is the longest period that patients from the treatment group

would stay on the NF treatment.
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5.3.5.2 Assessment phase of Treatment Group

The assessment phase was organized before the first and after the last NF session. It
comprised of a Brief Pain Inventory questionnaire®® , and EEG recording during both a
relaxed state (spontaneous EEG activity) and a cue-based motor imagination task (induced
EEG activity). The Brief Pain Inventory was used to assess the level of pain measured with
VAS and its influence on mood and sleep®. The procedures and the experimental protocol
of EEG recording during a relaxed state and a motor imagination task were the same as
described in sections (4.3.4) and (4.3.5), respectively. This assessment phase was

introduced to measure the long-term effect of the NF treatment on cortical activity.

5.3.5.3 NF Treatment Phase

Twenty NF treatment sessions were planned for each patient to attend. The number of
sessions was based on previous research in the area of NF***’. Each NF treatment session
consisted of relaxation audio feedback followed by visual feedback for treatment of pain.
At the beginning and the end of each NF training session, the EEG baseline activity during
EO and EC relaxed stated was recorded. Each NF session consisted of 1 sub-session of
audio NF which lasted 3 min followed by 6 sub-sessions of visual NF, each lasting 5 min.
The 2min EO and 2min EC EEG baseline recordings were performed in order to assess the

short-term effect of the NF treatment on the EEG activity.

During the audio NF, patients were instructed to listen to a relaxing piece of music
keeping their eyes closed. The intensity of the music had two levels (high and low) and
was inversely proportional to the relative power of the alpha (7-10Hz) band. Patients were
asked to close their eyes, relax and decrease the intensity of the music. Following the
single session of audio NF, patients were provided with 30 min (6*5min) of visual NF

training. During visual NF, patients sat in front of a computer screen with a GUI, which
187



Chapter 5

displayed the visual feedback of their brain activity. Patients were instructed to “do

whatever necessary” to keep the bars green in order to achieve successful training.

5.3.6 Off line Analysis of EEG Recorded during NF training

The EEG recording during Pre_NF, NF and Post NF sessions which contained
blinking, muscle activity or amplitudes exceeding 100uV were removed. The PSD of the
EEG data was computed using the Welch modified method under Matlab with 4s window

with 50% overlapping. For visualisation purposes a logarithmic PSD was computed.

For statistical analysis, the EEG recording during Pre_NF, NF and Post_NF sessions
were divided into 4 second long epochs. The Welch modified method was used to calculate
the PSD for each epoch. For each 1 Hz of the whole PSD (2-30Hz), the comparison
between Pre_NF and NF and between Pre_NF and Post_NF were computed using a non-
parametric Wilcoxon paired test (p value=0.05), in order to find the statistically significant

difference between before, during and after the NF session over the full PSD.

Relative changes in PSD during NF with respect to pre training EO relax state
(Pre_NF) were calculated using Equation 5.7. For each NF training session, the PSD was
averaged over all NF sub-sessions for NF training electrode C4. A non-parametric
Wilcoxon paired test (p value=0.05) was used to find the statistically significant difference

in PSD during each NF training session compared to the PSD of its Pre_NF session.

PSDNFL' - PSDPre NFi

APSD; = — X 100 5.7
' PSDPre_NFi

Where

i=1,2,3 .... n(n=total number of NF session)

APSD; = Percentage changes in PSD for ith NF session

PSDyri = Average PSD over all NF sub-session for ith NF session

PSDpre nri = PSD in Pre_NF in ith NF session
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5.3.7 Off line Analysis of EEG Recorded during Initial and Final
Assessment

The EEG data of 48 electrodes during both relaxed state and motor imagery tasks were
imported into EEGlab toolbox®. The EEG recordings in which the amplitude exceeded
100 pV over most electrodes at the same time were removed. A re-referencing to an
average reference was performed. The independent component analysis (ICA) algorithm™*®
was also performed on the EEG data for further noise and artifact removal. Components
containing recognizable artifacts originating from 50Hz mains, electrooculogram, or
muscular activity were set to zero and an inverse ICA was performed to get back to the
EEG domain. The PSD analysis was performed on the relaxed EEG data, while ERD/ERS
analysis was performed on the EEG data recorded during a cue based motor imagery task

(4.3.5). Both PSD and ERD/ERS analysis was computed using EEGlab toolbox.

SLORETA analysis was performed on spontaneous EEG data (relaxed state).
SLORETA has been used to estimate the cortical three dimensional distribution of the EEG
sources current density®. Spontaneous EEG data for each patient was split into 4s long
time window epochs. Each of these epochs was exported to SLORETA. The current source
density was computed in SLORETA for each of these epochs in three frequency bands
including theta 4-8Hz, alpha 8-12Hz and beta 20-30Hz. The frequency dependent change
in brain activation at cortical and deep cortical structures was compared between the EO
relaxed state before the first and after the last NF session. A non-parametric t test
implemented in the SLORETA package with 5000 randomisation of statistical was used to

compute corrected p values. The statistical significant level was set at p=0.05.

For Statistical analysis and to measure the long-term effect of NF treatment the
statistical non-parametric method with a significance level p=0.05 was performed to

compare between pre and post NF values of parameters such as ERD/ERS maps or PSD. A

correction of multiple comparison was performed using the False Discovery Rate (FDR)>*.
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5.3.8 Changes in Pain intensity

Patient was asked to express intensity of pain before and after each NF training session
using VAS. The pain intensity after the last NF session was compared to the initial pain
intensity value (before the first NF session) in order to find the clinically change relevant
in pain intensity for each patient. For each patient, the pain intensities before and after each
NF session were compared to calculate statistically significant changes in pain intensity.
The comparison was computed using a non-parametric Wilcoxon paired test (p

value=0.05).

5.4 Results

The result section is organized as follows: Demographic information about patients and
pain levels before and after therapy is presented first. This is followed by the analysis of
the power spectral density (PSD) of the EEG signal at an electrode location used for NF
training on one representative NF session and over the whole training period. The effect on
NF training on the resting state EEG is presented next, followed by the analysis of the

effect of NF on the EEG response during imagination of movement.

Four out of seven patients in the treatment group (PwP_NF 3, 4, 5 and 7) completed
multiple NF sessions 14, 14, 8, and 12, respectively. None of the patients completed 20
planned treatment sessions though they reported the reduction of pain. Pain was reduced
immediately during NF training. The duration of the post training effect varied and lasted
from two to Five hours. Three patients withdrew from the study after several NF session
(two had 2 and one had 7 NF sessions). The reasons for terminating the study early were:
one patient was discharged from the hospital before completing the therapy, and two
patients felt uncomfortable during NF due to wearing neck and abdominal braces. The two
patients who withdrew from the NF group (PwP_NF2 and PwP_NF6) decided to move to
the control group (PwP_C1 and PwP_C4). Other patients who completed more than 10
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sessions decided to terminate NF therapy before completing all 20 treatments because of
inconvenient circumstances that accompany any study organised in a hospital setting. For
example, inconveniences included times available for therapy, e.g. before a morning
physiotherapy session, during a lunch break or between a morning and afternoon
physiotherapy session, after afternoon physiotherapy (and before 5 pm when it was dinner
time) when most patients were tired. The fact that EEG recoding often left some gel in
patients’ hair was an additional inconvenience, as ward nurses had to be asked to wash it.
Last though not the least, patients with sub-acute SCI were overwhelmed by the new
condition of their body, i.e. paralysis, compared to which pain was not perceived as a
priority. Because pain which most people are familiar with is of a nociceptive nature, and
can be successfully treated by medications, most patients were more keen using

medications as a simpler, less time consuming solution.

Changes in pain intensity and perceived location before and after NF therapy as well as
the comparison between changes in pain intensity in PwP_NF and PwP_C groups will be
shown. Secondly, the short-term effect of the NF on EEG activity (changing in PSD) of the
patients in the treatment group during the NF session will be explained. Finally, the long-
term effect (up to a week after therapy) of the therapy on patients” EEG activity measured
during a relaxed state and during cue based motor imagery task will be discussed. A

summary of the results is provided in section (5.4.6).

5.4.1 Pain Intensities and the Perceived Pain Locations

The pain intensity before the first and after the last NF session of the patients in the
treatment group are shown in Table 5.2. The reduction of pain intensity was noticed in all
four patients compared to their baseline. However, the reduction of pain intensity in
PwP_NF5, who had only 8 NF sessions, did not reach the clinically significant level

(>30%). Several studies of pain have reported that a reduction of pain between 30% to
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50% as a clinical improvement®’*?". Patients in the PwP_NF group showed both a
clinically significant and also a statistically significant (non-parametric Wilcoxon paired p-
value=0.05) reduction of pain by comparing the pain intensities before and after NF

therapy over all training days (Table 5.4).

The perceived pain locations before the first and after the last NF therapy are shown in
Figure 5.2 indicating a reduction of painful areas, specifically in patients who finished > 12
NF sessions. Results demonstrate the importance of reporting not only intensity but also
the location of pain, because either of these two can change over time. Although ‘at level’
and ‘below level’ pain was not discriminated in this study, it can be noticed that the ‘band’
of pain in patients PWP_NF5 and PWP_NF7, which probably presents ‘at level’ pain, has
disappeared. The average pain intensities of the patients in the control group (PwP_C) are
shown in Table 5.3 and indicate that there were no large changes in their pain intensities
over a period of 8 weeks. Additionally, no reduction in the painful area was noticed in
patients of the control group after two months compared to the first session and two of the
patients even showed an increase in the size of the area in pain (PwP_C2 and PwP_C4) as
shown in Figure 5.3. The perceived pain locations of the three patients who withdrew from

NF group are shown in Figure 5.4.

Table 5.2 Changing in pain intensities of patients in treatment group (PwP_NF) before the first
and after last NF session.

Pain Intensity

Patients Before First NF (VAS) After last NF Change in Pain Intensity (%0)
(VAS)
PwP_NF3 7 2 -711%
PwP_NF4 5 2 -60%
PWP_NF5 5 4 -20%
PWP_NF7 5 2 -60%

VAS : Visual Analogue Scale (VAS, 0=no pain, 10=worst pain imaginable)
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PWP NF3 PWP NF4 PWP NF5 PWP NF7

After the last NF session

Figure 5.2 Perceived location of pain (black shaded areas) as reported by patients in treatment
group PwP_NF before the first and after the last NF training session

Table 5.3 Averaged of pain intensities of patients in control group (PwP_C) over a period 8
weeks

Averaged of pain intensities

Patients Mean+SD
PwP_C1 40+0.0
PwP_C2 47+1.2
PwP_C3 50+1.0
PwP_C4 52+0.8

VAS : Visual Analogue Scale (VAS, 0=no pain, 10=worst pain imaginable)

Table 5.4 Comparison in pain intensity of patients in treatment group (PwP_NF) before and
after each NF session.

Pain Intensity

Patients Pre_NF (VAS) Post-NF (VAS) p-value
mean+SD mean+SD
PwP_NF3 4517 3.1£0.8 0.002
PwP_NF4 3.3+x1.1 2.4+0.8 0.015
PwP_NF5 4.0£0.5 3.9+0.6 0.946
PwP_NF7 4.3+1.4 1.8+0.9 0.002

VAS : Visual Analogue Scale (VAS, 0=no pain, 10=worst pain imaginable); Pre_NF: before
each NF session; Post NF: after each NF session
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PWP_C4

At the last session (2 months later)

Figure 5.3 Perceived location of pain (black shaded areas) as reported by patients in control
group PwP_C at the first session and at the last session (two months later)

PWP_NF1 PWP_NF2 PwWP_NF6

i

Before the first NF session

Figure 5.4 Perceived location of pain (black shaded areas) as reported by patients who withdrew
from NF group before the first NF training session
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5.4.2 Changes in PSD during NF Training

In the following section, only results of four patients who completed multiple NF

sessions will be presented.

