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Abstract
In this thesis, a group of patients with multiple sclerosis who had heterogeneous
lesion topography were studied using the technique of nerve excitability. Previously,
Ng et al. (2008, 2013) found different changes in the excitability of motor and sensory
peripheral axons in multiple sclerosis. The question then arose as to why these
peripheral nerve abnormalities were present in the first place. At the same time,
peripheral nerve abnormalities had also been detected in other central nervous system
diseases such as stroke (Jankelowitz et al., 2007a; Huynh et al., 2013) and spinal cord
injury (Lin et al., 2007; Boland et al., 2011).
Twenty-four patients with multiple sclerosis were studied, consisting of three groups
of patients divided based on where their lesions were predominantly located in the
central nervous system: Brain, Spinal Cord and Mixed (brain and spinal cord group).
The aim of this thesis was to firstly, reproduce the findings by Ng et al. (2008, 2013),
and secondly, determine whether peripheral nerve excitability changes that were
identified previously were due to the disease process itself (i.e. systemic
inflammation) or due to lesion topography (i.e. downstream effect from the central
nervous system) by comparing the findings of each group with the findings from those
with stroke and spinal cord injury.
The results were unexpected. The motor and sensory studies in this thesis did not
reproduce the excitability findings reported by Ng et al. (2008, 2013) and there were
no differences between subgroups, excluding topography of lesions as a major factor.
In fact, nerve excitability results in patients with multiple sclerosis were found to be
like those in healthy subjects. Reasons for the differences may be due to the current
studied patient cohort having less severe disease with a higher proportion on arguably
stronger immunomodulatory therapies. Future studies could be directed pursuing
changes found by Ng et al. in larger and differently constituted subgroups of multiple
sclerosis, perhaps dividing by patients by disability or by clinical phenotypes.
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Introduction
Context of this study
Testing nerve excitability has given us another window into the inner workings of the
human nerve in vivo. It enables us to get a snapshot of the properties of a nerve at a
specific point that is not obtainable from conventional neurophysiological studies.
The techniques have become increasingly accessible over the last decade. Clinicians
now test patients with various diseases and disorders, to uncover new information
and new clues to aid the understanding of disease and to explore the potential for
testing to aid in the diagnosis, monitoring, treatment and management of patients
(Bostock et al., 1998; Burke et al., 2001; Lin et al., 2006; Ng and Burke, 2007;
Krishnan et al., 2008; Krishnan et al., 2009; Krishnan, 2010; Huynh and Kiernan,
2015).
Patients with multiple sclerosis are one such group that have been studied in recent
times with tests of axonal excitability. It is a neuroimmunological disorder that is
often considered to affect the central nervous system exclusively, with lesions that
appear on MRI but may then disappear, leaving affected individuals with scars and
fluctuating impairments and deficits that accumulate over time. Although multiple
sclerosis is considered a disease of the central nervous system, studies using axonal
excitability on the median nerve have reported abnormalities in the motor and
sensory axons (Hopf and Eysholdt, 1978; Eisen et al., 1982; Shefner et al., 1992;
Antonini et al., 1995; Boërio et al., 2007a; Misawa et al., 2008; Ng et al., 2008; 2013;
Huynh et al., 2016). Increased slow K+ channel expression in the peripheral motor
axons was reported by Ng et al. (2008) and thought to reflect parent motoneuron
properties that were altered as a result of a remote lesion in the central nervous
system. In the peripheral sensory axons, reduced superexcitability was hypothesised
to result from a local immune-mediated process inherent to multiple sclerosis (Ng et
al. 2013).
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Changes to peripheral nerve excitability have been identified in other central nervous
disorders and are not unique to multiple sclerosis. Patients with spinal cord injury
(Lin et al., 2007; Boland et al., 2011), corticospinal lesions (Jankelowitz et al., 2007a)
and acute cerebellar lesions (Huynh et al., 2014)have been found to have various
excitability abnormalities in their peripheral nerves. Like multiple sclerosis, these
chronic diseases are traditionally understood to have their insults confined to the
central nervous system. In patients with stroke, changes suggestive of a decrease in
hyperpolarization-activated currents (Ih) were noted. In the acute phase after spinal
cord injury, there were depolarisation-like changes that later stabilised, coinciding
with patient’s initial period of spinal shock and subsequent recovery. These studies
confirm that peripheral nerves abnormalities can occur in patients with a central
nervous lesion. It remains uncertain what significance these changes in the peripheral
nerves, identified by axonal excitability, have to our understanding of patients with a
central nervous system disease and what underlying processes give rise to it.