Voluntary modulation of PSD during one representative NF sub-session (5 min NF
training) compared to pre- and post- NF baseline PSD values are shown in Figure 5.5 for
four patients in the treatment group. The change in PSD between Pre_NF and NF indicates
the immediate effect of the NF training on the PSD, while the change between Pre_NF and
Post_NF represents the short term carry-over effect of the NF training on PSD. It can be
noticed that all 4 patients were able to modulate at least one frequency band during NF at
the time, and this modulation still remained a few minutes after the NF training session.
Most notably patients were not able to control PSD in all three frequency bands. In a
previous study by our group, we noticed that most patients controlled alpha and beta bands
simultaneously but only one controlled all three frequency bands at the same time**. Figure
5.5 shows the most consistent increase is in the alpha band power in PWP_NF4 and there
IS a decrease of beta band power in PWP_NF7, which remained during the post NF
measurement. Interestingly, alpha and theta band power continued to increase in

PWP_NF4 following the NF session.
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Figure 5.5 Changes in PSD in pre-neurofeedback baseline (Pre_NF), NF training session (NF)
and post-neurofeedback (Post_NF) at C4 NF training electrode location for all four patients. The
statistically significant change between Pre_NF and NF is shown in thick horizontal black line
while between Pre_NF and Post_NF is shown in thick horizontal grey line under the frequency
axis. The statistically significant level is p=0.05.

5.4.3 Changes in Relative Power during NF Training

The relative changes in PSD with respect to pre training EO relaxed state (Pre_NF) for

three frequency bands theta (4-8Hz), alpha (9-12Hz) and beta (20-30Hz) over all NF
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training sessions and for all four patients are shown in Figure 5.6. The negative and
positive bars represent the decrease and increase in PSD compared to the Pre_NF session,
respectively. To remind the reader, patients were aiming to decrease theta and beta bands
and to increase the alpha band power. Figure 5.6A shows that PwP_NF3 successfully
decreased theta PSD for 11 out of 14 NF sessions. However, the decrease in theta PSD was
larger than 10% during only during 4 NF sessions. PwP_NF3 showed an increase in alpha

PSD and a decrease in beta PSD in only one NF session (session 4).

Figure 5.6B shows changes in PSD for PwP_NF4. PwP_NF4 achieved a decrease in
theta PSD for 6 out of 14 NF sessions and in four of these six sessions the theta PSD was
more that 10% below the baseline. In the alpha band, the PSD was higher than the baseline
in 8 NF sessions (only 4 sessions >10%). The decrease in beta PSD was noticed in
PwP_NF4 for 8 NF sessions with 5 of them >10%. The changes in PSD with respect to the
Pre_NF for PwP_NF5 are shown in Figure 5.6C. PwP_NF5 exhibited a decrease in theta
PSD for 3 NF sessions, and during only one NF session (session 5) the decrease in theta
PSD was more than 10% compared to Pre_NF. The increase in alpha PSD and decrease in
beta PSD was also noticed in PwP_NF4 during 3 NF sessions; an increase in alpha PSD
(>10%) was noticed in sessions 5 and 6, and a decrease in beta PSD (>10%) occurred in

sessions 2, 5 and 8.

Figure 5.6D shows the changes in PSD for PwP_NF7. PwP_NF7 showed a decrease in
theta PSD in only one (session 10) out of 12 NF sessions. The increase in alpha PSD
(>10%) was noticed in 8 NF sessions. In the beta band, the PSD decreased in 10 NF
sessions and in 8 out of these 10 sessions the changes were more than 10%. Although all
four patients were able to modulate their EEG PSD in required directions, only 2 of them
were able to modulate the PSD in theta, alpha and beta bands (>10%) simultaneously

during one NF session (PwP_NF5: session 5 and PwP_NF7: session 10).
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Table 5.5 shows the relative change in PSD with respect to the Pre_NF averaged over
all NF training sessions at electrode location C4 from which NF was provided. The PSD is
presented for the theta, alpha and beta frequency bands for all four patients. It can be
noticed that only PwP_NF3 had decreased theta PSD compared to Pre_ NF and this
decrease was statistically significant (p=0.05). In contrast, PwP_NF7 showed a significant
increase in theta PSD compared to Pre_NF. In the alpha band, PwP_NF4 and PwP_NF7
showed increased PSD while PwP_NF3 and PwP_NF5 showed a decrease in alpha PSD.
The significant decrease in alpha PSD was noticed in PwP_NF3 compared to Pre_NF. In
the beta band, PwP_NF4, 5 and 7 exhibited a decrease in PSD but this decrease did not
reach statistical significance (p=0.05). PwP_NF3 showed significantly increased beta PSD
compared to Pre_NF. The inconsistency of the results is due to the small number of NF
sessions and the fact that the first several sessions, while patients were still learning to use

NF, have been included in the analysis.

Table 5.5 Relative changes in PSD during NF with respect to pre training EO relax state
(Pre_NF) averaged over all NF training sessions for C4 NF training electrode. Negative
values mean a decrease while positive values mean an increase with respect to Pre_NF.
The significant increase or decrease is shown in bold. The statistical significant level was

set to p=0.05.

Patients Theta (4-8Hz) Alpha (9-12Hz) Beta (20-30Hz)
PSD (%) value PSD (%) value PSD (%) value
mean+SD P mean+SD P mean+SD P

PWwP_NF3 -6.0+97 0024 -50+191 0024 262+359  0.6e°
PwP_NF4 30 +181 0807 37+153 0.625 -457+142 0241
PwP_NF5 43+143 0981 -35+138 0546 -0.62+233  0.945
PWP_NF7 16.6+144 0020 85+123 0129 -125+26.4  0.077

198



Chapter 5

Changes in Relative Power %
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Figure 5.6 The relative changes in PSD with respect to pre training EO relax state for three
frequency bands theta (4-8Hz), alpha (9-12Hz) and beta (20-30Hz) over all NF training session
and for all four patients PwP_NF 3, 4, 5 and 7. The horizontal dashed lines mark £10% changes in
relative power with respect to pre training EO relax state.
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5.4.4 Long term effect of NF training on Spontaneous EEG

SLORETA localisation of the difference between eyes opened relaxed state after the
last compared to before the first NF session for PwP_NF3 averaged over theta (4-8Hz),
Alpha (8-12Hz) and Beta (20-30Hz) For PwP_NF3 (Figure 5.7), PwP_NF4 (Figure 5.8),

PwP_NF5 (Figure 5.9) and PwP_NF7 (Figure 5.9).

Table B.1 (Appendix B) shows the areas with significant differences (p value=0.05)
between eyes opened relaxed state after the last compared to before the first NF session for
PwP_NF3 in theta (4-8Hz), alpha (8-12Hz) and beta (20-30Hz). It can be observed that
statistically significant changes were present in all three frequency bands. For the same
frequency band, both an increase and decrease were noticed, depending on the cortical
region. It can be observed in Figure 5.7 that in the theta band PwP_NF3 had significantly
lower activity over the frontal region, predominantly over the left hemisphere, and
significantly higher activity over the parietal region, predominantly over right the
hemisphere. In the alpha band, PwP_NF3 also exhibited significantly lower alpha activity
over the frontal region, predominantly over the left hemisphere, while significantly higher
activity over the parietal region as shown in Figure 5.7 and Table B.1. A significant
decrease in beta activity was noticed over the frontal regions (BA: 11, 10 and 32) while a
significant increase was noticed at the frontal region over Brodmann areas 6, 8, 9 and 32
over both left and right hemispheres (Figure 5.7 and Table B.1). In summary, a decrease in
activity over a similar frontal region was widespread over theta, alpha and beta bands

while at the same time theta and alpha activity increased over the parietal region.

Figure 5.8 and Table B.2 show results for patient PwP-NF4. This patient had a
significant increase in theta activity over the parietal and frontal regions and a significant
decrease in theta activity over the occipital region. Similar to the theta band, PwP_NF4 had
significantly higher activity over the parietal and frontal regions and significantly lower

activity over the occipital region. The increase and decrease in theta and alpha activities in
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PwP_NF4 were predominantly over the right hemisphere. A significant increase in beta
activity over the parietal, frontal and limbic areas was noticed in PwP_NF4 and
significantly lower beta activity can be noticed over the occipital region, predominantly

over the right hemisphere (Figure 5.8 and Table B.2).

The significantly higher theta, alpha and beta activity over the parietal region,
predominantly over the right hemisphere, can be noticed in PwP_NF5 after NF compared
to before NF as shown in Figure 5.9 and Table B.3. The significantly decreased theta
activity in PwP_NF5 was noticed over the frontal and occipital region while in the alpha
band the significant decrease was noticed over the occipital and limbic areas. Significantly
lower beta activity can be noticed in PwP_NF5 over the parietal, occipital and temporal

regions after NF compared to before NF (Figure 5.9 and Table B.3).

Figure 5.9 and Table B.4 show that PwP_NF7 had significantly higher theta activity
over the parietal, occipital and temporal areas of the left hemisphere and significantly
lower theta activity over the frontal areas, predominantly over the left hemisphere, after NF
compared to before. In the alpha band, PwP_NF7 showed significantly higher activity over
the frontal (BA: 4, 5 and 5) and parietal regions and significantly lower activity over the
frontal (BA: 4, 7, 10, 11 and 46) area predominantly over the left hemisphere (Figure 5.9
and Table B.4). A significant increase in beta activity after NF compared to before NF can
be noticed in PwP_NF7 over the frontal (BA: 4, 5 and 6) region, predominantly over the
right hemisphere, while the significantly lower beta activity was observed over the frontal
(BA: 10 and 11) and parietal areas, over both left and right hemisphere as shown in Figure

5.9 and Table B.4.
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Figure 5.7 SLORETA localisation of the different between eyes opened relaxed state after the
last compared to before the first NF session for PwP_NF3 averaged over theta (4-8Hz) (A and
B), Alpha (8-12Hz) (C and D) and Beta (20-30Hz) (E and F). The first raw of each figure
represents 3D map of the localisation while the second raw represents the 3D slice at the
displayed of the voxel with negative (A, C and E) and positive (B, D and F) strongest activity.
The (X, Y, z) under each figure represent the Montreal Neurological Institute and Hospital (MNI)

coordinate system of the voxel with strongest activity.
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Figure 5.8 SLORETA localisation of the different between eyes opened relaxed state after the
last compared to before the first NF session for PwP_NF4 averaged over theta (4-8Hz) (A and
B), Alpha (8-12Hz) (C and D) and Beta (20-30Hz) (E and F). The first raw of each figure
represents 3D map of the localisation while the second raw represents the 3D slice at the
displayed of the voxel with negative (A, C and E) and positive (B, D and F) strongest activity.
The (X, Y, z) under each figure represent the Montreal Neurological Institute and Hospital (MNI)
coordinate system of the voxel with strongest activity.
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Figure 5.9 sLORETA localisation of the different between eyes opened relaxed state after the
last compared to before the first NF session for PwP_NF5 averaged over theta (4-8Hz) (A and
B), Alpha (8-12Hz) (C and D) and Beta (20-30Hz) (E and F). The first raw of each figure
represents 3D map of the localisation while the second raw represents the 3D slice at the
displayed of the voxel with negative (A, C and E) and positive (B, D and F) strongest activity.
The (X, y, z) under each figure represent the Montreal Neurological Institute and Hospital (MNI)
coordinate system of the voxel with strongest activity.
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Figure 5.10 sSLORETA localisation of the different between eyes opened relaxed state after the
last compared to before the first NF session for PwP_NF7 averaged over theta (4-8Hz) (A and
B), Alpha (8-12Hz) (C and D) and Beta (20-30Hz) (E and F). The first raw of each figure
represents 3D map of the localisation while the second raw represents the 3D slice at the
displayed of the voxel with negative (A, C and E) and positive (B, D and F) strongest activity.
The (X, y, z) under each figure represent the Montreal Neurological Institute and Hospital (MNI)
coordinate system of the voxel with strongest activity.
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5.4.5 Long term effect of NF training on ERS/ERD during Ml task

The ERS/ERD maps for Ml task of patients in the treatment group before the first and
after the last NF training session over the primary motor cortex (M1) are shown in Figure
5.11-Figure 5.13. Figure 5.11 show the ERS/ERD maps during MI of feet over electrode
location Cz located over M1 of the feet for all four patients. The vertical sold line
represents a warning sign (a cross) appearing at t=-1s, while the vertical dashed line
represents the MI execution cue at t=0s when patients started motor imagery. The EEG
data during M1 of feet of PwP_NF3 before the first NF session is not available because the
MI data of the first assessment phase of this patient was taken from another study of our
group which included only M1 of the right and left hand. This data was taken from another
study, which took place before NF training on the same patient for Ethical reasons, to
minimize unnecessary discomfort to patients, as the assessment lasts about 2 hours. The

patient was a control subject in a hand rehabilitation study.

It can be noticed that the level of desynchronisation (ERD, blue color), which is
proportional to the level of activation of the motor cortex, was reduced in the post NF
assessment compared to the first assessment, before starting NF therapy, in all patients. A
significant reduction in theta and alpha ERD was noticed in PwP_NF5 and PwP_NF7. The
reader should be reminded that in able-bodied individuals there should be no theta ERD,
and that in general SCI patients with long standing CNP have stronger ERD (more active

cortex during imagination of movement) than SCI patients with no pain*.

During M1 of the left hand over the electrode location C4 located over M1 of the left
hand, a significant reduction in theta and alpha ERD can be noticed in PwP_NF3 (Figure
5.12). PwP_NF5 also exhibited a significant reduction in alpha ERD. As with MI of the
left hand, PwP_NF3 also showed a significant decrease in theta and alpha ERD and
PwP_NF5 showed a significant reduction in alpha ERD over electrode location C3 located

over M1 of the right hand (Figure 5.13).
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Figure 5.11 ERD/ERS maps of electrode locations Cz for each patients in treatment group
during motor imagery of feet. The first column shows before the first NF training session and the
second column shows after the last NF training session. The last right column shows the areas of
statistically significant (p=0.05) difference in ERD/ERS before and after neurofeedback training.
At t=-1s, a warning cross appears (the vertical sold line), while at t=0 s (the vertical dashed line)
participants start with motor imagery. The ERD/ERS maps are shown for t= -1.5 s to 2.5 s and
frequency 3 Hz to 45 Hz.
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Figure 5.12 ERD/ERS maps of electrode locations C4 for each patient in treatment group during
motor imagery of left hand. The first column shows before the first NF training session and the
second column shows after the last NF training session. The last right column shows the areas of
statistically significant (p=0.05) difference in ERD/ERS before and after neurofeedback training.
At t=-1 s, a warning cross appears (the vertical sold line), while at t=0 s (the vertical dashed line)
participants start with motor imagery. The ERD/ERS maps are shown for t= -1.5 s to 2.5 s and
frequency 3 Hz to 45 Hz.
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Figure 5.13 ERD/ERS maps of electrode locations C3 for each patient in treatment group during
motor imagery of right hand. The first column shows before the first NF training session and the
second column shows after the last NF training session. The last right column shows the areas of
statistically significant (p=0.05) difference in ERD/ERS before and after neurofeedback training.
At t=-1s, a warning cross appears (the vertical sold line), while at t=0 s (the vertical dashed line)
participants start with motor imagery. The ERD/ERS maps are shown for t= -1.5 s to 2.5 s and
frequency 3 Hz to 45 Hz.

5.4.6 Summary of the results

The results of pain intensities and perceived pain locations showed that NF affected
both the overall intensity of the worst pain and the total area of the body which was
perceived as being painful. Patients in the neurofeedback treatment group who finished >
12 neurofeedback sessions had a clinically and statistically significant reduction in pain
compared to the pain intensity before the neurofeedback treatment. The reduction of pain

intensity of the treatment group was accompanied by reduction in the painful areas. In

209



Chapter 5
contrast, there were no larger changes in the intensity of pain and in the area perceived as

being painful in the control groups.

The analysis of the power spectral density during the neurofeedback training session
showed that all 4 patients in the treatment group were able to modulate at least one or two
frequency bands at the same time but none were able to simultaneously modulate all three
frequency bands. The short-term effect of neurofeedback training session, measured by
comparing the change in power spectral density during neurofeedback training session and
a few minutes following the training showed the effects of the neurofeedback training

session still remained for a few minutes after the neurofeedback training.

The results of the long-term effect of the neurofeedback treatment on spontaneous EEG
showed that the activity of the theta band significantly decreased over the frontal region
and significantly increased over the parietal region. In terms of activity of the alpha band, a
significant increase was noticed over the parietal region while a significant decrease was
noticed over the occipital and the frontal regions. Significantly increased beta activity over
the frontal and the parietal regions was also noticed. In contrast, a significant decrease in

beta activity was noticed over the parietal region.

The results of the long-term effect of the neurofeedback treatment on induced EEG
showed that all patients had a reduction in event related desynchronisation compared
(ERD) to the first assessment session. The significant reduction in theta and alpha ERD
was noticed in PwP_NF3 during both right and left hand motor imagery. PwP_NF5 also
exhibited a significant reduction in theta and alpha ERD, particularly during motor
imagery of the right hand. PwP_NF7 showed a significant reduction in theta and alpha

ERD and PwP_NF4 had a reduction in alpha ERD during motor imagery of feet.
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5.5 Discussion

This study aims to explore the effectiveness of an early NF treatment of CNP in
patients with SCI in a sub-acute phase (several months after injury). The intensity of pain
and perceived pain locations in both PwP_NF and PwP_C groups will be discussed first
followed by a discussion of the longer term effect of the NF on spontaneous and induced

EEG activity.

5.5.1 Pain Intensities and the Perceived Pain Locations

The clinically and statistically significant lower pain intensity was noticed in three
patients in a treatment group. The statistically significant reduction in pain intensity was
accompanied by a reduction in painful areas as self-reported by patients. In the control
group, pain varied by £1 on the numerical analogue scale. Though this indicates that the
pain level was stable it was not possible to perform statistical analysis due to only 4
measurements per patient being taken. However, in the control group there was not a large

change in areas perceived as being painful.

Although PwP_NF demonstrated a reduction in pain intensity and pain location, none
of them completed the whole planned 20 NF sessions. One reason for poor compliance
with the study might be the lack of awareness that this type of pain is different from the
nociceptive and often cannot be successfully treated by medications, which is a simpler
and less time consuming solution. The other possible reason is that for patients, just
learning to cope with various consequences of spinal cord injury, pain is not a high priority.
This is a strong contrast with priorities of patients with long standing CNP, included in a

previous study by our research group**.
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5.5.2 Immediate and Short-term Effect of NF training on EEG
Activity

In all 4 patients who received multiple NF sessions, modulation of PSD during NF was
noticed in at least one frequency band. The effect of the voluntary neuromodulation still
remained for a few minutes (short-term effect) after the NF training session. However,
none of the PwP_NF was able to modulate all three NF training bands simultaneously. The
inability of the patients in the treatment group to control the three bands together might be
due to the small number of NF sessions. Additionally, for a successful NF training, a
certain level of concentration is required and patients should have good night’s sleep; none
of these two could be fulfilled for hospitalized patients with sub-acute injury. A
simultaneous control of several frequency bands in different directions is considered a
challenging task for NF training in general, independent of its purpose. Very often NF
training produces a general increase or decrease of brain activity, which spreads beyond
the targeted frequency band®™. In this study we did not analyze the effect of neurofeedback
from C4 on the rest of the cortex. Results of the previous study of our group* as well as
results of neurofeedback in Chapter 3 of this thesis show that NF from one training site has
a wide spread effect, therefore wide spread long term cortical changes should be expected

as a result of NF training from a single electrode location.

5.5.3 Long-term effect of NF on spontaneous and induced EEG
activity
The comparison of the SLORETA localisation results of the relaxed state between the
first and after the last NF session showed a significant decrease in theta activity over the
frontal region in three out of four patients. All patients showed significantly increased theta
activity over the parietal region. A significant increase in alpha activity was noticed over
the parietal region of the right hemisphere in 3 out of 4 patients and a significant decrease

in alpha activity was noticed over the occipital region in two patients and over the frontal
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region in the other two patients. In the beta band, three out of 4 patients showed a
significant increase in power over the frontal region while one showed a significant
increase over the parietal region. Significantly lower beta activity was noticed over the

parietal region in 2 patients.

Parietal and frontal regions were most consistently affected by NF, and the increase in
theta and alpha power over the parietal region was the most consistent result across all four
patients. The parietal region is a part of the sensory cortex, which in the cortical pain
matrix is responsible for discrimination of the sensory component****. A training electrode
C4 was close to the parietal area and these changes might be directly related to modulation
of the cortical activity over C4, though patients’ performance during NF was not always

consistent.

In all patients significant changes in cortical activity were also noticed over the frontal
area but the trend of change was not consistent across patients. The frontal area is not close
to C4 but it is functionally related to the parietal area in a sense that they both form a pain

matrix, but the frontal area is responsible for the affective component of pain®’°.

In chapter 4 of this thesis, we show that patients who recently developed pain have on
average decreased alpha activity over the parietal cortex. Increase in the alpha band
activity, following NF treatment indicates normalization of cortical activity, towards the

activity of SCI patients who do not have CNP.

The ERD/ERS analysis of the EEG data recorded during MI tasks before the first NF
training session showed that all patients had over-activation (strong ERD) over the motor
cortex (M1). Previous fMRI and EEG studies reported overactive M1 in SCI patient with
CNP compared to an able-bodied control during motor imagery tasks**®***. Additionally,
the strong ERD was noticed during MI of both the painful and pain-free limbs. These
results confirm the finding of a previous study of our group, which reported that CNP
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affects wide spread cortical activity and the changes in ERD are not necessarily only
related to M1 corresponding to the painful limbs**. The comparison of the ERD/ERS of
the EEG data recorded during MI tasks before the first and after the last NF showed a
significant reduction in ERD activity specifically over theta and beta bands. These results
confirm the finding of our previous NF study on chronic SCI patients with CNP which

showed reduction in ERD after NF therapy?®’.

5.5.4 Limitation of the study:

The main limitations of the study are the small number of patients in both the control
and treatment group and the small number of sessions. For the effect of any NF training to

last beyond the duration of the study, it is necessary to have at least 20 sessions.

Another limitation is the lack of placebo testing, as performed in*. Placebo is normally
tested once the patients learn to consistently regulate their brain activity in a desired
direction during non-placebo training. Although testing for placebo was planned towards

the end of 20 NF sessions, none of the patients got enough training to achieve these criteria.

5.6 Conclusion

The results of this study demonstrate that the NF treatment has a positive effect on the
reduction of pain, at least over the period of the study. Most notably, even a relatively
small number of training sessions resulted in statistically significant changes in brain
activity in a direction towards the activity of patients with no pain. It would be interesting
to know whether this effect would also be noticed in patients suffering from CNP for years

or if it is due to the relatively short lasting nature of CNP in patients with sub-acute CNP.

Despite these encouraging results, numerous factors, and in particular patients’ low

prioritization of pain, indicate that early NF of CNP in SCI patients might not be a
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practical solution. This conclusion could probably be extended to any non-pharmacological

treatment of pain, which would require patients’ active involvement and additional time.
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Chapter 6 Central Neuropathic Pain in Paraplegia
Alters Movement Related Potentials

6.1 Abstract

Obijective: to define the influence of paralysis caused by spinal cord injury (SCI) and
related central neuropathic pain (CNP) on movement related potentials in a cue-based

motor imagination task.

Methods: Three groups were included in the study: 10 able bodied (AB), 9 SCI patients
with no pain (PnP) and 10 SCI patients with CNP in lower limbs (PwP). They were asked
to perform a cue dependent motor imagination task involving the feet (paralysed in both
PnP and PwP, also painful in PwP), and the left and the right hand while their brain
activity was recorded with multichannel EEG. Measure projection analysis, based on
independent components and the equivalent dipoles, was used to define cortical areas

which show high functional connectivity.