Purpose of this study
This thesis seeks to build on previous work by Ng et al. (2008, 2013), in which changes
in the peripheral motor and sensory axons of patients with multiple sclerosis were
found. In particular, Ng et al. identified two different reasons that can explain these
changes in peripheral nerve excitability in a largely central nervous system disease.
Firstly, the changes could be a reflection of a disease-specific process, as suggested by
their 2013 paper, due to a peripheral effect of a primarily central immune response
(peripheral “spillover” of the immune response). Secondly, as suggested by the 2008
paper, it may be the consequence of the very existence of the central nervous lesions,
affecting the inputs to motoneurones in the spinal cord, leading to “downstream”
changes affecting the properties of the peripheral nerves.
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The question arising from this is: In multiple sclerosis, are peripheral nerve
excitability changes in response to central nervous lesions, disease- or topographyrelated?
The aims of this thesis are:
1. To reproduce the changes in excitability of axons in the median nerve of
patients with multiple sclerosis, as described by Ng et al. (2008, 2013).
2. To determine whether the difference in excitability findings in multiple
sclerosis are related to lesion site.
To explore this, the excitability of peripheral nerve axons in three separate cohorts of
patients with multiple sclerosis is studied, one group with predominantly spinal cord
lesions, one with predominantly brain lesions and the third mixed group with both
brain and spinal lesions. The predominantly spinal cord group could be compared
with previous studies (Lin et al., 2007; Boland et al., 2011) to see whether the changes
observed in those studies are present. The predominantly brain group could serve to
see whether the changes observed in the stroke study (Jankelowitz et al., 2007a) are
present in this population, a finding that would be consistent with a topographical
rather than disease-related cause.
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Literature Review
Multiple Sclerosis
Multiple sclerosis is a chronic autoimmune inflammatory disease of unclear aetiology
that affects the nervous system. It is characterised by demyelination, sclerotic plaques,
neuronal and axonal degeneration within the brain and spinal cord. The disease is
more commonly diagnosed in people of Northern European descent, in women and
between the ages of 20 to 40 years (Goodin, 2016). Patients with multiple sclerosis
have heterogeneous disease presentations and disease course, from the ‘primary
progressive’ (comprising 10 to 15% of cases (Goodin, 2016)) or ‘relapsing remitting’
pattern(making up the majority 85 to 90% of cases) (Goodin, 2016)) which overtime
becomes the ‘secondary progressive’ form of the disease. Clinically patient’s
symptoms are varied, including visual dysfunction, gait impairment, motor weakness,
sensory changes, pain, spasticity, bowel and bladdery dysfunction, fatigue, depression
and cognitive impairment. Immunomodulatory treatments can reduce the number of
relapses and slow the rate of progression of the disease.

Types of multiple sclerosis
Multiple sclerosis can be sub-classified into clinical phenotypes (Lublin and Reingold,
1996; Lublin et al., 2014) that are descriptors based upon the observed clinical phase
and pattern of symptoms and rate of decline. Broadly speaking, a patient’s clinical
course can be thought of as either relapsing or progressive.
•

Relapsing remitting – A majority of patients with multiple sclerosis (about
85 to 90%) (Goodin, 2016)present with random, erratic episodes of acute
symptoms (‘relapsing’) followed by recovery (‘remitting’).

•

Secondary progressive – Over time, about 65% (Compston and Coles,
2008) of patients with relapsing and remitting multiple sclerosis will
accumulate deficits from acute exacerbations from which they only partially
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recover. This phase is characterised by a gradual worsening of symptoms that
occurs after an initial relapsing and remitting course. Patients may or may not
continue have occasional acute episodes but will experience gradual decline
regardless of this.
•

Primary Progressive – A minority of patients (about 15% (Goodin, 2016))
experience gradually worsening of symptoms and deficits from onset of
disease. They do not have relapsing/remitting episodes.

The multiple sclerosis lesion
The multiple sclerosis lesion consists of focal regions of injury that are the result of
varying degrees of inflammation, oligodendrocyte depletion, myelin destruction,
axonal injury/loss, sclerosis and remyelination (Compston and Coles, 2008). Lesions
are more commonly found in the peri-ventricular/peri-vascular regions and outer
regions of the brain and spinal cord (Popescu et al., 2013).
The disease process that leads to the multiple sclerosis lesions is uncertain. It is
theorised that an increased autoimmune response causes autoreactive T lymphocytes
to cross the blood-brain barrier and cause a focal inflammatory reaction (Compston
and Coles, 2008). Local immune substrates such as microglial cells and macrophages
are also activated, creating a pro-inflammatory loop leading to persistent
inflammation and the diffuse demyelination and axonal injury that is responsible for
the progressive course of the disease (Mahad et al., 2015).
The lesions in multiple sclerosis are in both the white and grey matter, although they
are more prevalent in the white matter. White matter plaques can be temporally
classified as active (characterised by acute inflammation and oedema, relatively axon
sparing), chronic inactive (characterised by extensive demyelination, axonal loss and
glial scarring) and remyelinated (often found on the edges of active lesions sporting
increased numbers of oligodendrocyte precursors) (Wu and Alvarez, 2011; Popescu et
al., 2013; Garg and Smith, 2015).
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In active demyelinating plaques, at least four different immune-histological patterns
have been described (Lucchinetti et al., 2000): Pattern I – T cell mediated and
macrophage activation, Pattern II – similar to Pattern I with evidence of antibody and
complement deposition, Pattern III – marked oligodendrocyte apoptosis and loss of
peri-axonal proteins, associated with Balo’s concentric sclerosis, and Pattern IV –
primary oligodendrocyte death. Clinically, active lesions are those which are
gadolinium enhancing on MRI, suggesting increased permeability and inflammation
surround the lesion.
Grey matter plaques or cortical lesions are present in multiple sclerosis, although less
researched because they do not show up readily on MRI. However they have been
found to be extensive in post-mortem neuropathological studies (Kidd et al., 1999).
High cortical lesion load has been associated with clinical progression/worsening,
increasing physical disability, cognitive impairment and brain atrophy(Calabrese et
al., 2010). They can be topographically classified into subpial (lesions found from the
pial surface into the cortex), intracortical (small, within the cortex and often
perivascular) and leukocortical (lesions at the white and grey matter junctions)
(Popescu et al., 2013; Garg and Smith, 2015). Pathologically, grey matter lesions differ
from white matter lesions in that there are less inflammatory cells and they tend to
have preserved blood-brain barrier, making these lesions more difficult to detect with
conventional MRI.