Results: Three domains were identified: domain 1 consists of limbic cortex and some
subcortical structures; domain 2 consists of sensory-motor cortex and BA 31, a part of the
limbic cortex, and domain 3 covering the visual cortex. With respect to morphology, ERP
in all three domains included peaks corresponding to cognitive processes related to visual
cues. Only domain 2 contained movement related potentials while both domains 1 and 2
had reafferentation potential, related to kinesthetic sensory processing. The largest
influence of CNP on ERP was noticed in domain 1 where only the earliest components
were visible in PwP group. Compared to ERP in the AB and PnP groups, in the PwP group
the component corresponding to P200 was significantly smaller in domain 1 and
significantly larger in domain 2. The PnP group had ERPs similar to AB but with

significant delays in domains 1 and 2.
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Conclusion: motor related potential is dominantly influenced by paralysis while both CNP
and paralysis affect the reafferentation potential. Additionally, CNP influences cognitive

processes in a manner that depends on the functional area of the cortex.

6.2 Introduction

Central Neuropathic Pain (CNP) is caused by an injury to the somatosensory system**,
affecting more than 40% SCI patients®’®. Several EEG and fMRI studies have shown a link
between CNP and brain activity'®****3%1% Most EEG studies of CNP analysed the
influence of CNP on the resting state EEG, showing increased EEG power in the theta
band and a shift of the dominant alpha frequency towards lower frequencies™®!%,
Functional MRI studies in addition demonstrated remapping of the sensory-motor cortex

and an increase in activity over the primary motor cortex'®**®. In addition to CNP, patients

with SCI suffer from the impairment of sensory and motor functions which itself also

263 k93,276,277

affects brain activity, both in a resting state=>” and during a motor tas

To understand the effect of SCI on EEG during a motor task researchers have analysed

228 and movement related

both event-related synchronisation/desynchronisation (ERS/ERD)
cortical potential (MRCP)® as these two phenomena have different cortical origins.
MRCP is a subtype of Event Related Potential (ERP) and presents the type of post-synaptic

278

responses of main pyramidal neurons®'® triggered by an overt or covert motor action while

ERS/ERD presents changes in parameters that control oscillations in neuronal networks®?,
Pfurtsheller et al. found that people with chronic SCI have altered and weaker ERS/ERD
compared to able-bodied people?”’. Castro et al. analysed movement related potentials in
people with SCI imagining the movement of a paralysed limb®. They found that people

with SCI have lower readiness and movement related potentials while imagining moving

paralysed limbs than able bodied subjects executing the same movement.
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One of current problems in this research is that during imagination of movement both
groups had comparable motor potentials over the primary motor cortex. Xu et al. analysed
movement related cortical potential (MRCP) over the central cortical regions covering the
primary motor cortex of arms and legs (C3, Cz and C4) in the same groups®. However,
they could not find statistical differences between two groups of patients, even though they
found differences between able-bodied and SCI patients in general. One of the reasons for
this is that Xu and colleagues may have missed the macro-scale brain activation patterns
because they used only three electrodes. In a recent EEG study by our group, using 61
channels EEG recording system, indicates the influence of CNP on wider cortical
structures'®®. In that study, Vuckovic et al. analysed ERS/ERD during imagined movement
in a group of patients with low level SCI (paraplegia) and CNP and compared them with a
group of SCI with no pain and with a group of able-bodied people. They found that CNP
resulted in a stronger ERS/ERD in theta, alpha and beta band with characteristic spatial
distribution, that were present during the imagination of movement of both painful and
non-painful limbs**°. A group with SCI and no pain had similar but weaker ERS/ERD than
the able-bodied group. Thus Vuckovic et al. showed that it is possible to distinguish
between the influence of paralysis and of CNP on ERS/ERD analysis**. This lead us to
expect that recent development of EEG analysis using multivariate signal processing and
statistics should allow us to exploit more useful information from the 61-channel EEG data

recorded from these patients to further characterize the influence of SCI on CNP.

In the present study, we applied a recently developed Measure Projection Analysis
(MPA)™2, which is a post processing method after independent component analysis (ICA)
and equivalent current dipoles, to determine the influence of SCI on CNP. MPA
determines domains, which are defined as clusters of independent components with
statistically proximate locations and similarity in measures, i.e. ERP in this case. The

novelty of MPA approach is that it enables the analysis of a motor task in terms of
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functionally rather than spatially distinctive domains. We hypothesise that each
functionally distinctive domain will have characteristic morphology of ERP and that ERPs
in different domains might be affected to a different degree by SCI and by CNP. The
advantage of ERP over the ERS/ERD analysis is that it can distinguish between the
cognitive, motor, and afferent sensory components by identifying the peaks of the
corresponding ERP components. Thus we analysed the effect of CNP and SCI on each
component separately. While Vuckovic et al.**° defined the influence of CNP on different
frequency bands, in this study we investigate the effect of CNP based on different phases

of cue-based motor task.

6.3 Methods

6.3.1 Participants

Ten able bodied subjects (AB) (3 Female (F) , 7 Male (M), age 39.1 £10.1), 10
patients with SCI with CNP (PwP) below the level of injury (3 F, 7 M, age 45.2 £ 9.1) and
9 patients with SCI and with no acute or chronic pain (PnP) (3 F, 6 M, age 44.4 £8.1)
participated in the study. The American Spinal Injury Association Impairment

Classification scale®”®

was used to determine the neurological level of injury. Inclusion
criteria for PwP were the presence of pain > 5 on the Visual Numerical Scale (0=no pain,
10=worst pain imaginable) and the presence of pain for at least 6 months. The inclusion
criteria for both PwP and PnP groups were that they had a spinal lesion for at least 1 year
post-injury at level T1 or lower. Exclusion criteria for all 3 groups were the self-reported
presence of neurological disorders or brain injury which would influence EEG

interpretation and the presence of any other chronic pain at the time of the experiment. The

demography of PwP and PnP groups is shown in Table 6.1 and Table 6.2, respectively.

All participants provided informed consent for the study; the study was approved by

the National Health Service ethical committee for SCI patient groups and by the University
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ethical committee for able-bodied volunteers. The experiments were performed in

accordance with the Declaration of Helsinki.

Table 6.1 The demography of the SCI patients with CNP. G: Gabapentin, P: Pregabalin,

Level of Years After Intensity of Year with

No. Injury ASIA Injury Pain (VAS") Pain Medication
1 T5 A 7 7 7 G, carbamzepine
2 T5/T6 A 11 6 11 none
3 T5 A 7 8 7 P,G
4 L1 B 15 7 15 G
5 T6/T7 D 4 7 3 P
6 T7 B 6 8 5 none
7 T6/T7 B 25 10 24 G
8 T1 A 25 5 10 P
9 T5 A 14 5 13 Amitriptyline
10 L1 B 5 5 4 none

“ ASIA: The American Spinal Injury Association. ¥ VAS: Visual Numerical Scale

Table 6.2 The demography of the SCI patients with no CNP

No. Level of ASIA” Years After Injury
Injury
1 T7 A !
5 T7 B !
3 T12 A !
4 L1 A °
5 T2 A 2
6 T5 B 15
7 T11 A b
8 T4 A o
9 T7 A =

ASIA: The American Spinal Injury Association

6.3.2 EEG Recording

EEG signal was recorded using a 61 channel EEG device (Synamp?, Neuroscan, USA).
The electrodes were placed according to the standard 10-10 system®’. An ear-linked
reference was used and an electrode placed at AFz served as ground. The sampling
frequency was 1 kHz and the electrode impedance was below 5kQ. Electromyograms
(EMG) were recorded from the right and left wrist extensor muscles and right shank using

the bipolar inputs to the Synamp device. The only purpose of the EMG was to check that
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there was no evidence of voluntary movements when subjects attempted motor

imagination (MI).

6.3.3 Experimental Setup

Participants were instructed to perform a Ml task which consisted of imagining waving
with their right or left hand or tapping with both feet every time they saw a corresponding
visual cue at a computer screen. The experimental protocol of the motor imagination task

were the same as described in chapter 4 section (4.3.5).

6.3.4 EEG Signal Pre-Processing

The EEG signal was divided into epochs, starting at t=-1s and finishing at t=3s (4s
long). The epoched EEG signal was high passed filtered at 0.1Hz (lIR, 12db cut-off
frequency) and a notch filter (48Hz — 52Hz) was also applied in order to remove the line
noise (50Hz). Then, the EEG signal was down-sampled to 250Hz. The down-sampled EEG
signal was then exported to EEGLab*. In EEGLab, EEG signal was visually inspected and
trials containing an amplitude larger than 100uV over all channels or that were
accompanied with EMG were manually rejected. No more than 3-4 trials were rejected per
participant. Following this, the EEG signal was re-referenced to an average reference and
independent component analysis (ICA) decomposition was performed as described below.
IC components containing biological or instrumental noise identified by their characteristic
morphology, spatial distribution and frequency content were removed prior to further

analysis.

6.3.5 ERP Measure Projection

The measure projection method comprises of**?;

1. ICA decomposition and equivalent dipole localisation
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2. Spatial smoothing of a given dynamic measure (in this case ERP) for the
equivalent dipole-localised ICs.

3. Measure Projection Analysis: this comprises defining the subspace of brain
voxel locations with significant local IC measures of similarity.

4. Creating spatial brain voxel domains which exhibit sufficient measure

differences.

6.3.6 ICA Decomposition, Equivalent Dipole Localisation and

Spatial Smoothing

ICA decomposes EEG from multiple channels into maximally temporary independent
components by creating a set of spatial filters W. Independent components are then created

from EEG using a simple linear transformation (6.1).

S=W.X 6.1

Where S is the effective source EEG activation that is decomposed by ICA, W is an
unmixing matrix, and X is the observed signal. The filters W have a fixed projection to
recording electrodes and produce the maximally independent time courses of data. Thus
ICA defines which independent processes contribute to data recorded on a scalp EEG and
reveals their independent scalp projections. Some of the components represent non-brain
‘artifact’ sources i.e. ‘noise’, having either biological (EOG, ECG, EMG) or instrumental
(e.g. line noise) origin and can be removed from the ICAs set. To calculate ICs, the

Informix algorithm®® with the extended-ICA algorithm®®® that extracts the mixed sub-

Gaussian and super-Gaussian sources effectively was implemented in EEGLab®.

Following noise removal, the location of dipoles corresponding to remaining ICs were
determined for each IC based on the boundary element model MNI*®2. A single dipole
location procedure was used to estimate the location of the ICs, as most IC originating

283

from the brain can be modelled by a single dipole=®*. Compared to methods which estimate

a dipole location from EEG scalp maps, that present the mixture of sources, the uncertainty
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of dipole locations based on ICs is reduced due to the fact that each ICA presents a single
source. The set of ICs with a low residual variance (<15%) and with equivalent dipoles
located inside the Montreal Neurological Institute (MNI) brain volume were chosen for
data analysis'**. This allowed anatomical location over the cortex and defining the nearest

Brodmann Areas (BA), as well as several subcortical areas.

The precise localisation of sources is possible only if a precise head model based on
magnetic resonance imaging MRI of that subject is available®®. The level of accuracy in
this group analysis was somewhat reduced due to a fact that the cortical locations of
multiple subjects were wrapped into a common head model to allow group Measure
Projection (MP). Therefore the dipole localisation method may occasionally localise
sources deeper than they are really located. A co-registration between channel locations
and the head model surface was performed to align the dataset channel locations to a three-
shell stored Boundary head model template montage, followed by dipoles fitting for the

ICs.

A spatial smoothing was performed using a truncated 3-D Gaussian spatial kernel. A
standard deviation for each 3-D Gaussian, representing each equivalent dipole location,
was set to 12mm (full width half maximum). This value was recommended by creators of
MPA method*? and was chosen heuristically to minimise the ambiguity of equivalent
dipole localisation arising from numerical inaccuracies, errors in measurement methods
and in a head model. Each Gaussian was then truncated to a radius of 3 standard deviations

(36mm) to prevent interfering influences from distant sources.

In this study, common ICs were calculated for EEG of all three conditions together (Ml
of right hand, left hand and of both feet) and common dipoles were defined. However,
following this step, data from different conditions was separated for Measure Projection
Analysis (MPA), because it was expected that they would have a distinctive ERP, different

for M1 of each motor task.
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6.3.7 Measure Projections Analysis

This step is the core of the whole analysis. MPA is a method which compares EEG
source locations and dynamics across different subjects and sessions in a 3-D brain
space™. It is based on a probabilistic approach that treats source-resolved data as samples
drawn from the distribution of source locations and dynamics. It focuses on a single
dynamic measure (in this case ERP) and performs a statistical analysis on the grid of brain

locations rather than on individual sources.

In order to define the subspace of brain voxel locations with significant local IC
measures, a brain volume was presented as a cubic dipole source space grid with 8mm

spacing. Voxels outside the MNI brain volume were discarded.

A measure vector Mi(x) was then obtained by vectorising the ERP time course
associated with each single IC with an equivalent dipole D(x). Based on this, the method
estimates an interpolated measure vector M(y), defined across all possible brain locations
yeV, and estimates the statistical significance (i.e. p value) of this assignment for each of
these locations. The p value is associated with a null hypothesis that M(y) has a random

spatial distribution in the brain.

Each estimated dipole Dj, j=1...n, is presented by a spherical truncated Gaussian
kernel with covariance ol at an estimated dipole location, X; where standard deviation o

encapsulates dipole localisation errors. The Gaussian is further normalised to ensure that
densities in the different areas of brain volume (e.g. deep inside the brain and closer to the

surface) have a unity mass within the brain volume.

A probability that an estimated dipole Dj is truly located at position j is presented by a
normalised truncated Gaussian distribution P, (y) = TN(y; kj,az -1,t) . For an arbitrary
location, the value of expected (projected) measure vector M(y) is (Equation 6.2):

225



Chapter 6

n

ZP(y)M .
EM(Y)}= (M) = = —— =2 P(M,

Where P(y) (with a propertyZlSi =1) is a probability that the estimated location of
i=1

measure vector Mj(y) is truly M(y)

The next step upon obtaining an estimate measure vector M(y) at each brain voxel
location is to test against the null hypothesis that M(y) is produced by a random set of
measure vectors M;. The overall goal of this is to identify brain areas, or ‘neighborhoods’
that exhibit statistically significant similarities in ERP based measure between IC of
equivalent dipoles within the neighborhood. To do that it is necessary to calculate the

measure of convergence C(y) at each brain location jeV (Equation 6.3).

Cy)=E{s(y)}=" ”;'
ZP.(y)Pj(y) 6.3

Where Pi(y) is the probability of dipole D; being at location y, and Pj(y) is the
probability of dipole D; being at location y, with an additional assumption that dipoles are
independent, in order to factorise a joint probability. Factor S;;is the degree of similarity
associated with dipoles D; and D;. Convergence C(y) is the expected value of the measure
of similarity at location y. The calculated value C is a scalar which is larger in the area of

homogenous (similar) ICs.

To check the statistical significance of C(y), i.e. to calculate a Type | error, randomised
surrogates were created and a nonparametric bootstrapping method to create a surrogate
null distribution, was applied. The significance of convergence of C(y) (a significant p
value) was obtained by comparing it to the right tail of a null distribution. After calculating
p values for each single voxel, a correction for multiple comparisons was applied using the

False Discovery rate method>®.
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The recommended measure of the degree of similarity S;; in MPT toolbox is the signed
mutual information SMI?** ( Equation 6.4) between IC-pair ERP measure, which is based

on a correlation CORR*?,

SMI = % sign(CORR) log, ( )(bits / sample)

1-CORR? 6.4

Once the significance of C(y) is found for each group and each task, they can be
compared between tasks or between groups. This step requires that the size of each domain
is defined as described in the next subsection. For now, let’s assume that the number and
the size of each domain have been defined. To determine a statistically significant
difference between tasks/groups it is necessary to determine a weighted-mean measure
WM, based on mean measures (here SMIs, Equation 6.4) across all voxels belonging to one
domain. To achieve this we produce WM values for each task within a group (for example,
MI of foot in PwP, MI of foot in PnP, MI of right hand in PnP etc) in order to compare
between groups and tasks. Different tasks for different groups will be called a condition ¢

further in the text. In this study we have 9 conditions (3 tasks and 3 groups).

Let’s assume that a domain of interest d has v voxels (i=1...v). For a condition c, a

weighted-mean measure WM(d,s,c) across all v voxels is (Equation 6.5)

SM(c,i,d)-D(i,s)

WM (d,s,c) =—=1—
> Dli,s) 6.5

i=1

Where D(i,S)=iF’j(i) 6.6

Above, n is the number of component dipoles for a certain condition and Pj(i) is a

model probability that a dipole j is actually located at a domain voxel i. Once WM values
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were obtained for each condition, a two-tailed student t-test was applied to reveal a

statistically significant ERP difference between conditions within a domain.

6.3.8 ERP domain clustering

The method chosen for domain clustering in the MPT toolbox is Affinity Propagation
Clustering®®. The clustering step is only used to determine the granularity of segmentation
of brain regions exhibiting significant measurement consistency obtained in the previous
step and therefore does not change the projected source measurement values. It is based on
the similarity matrix Sy, of pairwise correlations between n measure projection values at

each voxel point. This method has the following properties:

1. It does not require a prior knowledge of the number of clusters. It automatically
finds the appropriate number of clusters based on the maximum allowed
correlation between the cluster exemplars. It increases the number of clusters
until any potential cluster exemplar becomes too similar to one of the existing
exemplars. In this study correlation was set to the recommended value of 0.8,

This means that the maximum allowed correlation between clusters is 0.8.

Increasing the correlation value to 0.9 would result in increased number of

clusters of smaller size (but they would cover the same 3D area as clusters in

the case of correlation=0.8). Likewise, reducing correlation to 0.7 would result

in a smaller number of clusters of larger size. For the outlier cluster, a

correlation was set to the recommended value of 0.7.

2. Affinity propagation clustering determines outliers during the clustering
process. This is achieved by adding an additional row and column to the pair-
wise similarity matrix S which now has n+1 rows and columns Sgp+1)xn+1). The
n+1% column and row contain a fixed element T,, and each point that is less

similar than T,eR to any cluster exemplar is assigned to the outlier cluster.
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3. Clusters do not have a fixed geometric shape (e.g. a sphere as in k-mean
clustering). In addition, spatially discontinuous regions of the brain can belong
to the same cluster if they present highly functionally connected areas. Finally,
because the MPA method is based on the probabilistic representation of dipole
locations, it is not necessary that the IC of each single subject contributes to

each domain.

To apply measure projection analysis, the Measure Projection Toolbox, which is
operated as an EEGLab plug-in under MATLAB (The Mathworks, Inc, USA), was used.
There were three groups in the study, AB, PwP and PnP. Each group has three
experimental conditions, which corresponded to motor imagery of the right hand, left hand
and feet. Data was grouped using a study structure in EEGLab for the purpose of further

analysis.

6.4 Results

The results of spatial locations of domains are presented first followed by comparison
of ERP between different conditions (tasks and groups). The ERP domains are shown in
Figure 6.1. Figure 6.1a shows the spatial location of all three domains together, relative to
each other. Figure 6.1 shows the contribution of different groups to different domains. It
can be noticed that dipoles of all three groups are mixed showing no obvious clustering of

one particular group within a domain.

6.4.1 Analysis of the Spatial Locations of Domains

Locations of domains with respect to corresponding BAs are shown in Table 6.3.
Brodmann Areas (BA) with contributions less than 5% are not shown (thus explaining why
probabilities do not add up to 100%). Subcortical areas are indicated as being closest to the

BA of interest.
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Domain 1 is located within the limbic system which is responsible for regulating
sadness and affective components of pain over the subcortical regions responsible for
control of movement and sensory processing, including pain. It covers three Brodmann
areas BA25, BA23 and BA34 and subcortical regions such as the caudate, brainstem and

putamen. The domain is slightly shifted towards the left hemisphere.

Domain 1 Domain 2 Domain 3

(b) (©) (d)

Figure 6.1 MPT domains (a) Relative locations of domains, (b, ¢ and d) Contributions of all groups
in each domain; Red: able bodied (AB), Green: patients with no pain (PnP) and Blue: patients with
central neuropathic pain (PwP)

Almost half of the domain belongs to BA25 which is located in the cingulate cortex
and is responsible for serotonin transport, and neuroimaging studies indicate that this
region of the brain is involved in processing sadness”®. BA23 is located in the posterior

cingulate cortex (PCC), which is, amongst other, involved in the affective component of
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275287 and is believed to be a part of the Default Mode Network®®. There is a

pain
functional relation between PCC and BA25 as they belong to the Default Mode Network
and they both seem to be affected by depression in a similar 2%, Brodmann area BA34 is

a part of the superior temporal gyrus.

Table 6.3 BAs contributing to different domains with corresponding probabilities.

Domain 1 Domain 2 Domain 3
Location Probability ~ Location Probability ~ Location Probability
BA 25 0.47 BA 31 0.29 BA 30 0.27
BA 23 0.16 BA3 0.17 BA 19 0.22
BA 34 0.16 BA4 0.14 BA 37 0.08
BA 29 0.06 BA 6 0.12 BA 23 0.08
BA 28 0.06 BA 40 0.08 BA 27 0.07
Caudate BA 2 0.06 BA 18 0.07
Brainstem BA 23 0.06

Putamen

The rest of domain 1 covers subcortical structures but these areas should be interpreted
with caution due to a known tendency of the head model used in EEGLab to locate dipoles
deeper in the brain. The brainstem is an important pathway connecting the motor and
sensory systems from the main part of the brain to the rest of the body. It contains both
motor and sensory (touch, vibration) pathways, and pain and temperature pathways.
Caudate and putamen are parts of the corpus striatum and are, among other functions,
involved in the control of movements of the limbs and in processing of pain. Unlike the

brainstem they do not contribute directly to the corticospinal tract’®.

A large part of Domain 2 belongs to BA 31 anatomically located at the postcentral
gyrus, a part of the PCC (dorsal posterior cingulate area), which is a part of the limbic
system. Other areas of domain 2 involve the primary somatosensory cortex (BA2 and 3),

primary motor cortex (BA4) and supplementary and premotor cortex (BA6), areas of the
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brain involved in high level sensory-motor control of movement. Domain 2 also involves
BA40, which is responsible for spatial and semantic processing and has previously been
found active in cue-based motor imagery tasks**. Although domain 2 includes two

spatially disjointed areas, in fact these areas belong to neighboring BA (6, 4, 2, and 3).

Most of domain 3 belongs to the occipital cortex. The largest parts belong to BA30 and
BA19, the former involves the agranular retrolimbic area and is responsible for a higher
cognitive function, like audio-visual integration and, the later involves the associate visual
cortex. The latter is also the part of the visual association area (V3) responsible for
multimodal integration functions. The activity of Domain 3 is related to visual processing

of the cue-based motor task.

6.4.2 Analysis of ERP

We first present ERP morphology in different domains in able-bodied people in Figure
6.2a-c and then compare it with ERP in other two groups. ERP is presented for each
domain separately and compared pairwise among three groups for each Ml task separately.
The time delay of all peaks for all groups and for each MI condition for domains 1, 2 and 3

is shown in Table 6.4, Table 6.5 and Table 6.6, respectively.

Figure 6.2a-c shows ERP in all three domains for a representative MI of left hand in
AB group. We defined clearly visible peaks, present for all three types of motor
imagination (the other two types of motor imagination are shown in Figures 6.3-6.5. Peaks
larger than O were defined as positive and peaks smaller than 0 were defined as negative.
Positive ‘peaks’ in between two negative peaks staying under 0 were not counted as real
peaks. Consecutive positive and negative peaks beard the same numbers which increased
consecutively from left to right on the time axis. In Tables 6.4-6.6, the delays of peaks

were calculated with respect to the nearest event, i.e. the appearance of a warning sign at
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t=-1s, the appearance of the execution cue at t=0s and the disappearance of the execution

cue at t=1.25s. The vertical lines in the figures delineate between these events.

Table 6.4 Delays of positive and negative peaks describing ERP in Domain 1 with respect to
the nearest cue. Delays of peaks N1 and N2 correspond to the appearance of a warning cue at
t=-1s. Delays of peaks N3 to P4 correspond to the appearance of the execution cue at t=0s and
delays of peak N5 corresponds to the disappearance of the execution cue at t=1.25s.

Group MI condition N1 N2 N3 N4 P4 N5
LA 220 440 250 330 720 255
AB RA 220 420 250 350 730 250
F 180 430 250 330 880 260
LA 220 - 215 - - -
PwP RA 205 - 220 - - -
F 210 - 220 - - -
LA 210 460 290 430 1030 -
PnP RA 200 445 290 410 1080 -
F 210 430 260 420 990 -

Table 6.5 Delays of positive and negative peaks describing ERP in Domain 2 with respect to
the nearest cue. Delays of peaks N1 and P1 correspond to the appearance of a warning cue at
t=-1s. Delays of peaks P2, N2 and P3 correspond to the appearance of the execution cue at

t=0s.

Group MI condition N1 P1 P2 N2 P3
LA 170 300 140 200 330

AB RA 180 320 110 180 340
F 190 310 115 190 335
LA 200 340 120 205 570

PwP RA 200 285 130 205 540
F 195 280 115 205 635
LA 210 400 175 230 410

PnP RA 195 340 175 210 340
F 200 355 155 210 600

Table 6.6 Delays of positive and negative peaks describing ERP in Domain 3 with respect to
the nearest cue. Delays of peaks N1 and P1 correspond to the appearance of a warning cue at
t=-1s. Delays of peak N2 is with respect to the appearance of the execution cue at t=0s while

the delay of peak N3 is with respect to the disappearance of the execution cue at t=1.5s.

Group MI condition N1 Pl N2 N3
LA 175 265 210 260
AB RA 175 290 195 250
F 180 265 200 255
LA 180 270 205 -
PwP RA 175 270 200 -
F 180 270 205 -
LA 190 280 210 -
PnP RA 190 290 205 -
F 185 285 215 -
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Domain 1
Domain 2
Domain 3
. : :
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
-08 1 § 1 ] 1 1 1 1 1 1 1
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5 3
(c)
Time (s)

Figure 6.2 ERP for AB during MI of Left Hand, the appearance of a warning sign at t=-1s, the
appearance of the execution cue at t=0s and the disappearance of the execution cue at t=1.25s.
Vertical lines in figures delineate between these events.
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We start the analysis with domain 2, the part which includes the sensory-motor cortex
and is therefore expected to be most similar to the ERP analysis of EEG signal over the
motor cortex®?. The main difference between EEG derived MRCP and ERP in Domain 2 is
that ERP in Domain 2 is inverted, so positive peaks correspond to negative peaks in EEG
MRCP and vice versa. This is due to IC derived dipole orientation. In a period between the
warning and the execution cue, the ERP resembles a contingency negative variation (CNV)
in an EEG signal. The first large, short duration negative peak N1 (t=170ms) caused by a
visual stimulus is followed by a longer positive peak P1 (t=300ms) and a slow negative
undershoot (U1) that lasts until the appearance of an execution cue. In a period following
the execution cue, a positivity-negativity-positivity complex (P2 at t=140ms, N2 at t=
200ms and P3=330ms) is followed by a negative undershooting. While P2 and N2 most
likely represent a cognitive response to a visual stimulus peak P3 corresponds to an
inverted sign motor related potential (MRP) and a negative undershooting (U2)

corresponding to the reafferentation potential of kinaesthetic sensory origin®.

In domain 1 in a period between the warning and the execution cue, two consecutive
brief negative peaks can be noticed (N1 at t=220ms and N2 at t=440ms), probably as a
result of cognitive processing of a visual cue. A typical CNV is absent, which is not
surprising, as its origin is in BA6 which is a part of domain 2. The morphology of the ERP
following the execution cue contains a double negativity (N3 at t=250ms and N4 at
t=330ms), followed by large longer lasting positivity P4 and then another smaller
negativity N5. Judging by a post-stimulus delay N3 and N4 also represent a response to a
visual stimulus, probably corresponding to P200 and P300 with inverted signs. Positivity
P4 (at t=720ms) has a larger delay and is of longer duration than positivity P2 in domain 2.
It most likely corresponds to the reafferentation potential in domain 2, but with an inverted
sign. Botzel et al. reported inverted reafferentation potentials between the central and

parietal cortex®, though they suggested its origin is in the primary somatosensory cortex
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which belongs to domain 2. Finally, N5 follows disappearance of a cue (at t=1.25s) with a

delay t=255ms.

ERP in domain 3 covering the occipital cortex has the simplest morphology. In a
period following a warning sign a negativity N1 at t=175ms is followed by a positivity P1
at t=265ms and while following an execution cue a negativity N2 at t=210ms can be
noticed. Finally another negativity at N3=260 following disappearance of the execution
cue can be noticed. This peak is not visible in Domain2 but this might be because of the

overlap with the undershooting U2.

Peaks which exist in all domains with comparable time delay are N1 in domains 1-3
and N3 (domain 1) and N2 in domains 2 and 3. These are the earliest responses, probably

corresponding to P200 with an inverted sign.

Figures 6.3-6.5 show ERP in three groups over three domains, domain 1 Figure 6.3a-c,
domain 2 Figure 6.4a-c and domain 3 Figure 6.5a-c. ERPs of all three groups for a single
domain and a single type of motor imagination are shown in one graph. For all three
domains, ERPs of different types of movement are shown in subplots a-c. Bars under the
graphs indicate time instances when ERPs were statistically significant among each of the
two groups (nonparametric permutation statistics, p=0.01). For each domain, we will first
analyses a time period between the warning and execution cue followed by the analysis of

ERP in a period following the execution cue.

In Domain 1, following the warning cue, both N1 and N2 can be noticed in the PnP and
AB groups. Peak N2 lasts significantly longer and returns slower to the baseline in the PnP
group. The PwP group has only N1 visible but significantly smaller than N1 in PnP.
Unsurprisingly, similar results can be noticed across all three types of motor imagery
because participants had the same warning sign for all three types of motor imagery and
did not know in advance which execution cue will follow.
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In a period following the execution cue, AB and PnP have a similar N3 while N4 is
significantly delayed in PnP. Group PwP has only N3 and it is significantly smaller than in
the other two groups. While in the AB group P4 is visible in all 3 types of motor imagery,
in the PnP group it is noticeable only during M1 of feet. Note that PnP had paralysed legs
and neither sensory nor motor impairments in arms. PwP had pain and paralysis of legs and
no pain nor paralysis in arms, yet peaks characteristic for the other two groups are absent
for all three types of MI. Component N5 is visible in the AB group. Statistically significant
difference between AB and PnP can be noticed, for all three types of Ml in a period of N4

and P4 and later during N5.

In summary, ERP has the most similar morphology in AB and PnP group for Ml of
legs, but apart from the earliest peaks (N1, N3) other peaks are delayed in PnP group. Most

peaks are absent in the PwP group, apart from the earliest two peaks N1 and N3.

In Domain 2, in a period following a warning cue in the PnP group, N1 is very weak or
almost absent and P1 returns much slower to the baseline than in the AB group; Instead of
undershooting the potential is positive following P1 due to the slow return to the baseline
value. On the contrary the morphology of ERP in the PwP group is more similar to that of

AB but with a significantly larger N1 than in the AB group.

In a period following the execution cue, all three groups have visible N2 and P2 but
PwP and PnP do not have the undershooting U2, which would correspond to the
reafferentation potential in ERP derived from EEG over the motor cortex. PwP group has a
significantly larger N2 than the other two groups. This peak is probably of a similar origin
as N1, which is also larger in PwP. P3 is delayed and lasts longer in patient groups as
compared to AB. The whole period between t=0.5 and 1.5s is significantly different

between AB and the two patient groups.
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In summary, apart from the reafferentation potential, all three groups have similar
peaks but they are delayed in patient groups. The earliest negative peaks (N1 and N2) in
the PwP group are significantly larger than in the other two groups. EPR has comparable

morphology for all three types of Ml for all three groups.

In domain 3 in a period following the warning cue, all three groups have N1 and P1 of
a comparable delay and intensity but PnP rebounds slower to the baseline compared to the
other two groups. In a period following the execution cue, N2 is also similar in all three
groups. Negativity N3 is visible in the AB group only, following the disappearance of the
execution cue. In summary, judging by the delays and morphology, this domain has peaks
mostly originating from visual processing. They are of comparable delay and intensity in
all three groups. The largest difference between PnP and the other two groups is due to a

slow rebound towards the baseline value.

All groups have the earliest negative peaks visible in all domains and with
approximately the same delay both between groups and between domains. There is
however a large difference in the amplitude of these peaks in PwP across different domains.
As results, they are significantly smaller than in the other two groups in domain 1,
significantly larger than in the other two groups in domain 2 and of comparable amplitude
with the other two groups in domain 3. Domain 1 showed the largest variability between

groups and also to some extent between types of Ml in patient groups.
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Figure 6.3 Domain 1 MRCP during motor imagery of Feet: F, Left Hand: LH and Right Hand: RH
for the three groups AB, PnP and PwP. Thick horizontal lines below the graphs represent the
intervals in which the statistically significant difference between each pair of groups (Above: AB
vs PnP, middle: AB vs PwP and below PnP vs PwP) with p value = 0.01.
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Figure 6.4 Domain 2 MRCP during motor imagery of Feet: F, Left Hand: LH and Right Hand: RH
for the three groups AB, PnP and PwP. Thick horizontal lines below the graphs represent the
intervals in which the statistically significant difference between each pair of groups (Above: AB
vs PnP, middle: AB vs PwP and below PnP vs PwP) with p value = 0.01.
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6.5 Discussion

This study revealed three distinctive functional domains which were comparably
represented by participants of all three groups. Each domain had a distinctive ERP during
cue based motor imagination task. Presence of CNP and of SCI affected domains to a
different degree, depending on their function and location. The first domain was located in
the limbic cortex and some deeper cortical structures, at least apparently. The second
domain showed a functional similarity between the sensory-motor cortex and some parts of
the limbic system which in people with CNP regulate the affective component of pain.
Thus the limbic cortex is distributed between two domains. The third domain was localized
within the visual cortex due to a visual nature of the cue based task, and showed well-
established and comparable morphology across the three groups. Because the visual cortex
is not the primary target of this study, it will be excluded from the following discussion.
Only the ERP in domain 2 has movement related potential while both domains 1 and 2 had
reafferentation potential, related to sensory processing. All thee domains have early peaks
similar to P200 and P300 with inverted sign reflecting cognitive processes with respect to

the visuo-motor task.

The first domain includes anatomical areas within the cingulate cortex responsible for
the affective component of pain. The ERP of AB and PnP in this domain consists of early
components within the first 400ms reflecting cognitive processes and late components
related to a sensory, reafferentation potential. While PnP had all peaks present but delayed,
in the PwP group only earliest peaks were present. This indicates possibly general
suppression of ERP related to early cognitive and sensory processing. Notably, these peaks
are absent not only during motor imagination of painful and paralysed lower limbs but also
during motor imagination of non-paralysed and non-painful upper limbs. Pain and
paralysis thus have a distinctive effect on ERP in the limbic cortex, during a cue-based Ml

task. While paralysis causes delayed responses, presence of CNP causes suppression
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similar to the general effect of chronic pain to cognitively related ERP responses in EEG

signal?®-2%2,

The second domain covers the areas of the primary and secondary sensory and motor
cortex. ERPs of able bodied people in this domain look like inverted EEG MRCP over the
primary motor cortex. In both patient groups a reafferentation potential is missing, while a
component related to movement preparation and execution is present but delayed and lasts
longer than in AB group. Earliest peaks are significantly larger in PwP as compared to the
other two groups, probably reflecting higher cognitive effort. Motor related potential is
similar in PnP and PwP groups indicating that it is probably not influenced by CNP. The
absence of the reafferentation potential in this domain (also seen in EEG MRCP) in both
patient groups might indicate that it is not influenced by CNP. However, considering that a
similar ERP component is absent only in the PwP group in domain 1, it is more likely that
both paralysis and presence of CNP contribute to reduced processing of kinaesthetic

sensory feedback within this domain.

The difference of the amplitude of the earliest negativities in PwP across these domains
is remarkable. It shows a complex mechanism through which CNP influences cognitive
functions. Similar to the effect of the other types of chronic pain on P300%°*?% it reduces
the amplitude of this peak as in domain 1. However an increased peak in domain 2
resembles phenomena seen in people with neurotic disorders®*, who have increased P300
amplitude when processing stimuli related to critical fear concern, which in this case might
be the imagination of the movement of a painful limb. Finally a corresponding peak in

domain 3 does not seem to be influenced by CNP.

6.6 Conclusion

In conclusion, CNP has the largest influence on ERP in a domain which includes the

limbic system with no contribution from the sensory-motor cortex. In the domain including
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the sensory-motor cortex MRCP of both patients groups is similar and delayed as
compared to able bodied. Smaller differences exist in a domain which included the visual
cortex. Both pain and paralysis affect the reafferentation potential while CNP influences

cognitive processes in a manner that depends on the area of the cortex.
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General Discussion
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Chapter 7 General Discussion

This thesis has two parts, real time modulation of EEG activity over the central cortex
and offline quantitative EEG analysis of pain signatures in sub-acute and chronic spinal
cord injury (SCI) patients. The first part aims to explore the influence of neuromodulation
strategies over the central cortex on the cortical excitability measured by H reflex in able
bodied participants and on the central neuropathic pain (CNP) in patients with SCI. The
second part aims to investigate the causal relationship between changes in EEG activity
and the transitional period of early symptoms of CNP and also at the chronic phases of
CNP following SCI. Four studies have been conducted to achieve these aims. The
discussion section is organized as follows: real time neuromodulation strategies as chapters

3 and 5 and offline quantitative EEG analysis as chapters 4 and 6.

7.1 The Effect of Neuromodulation Strategies on Cortical
Excitability and CNP

The objective of Chapter 3 was to explore the effectiveness of neuromodulation
strategies (neurofeedback (NF), motor imagery (MI) and mental math (MM)) of sensory-
motor rhythm (SMR: 8-12Hz) at Cz electrode location on modulation of the cortical
excitability measured by soleus H reflex. Ml and MM were used for decreasing SMR,
while NF was used to increase SMR. From the literature, it has been shown that H reflex

amplitude can be modulated during both M2 214216217 anq MM

as well as during
biofeedback (not directly related to brain activity)®**?**. However, EEG activity and the H
reflex have not been measured concurrently during these studies and there is no published
study exploring the effect of NF strategy on modulation of the H reflex. To the best of our
knowledge, this is the first study to define the relationship between the self-induced

modulation of SMR and the amplitude of the H reflex during different neuromodulation

strategies. The results of this study showed that MM and NF had excitatory (significantly
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increased) effect on H reflex amplitude and MI had an inconsistent effect on the H reflex.
The excitatory effect of NF and MM on the H reflex was independent of the direction of
modulation of the SMR rhythm. The results of this study showed that self-induced
neuromodulation of the EEG activity over the central cortex can influence motor functions

in able bodied participants.

Induced EEG activity over the central cortex not only influences motor function but
also influences sensory function. Several non-invasive stimulation treatments, including
rTMS, tDCS and NF have been used to stimulate the central cortex to treat CNP***, In
chapter 5 the NF therapy was used to manage CNP following SCI in patients in the sub-
acute phase (several months after injury). A previous study conducted by our group
demonstrated that NF has a positive result in the treatment of CNP in chronic paraplegic
patients®®’. However, treating SCI patients with CNP in the sub-acute phase by NF might
have more benefit in both the reduction of pain and the prevention of a maladaptive
cortical plasticity. The objective of chapter 5 was to explore the effectiveness of NF
therapy on the treatment of CNP in sub-acute patients with SCI. Four out of seven patients
completed multiple NF sessions. None of the patients completed the whole planned 20 NF
sessions. The clinically and statistically significant reduction of pain as well as a reduction
in painful areas was noticed in three of the patients who had completed more than 12 NF
sessions. The patients in the control group showed almost stable pain intensity over the

period of two months and no large change in areas perceived as being painful.

Comparison of EEG activity during a relaxed state before the first and after the last NF
session showed that there was an increase in theta and alpha activity over the parietal
region in all four patients. Changes in induced EEG activity were also noticed after the last
NF training session. Furthermore, patients showed a significant reduction in theta and
alpha ERD over the central cortex during the M1 task. The previous NF study by our group

also showed a reduction in ERD after NF therapy?’. The results of both chapters 3 and 5
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demonstrated that NF strategy over the central cortex results in the modulation of sensory
and motor function. Although the results of chapter 5 on the reduction of pain were
encouraging, numerous factors, and in particular patients’ low prioritization of pain,

indicate that early NF of CNP in SCI patients might not be a practical solution.

7.2 The Causality between EEG and CNP in patients with
SCI

Brain reorganization after SCI and after the presence of CNP following SCI has been
investigated by neuroimaging studies*®!*>1113¢-138 |t hag heen shown that the degree of
brain reorganization has correlation with the intensity of CNP*° However, it is still
debatable whether these brain reorganizations are causes or consequences of CNP. The
objective of chapter 4 was to explore the causal relationship between EEG and CNP in the
transitional period of early symptoms of CNP. The results of post hoc analysis of this study
showed that SCI patients who developed pain (PdP) had higher theta power, lower EEG
reactivity and a shift of the dominant alpha peak towards lower frequencies, in comparison
to patients with no pain (PnP) and able bodied (AB) controls, during the relaxed state. The
results of ERS/ERD analysis showed that PdP exhibited strong alpha and beta ERD during
the motor imagery task. The differences in spontaneous and induced EEG activity in PdP
compared to AB and PnP represent the predictors of CNP (preceding the physical
symptoms of CNP). The SCI patients with CNP showed an increase in theta PSD, a lower
frequency of the dominant alpha peak during the relaxed state and stronger ERD activity
which extended towards the lower frequency (theta band) during the MI task. These
results, which indicate differences between PdP and PwP represent consequences of CNP
(following the symptoms of CNP). The results of chapter 4 confirmed that changes in EEG
precede the onset of pain as noticed in the PdP group and these changes became even more
pronounced after the presence of pain as noticed in the PwP group. It is also of interest to

mention that 9 out of 10 patient in the PdP group had no response to the mechanical
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stimulation test, indicating that changes in EEG can be seen before the onset of sensory

changes.

The results of PwP in chapter 4 are very similar to the PwP group with long standing
CNP in the previous study by our group®. This similarity indicated that changes in both
spontaneous and induced EEG can precede the onset of CNP and occur much faster than
previously thought. In the previous study by our group, ERS/ERD analysis showed that
PwP had strong ERD spreading over most of the frequency bands with characteristic
spatial distribution during the MI task of both painful and non-painful limbs and PnP had
weaker ERD compared to AB*. Therefore, they were able to distinguish between the

effectiveness of long standing CNP and paralysis using ERS/ERD analysis**.

There are two cortical phenomena reflecting induced cortical activity during MI,
ERS/ERD and movement related cortical potential (MRCP) that have different origins®?%,
Therefore CNP might have different effects on these two phenomena. In previous studies

|.92

by our group, Xu et al.” investigated the MRCP at only three electrode locations over the

primary motor cortex (C3, C4 and Cz), while Vuckovic et al.**

explored the change in
ERS/ERD over the wider cortical structures. A difference in the MRCP was only seen
between AB and patient groups with no differences shown between patient groups®?. One

of the reasons for this might be that, similar to ERS/ERD, the influence of CNP on MRCP

is widespread and cannot be captured by only analyzing several isolated electrodes.

In Chapter 6, Measure Projection Analysis (MPA) was used to overcome the
limitations of Xu et al.”? study by investigating the MRCP of deeper cortical structures.
MPA relies on independent component analysis and equivalent dipoles localization to
define domains with high functional connectivity'**. Three domains have been identified
by MPA: domain 1 (limbic cortex and some subcortical structures), domain 2 (sensory-
motor cortex and BA 31, a part of the limbic cortex), and domain 3 (visual cortex). The

MRCP was only noticed in domain 2 while reafferentation potential, related to kinesthetic
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sensory processing, was noticed in both domains 1 and 2. The largest influence of CNP on
ERP was noticed in domain 1. Moreover, PwP exhibited significantly smaller P200 in
domain 1 and significantly larger P200 in domain 2 compared to both PnP and AB
participants. These results confirm that CNP influences cognitive processes in a manner

that depends on the functional area of the cortex.

7.3 Limitations of the studies

A possible limitation of chapter 3 is that frequencies higher than 30 Hz were not
measured. The results of chapter 3 on the influence of MI on the H reflex were
inconclusive because only alpha SMR was controlled. An animal study showed that the
influence of gamma band on the H reflex evoked during the motor task. Large numbers of
evoked H reflexes in each task is required for statistical consideration. More electrode
locations can be involved in order to investigate the change in EEG over a wider cortical

structure and correlate it with changes in the H reflex.

In chapter 4 a larger sample size in SCI patients with pain and without pain groups as
well as in the able bodied group will be beneficial to increase the power of statistical
analysis. Thermal tests for cold and hot sensations, in addition to the mechanical stimulus
sensory test, would provide more complete insight into the relation between sensory and

EEG predictors of pain.

The small number of patients in both control and treatment groups as well as the small
number of NF sessions is the main limitation of chapter 5. Moreover, there was a lack of
sham NF training session which is required to distinguish between the effect of NF training

and the placebo effect on CNP.

250



Chapter 7

7.4 Suggestion for future studies

Repeated experiments in chapter 3 over a long period of time would be useful to
understand the long-term modulation of H reflex induced via prolonged modulation of
cortical activity. Moreover, including down regulation SMR protocol as well as the up
regulation SMR protocol using NF would be worthwhile to understand how the NF

strategy influences cortical excitably.

Further data analysis on the EEG data of chapter 4 using different analyses, such as
Common Spatial Pattern and Source Information Flow analysis, can be useful to define
more features of CNP predictors. It will also be worthwhile if the same study applied to

other patient groups suffering from the same type of pain.

7.5 Conclusion

This PhD thesis studied the influence of neuromodulation strategies on cortical
excitability measured by the H reflex in able bodied volunteers and on CNP in patients
with SCI, as well as the causality between EEG and CNP. The results of the thesis revealed
that neuromodulation strategies over the central cortex have an effect on both motor and
sensory function. The effectiveness of the neuromodulation strategies on motor function
was measured by the modulation of the H reflex. The results showed that it is possible to
achieve a short-term modulation of the H reflex through short-term modulation of SMR.
The effectiveness of the NF on the sensory function was noticed by reduction of CNP in
patients with SCI after multiple sessions of NF training. Although a positive effect of the
NF treatment was noticed on the reduction of pain, several factors indicated that early NF
of CNP in SCI patients might not be a practical solution. The causal relationship between

EEG and CNP was also defined in this thesis. The results demonstrated that changes in
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spontaneous and induced EEG can be both predictors and consequences of CNP following
SCI. It was also shown that MRCP in patients with SCI is influenced by paralysis while
both CNP and paralysis affect the reafferentation potential. Furthermore, CNP was found
to influence cognitive processes in a manner that depends on the functional area of the

cortex.
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under each figure represent the Montreal Neurological Institute and Hospital (MNI) coordinate

system of the voxel with strongest activity.
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with CNP (PwP) in beta EEG frequency band (13-30Hz). The first raw of each figure represents
3D map of the localisation while the second raw represents the 3D slice at the displayed of the
voxel with negative or positive strongest activity. The (X, y, z) under each figure represent the
Montreal Neurological Institute and Hospital (MNI) coordinate system of the voxel with strongest

activity.
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Figure A.4 sLORETA localisation for motor imagery (MI) during F: feet, LH: left hand and RH:
right hand MI and for able bodied (AB) group compared with patients groups: patients with no
pain (PnP), patients developed CNP (PdP) and patients with CNP (PwP) in theta EEG frequency
band (4-8Hz) over time window (0.5 to 1.5s). The first raw of each figure represents 3D map of
the localisation while the second raw represents the 3D slice at the displayed of the voxel with
negative or positive strongest activity. The (x, y, z) under each figure represent the Montreal
Neurological Institute and Hospital (MNI) coordinate system of the voxel with strongest activity.
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Figure A.5 SLORETA localisation for motor imagery (MI) during F: feet, LH: left hand and RH:
right hand MI compared between the patients groups: patients with no pain (PnP), patients
developed CNP (PdP) and patients with CNP (PwP) in theta EEG frequency band (4-8Hz) over
time window (0.5 to 1.5s). The first raw of each figure represents 3D map of the localisation
while the second raw represents the 3D slice at the displayed of the voxel with negative or
positive strongest activity. The (X, y, z) under each figure represent the Montreal Neurological
Institute and Hospital (MNI) coordinate system of the voxel with strongest activity.
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Figure A.6 SLORETA localisation for motor imagery (MI) during F: feet, LH: left hand and RH:
right hand MI and for able bodied (AB) group compared with patients groups: patients with no
pain (PnP), patients developed CNP (PdP) and patients with CNP (PwP) in beta SMR EEG
frequency band (16-24Hz) over time window (0.5 to 1.5s). The first raw of each figure
represents 3D map of the localisation while the second raw represents the 3D slice at the
displayed of the voxel with negative or positive strongest activity. The (X, y, z) under each figure
represent the Montreal Neurological Institute and Hospital (MNI) coordinate system of the voxel
with strongest activity.
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Figure A.7 SLORETA localisation for motor imagery (MI) during F: feet, LH: left hand and RH:
right hand MI compared between the patients groups: patients with no pain (PnP), patients
developed CNP (PdP) and patients with CNP (PwP) in beta SMR EEG frequency band (16-
24Hz) over time window (0.5 to 1.5s). The first raw of each figure represents 3D map of the
localisation while the second raw represents the 3D slice at the displayed of the voxel with
negative or positive strongest activity. The (X, y, z) under each figure represent the Montreal
Neurological Institute and Hospital (MNI) coordinate system of the voxel with strongest activity.
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Figure A.8 SLORETA localisation for motor imagery (MI) during F: feet, LH: left hand and RH:
right hand MI and for able bodied (AB) group compared with patients groups: patients with no
pain (PnP), patients developed CNP (PdP) and patients with CNP (PwP) in beta EEG frequency
band (20-30Hz) over time window (0.5 to 1.5s). The first raw of each figure represents 3D map
of the localisation while the second raw represents the 3D slice at the displayed of the voxel with
negative or positive strongest activity. The (X, y, z) under each figure represent the Montreal
Neurological Institute and Hospital (MNI) coordinate system of the voxel with strongest activity.
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Figure A.9 sSLORETA localisation for motor imagery (MI) during F: feet, LH: left hand and RH:
right hand M1 compared between the patients groups: patients with no pain (PnP), patients developed
CNP (PdP) and patients with CNP (PwP) in beta EEG frequency band (20-30Hz) over time window
(0.5 to 1.5s). The first raw of each figure represents 3D map of the localisation while the second raw
represents the 3D slice at the displayed of the voxel with negative or positive strongest activity. The
(X, 'y, z) under each figure represent the Montreal Neurological Institute and Hospital
(MNI) coordinate system of the voxel with strongest activity.
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Appendix B

Table B.1: Areas with significant differences between eyes opened relaxed state after the
last compared to before the first NF session for PwP_NF3 in theta (4-8Hz), alpha (8-
12Hz) and beta (20-30Hz).

Voxel with maximum t value

Band  Actvity [ BA H N PUREE it
X y zZ
Parietal 7 Land R 280 16.9 25 -65 65
Frontal 6 LandR 137 13.8 -5 40 40
Increase Frontal 8 LandR 115 13.5 -5 50 45
Frontal 9 LandR 65 12.8 -5 50 40
Theta Frontal 32 LandR 17 11.9 5025 40
Frontal 11 LandR 148 -21.7 5 65 -10
Decrease  Frontal 10 LandR 210 -21.5 65 -5
Limbic 32 LandR 31 -16.1 0 50 0
Parietal 7 LandR 223 16.3 25 -65 65
Increase Frontal 6 LandR 93 10.9 -5 40 40
Alpha Frontal 8 LandR 88 10.8 -5 50 45
Frontal 11 LandR 154 -22.4 5 65 -10
Decrease Frontal 10 LandR 239 -22.2 5 65 -5
Frontal 6 LandR 172 -16.8 -5 3570
Frontal 6 LandR 245 31.8 -5 40 40
Increase Frontal 8 LandR 152 31.1 -5 50 45
Frontal 9 LandR 129 29.0 -5 50 40
Beta Frontal 32 LandR 21 27.2 -5 25 40
Frontal 11 LandR 195 -39.9 5 65 -15
Decrease Frontal 10 LandR 240 -394 5 60 -5
Limbic 32 LandR 54 -34.3 0 50 0

MNI: the Montreal Neurological Institute and Hospital (MNI) coordinate system. BA:
Brodmann area. H: Brain Hemisphere. R, Right; L, Left. The brain hemisphere with bold
font is the hemisphere with higher contribution in the number of significant voxel. N.V.:

Number of Voxel.
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Table B.2: Areas with significant differences between eyes opened relaxed state after the
last compared to before the first NF session for PwP_NF4 in theta (4-8Hz), alpha (8-12Hz)

and beta (20-30Hz).

Voxel with maximum t value

Band  Activity o BA  H NV SOBUS Ny coordinate
X y z
Parietal 7 LandR 192 14.9 20 -60 65
Increase Frontal 6 LandR 238 12.6 -5 -10 65
Parietal 5 LandR 24 10.9 -5 -50 70
Theta Frontal 5 LandR 43 10.7 -5 -50 65
Occipital 18 Land R 292 -21.8 15 -100 15
Decrease  Occipital 19 LandR 237 -18.9 15 95 20
Occipital 17 LandR 76 -17.7 10 -100 O
Parietal 7 LandR 261 23.7 40 -60 55
Increase Parietal 40 LandR 234 22.9 45  -60 55
Parietal 5 LandR 28 19.7 25 -50 65
Alpha Frontal 5 LandR 49 18.9 20 -45 55
Occipital 18 LandR 245 -25.5 15 -100 15
Decrease  Occipital 17 LandR 75 -22.4 10 -100 O
Occipital 19 LandR 107 -21.6 15 -95 20
Frontal 6 LandR 334 17.9 -5 -10 65
Limbic 24 LandR 106 15.1 -5 -10 50
Parietal 7 LandR 234 15.0 20 -60 65
Increase Frontal 31 LandR 17 14.6 0 -15 50
Limbic 31 LandR 33 14.3 -10 -15 50
Beta
Parietal 2 R 36 14.1 65 25 35
Parietal 1 R 9 14.0 65 20 40
Occipital 18 LandR 314 -28.1 15 -100 15
Decrease  Occipital 17 LandR 77 -26.7 10 -100 O
Occipital 19 LandR 231 -25.5 15 95 20

MNI: the Montreal Neurological Institute and Hospital (MNI) coordinate system. BA:
Brodmann area. H: Brain Hemisphere. R, Right; L, Left. The brain hemisphere with bold
font is the hemisphere with higher contribution in the number of significant voxel. N.V.:

Number of Voxel.
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Table B.3: Areas with significant differences between eyes opened relaxed state after the
last compared to before the first NF session for PwP_NF5 in theta (4-8Hz), alpha (8-12Hz)

and beta (20-30Hz).

Voxel with maximum t value

Band  Activity P70 A H Ny, OBROSHSS gy coordinate
Lobe t-values
X y zZ
Parietal LandR 41 22.0 -30 45 70
Parietal 2 LandR 17 21.1 -30 40 70
Increase Parietal LandR 209 21.0 -35 75 45
Parietal 19 L 23 19.8 -40 75 40
Theta Parietal 40 L 64 19.7 -45  -65 45
Parietal 39 L 16 19.3 -45 =70 40
Frontal 8 RandL 45 -8.9 15 50 45
Decrease Frontal 9 RandL 71 -8.8 15 55 40
Occipital 18 RandL 127 -8.7 25 -90  -25
Parietal 1 L 6 31.1 35 3570
Parietal 7 LandR 172 304 -40  -70 45
Increase Parietal 40 L 97 304 -45  -65 45
Alpha Par?etal 2 LandR 22 29.5 30 40 70
Parietal 19 L 29 29.5 -40 75 40
Occipital 18 R 68 -13.3 30 90 -20
Decrease  Occipital 19 R 72 -13.3 25 -85 -20
Limbic 30 R 14 -12.0 20 -65 5
Parietal 1 L 1 8.8 -35  -35 70
Parietal 2 L 10 8.3 -40  -40 65
Temporal 39 L 16 8.2 -50 75 30
Increase Parietal 19 L 5 7.8 -40  -75 40
Parietal 7 L 12 7.5 35 75 45
Parietal 5 L 5 7.0 -40 45 65
Beta Parietal 40 L 17 6.5 -45  -40 60
Parietal 19 LandR 25 -15.5 -10 -85 40
Parietal 7 LandR 318 -14.4 -10  -80 40
Decrease  Occipital 19 LandR 210 -14.0 10 -90 35
Temporal 39 R 35 -13.4 60  -60 10
Temporal 21 R 125 -13.3 65  -55 0

MNI: the Montreal Neurological Institute and Hospital (MNI) coordinate system. BA:
Brodmann area. H: Brain Hemisphere. R, Right; L, Left. The brain hemisphere with bold
font is the hemisphere with higher contribution in the number of significant voxel. N.V.:

Number of Voxel.
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Table B.4: Areas with significant differences between eyes opened relaxed state after the
last compared to before the first NF session for PwWP_NF7 in theta (4-8Hz), alpha (8-12Hz)

and beta (20-30Hz).

Voxel with maximum t value

Band  Activity P gA g Ny, ORSHS gy coordinate
Lobe t-values
X y z
Parietal 40 L 137 23.7 -50  -60 40
Parietal 39 L 17 234 -55 -65 35
Increase Occipital 19 L 16 19.6 -55  -75 5
Temporal 37 L 62 19.3 -60  -65 5
Theta Temporal 22 L 42 18.6 -60  -60 20
Frontal 10 LandR 82 -26.1 -40 55 5
Frontal 46 LandR 10 -22.1 -40 45 10
Decrease
Frontal 11 L 45 -21.9 -45 50 -10
Frontal 47 LandR 79 -21.6 -50 45 -10
Frontal 6 LandR 211 20.2 5 -25 70
Frontal 4 Land R 30 19.0 10 -30 70
Increase
Frontal 5 Land R 49 16.4 0 -35 60
Parietal 3 Land R 41 16.3 10 -40 70
Alpha
Frontal 10 LandR 125 -17.6 -35 55 5
Frontal 11 LandR 80 -15.8 -40 55 -10
Decrease
Frontal 47 L 74 -14.3 -50 45 -10
Frontal 46 L 7 -13.1 -40 45 10
Frontal 6 LandR 114 12.7 5 -25 70
Increase Frontal 4 Land R 14 10.0 10 -30 70
Frontal 5 Land R 22 8.1 0 -35 60
Beta Parietal 7 Land R 163 -15.1 30 -65 60
Frontal 10 LandR 161 -13.8 -30 60 5
Decrease
Frontal 11 LandR 114 -12.9 -30 60 -10
Parietal 5 Land R 28 -12.8 35 -50 65

MNI: the Montreal Neurological Institute and Hospital (MNI) coordinate system. BA:
Brodmann area. H: Brain Hemisphere. R, Right; L, Left. The brain hemisphere with bold
font is the hemisphere with higher contribution in the number of significant voxel. N.V.:

Number of Voxel.
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