The topography of multiple sclerosis lesions
The distribution of lesions within the brain and spinal cord vary from patient to
patient. It has been observed that some patients develop lesions predominantly in the
spinal cord, while other patients have lesions predominantly in the brain (Ikuta and
Zimmerman, 1976; Thorpe et al., 1996).
In 70 randomly selected post-mortem cases of multiple sclerosis, Ikuta et al (1976)
examined the extent and incidence of lesions in the central nervous system. They
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found 73% had generalised lesions in the cerebrum and spinal cord/optic nerve, 14%
had cerebral and optic nerve lesions (without lesions in the spinal cord), and 13% had
predominantly spinal and optic nerve lesions (with no or small lesions in the
cerebrum). Of the 70 cases, only 2 (3%) had no cerebral lesions. Thorpe et al (1996)
examined brain and spinal MRIs of 170 patients with possible, probable and definite
multiple sclerosis and found 20 (or 12%) who had spinal lesions and near-normal
brain MRI. Of the 170 cases, only 8 (or 4%) had no cerebral lesions. These postmortem studies of multiple sclerosis provide evidence that lesions do not occur
uniformly across the various regions of the central nervous systems and that in a
minority of patients, lesions do cluster predominantly in the brain or spinal cord only.
There are various hypotheses as to how different patients have predisposition to
getting lesions in different locations within the central nervous system. A hypothesis
that may explain the difference in lesion topography in multiple sclerosis is variation
in T-cell immune mediated responses to the myelin specific antigens found in the
brain and spinal cord. In mouse models, it was found that high ratios of T helper 17 to
T helper 1 cells resulted in preferential T cell infiltration and inflammation in the brain
(Stromnes et al., 2008). In a study of mouse genome in experimental allergic
encephalomyelitis, different genetic loci were found to control lesions occurrence and
severity in the brain and spinal cord (Butterfield et al., 2000). Another study found
that patients who were carriers of HLA-DRB1*1501 had more spinal cord lesions
suggesting a role for specific underlying genes (Sombekke et al., 2009; Qiu et al.,
2011). Taking this together, immunogenetics may influence lesion distribution.

Symptoms and signs in multiple sclerosis
Lesions in multiple sclerosis are classically in the white matter (fibre tracts) of the
brain and spinal cord. Functional deficits are primarily due to the loss of axons or to
conduction block in surviving axons, consequences of damage to the myelin, axons
and neurons through focal inflammation, demyelination and widespread, insidious
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tissue injury to the central nervous system including axonal and neuronal loss
(McAlpine and Compston, 2005).
Damaged and injured myelin in multiple sclerosis lesions leads to conduction block
or impaired conduction of electrical impulses as the safety factor for conduction is less
(Compston and Coles, 2008). Saltatory conduction of action potentials is impaired
when the myelin sheath and internodes are damaged, with action potentials blocked
at the site of the demyelinated plaque or travelling through it at a slower velocity.
However, provided that the axons can conduct, any slowing of conduction produces
few symptoms, if any.
As a result of myelin damage, axons may even become hyperexcitable leading to
spontaneous or ectopic discharges (Ciccarelli et al., 2014). Impaired axonal function
may result in neurological symptoms from the affected pathway. Where there is
extensive axonal injury, neurological deficits may persist whereas remissions suggest
reduction in inflammation and remyelination leading to restoration of axonal
function. Often there is poor correlation between lesions on imaging and
corresponding clinical deficit giving rising to the clinico-radiological paradox in
multiple sclerosis (Thompson et al., 1990).

MRI and multiple sclerosis lesions
MRI has an integral role in the diagnosis and monitoring of disease progression in
multiple sclerosis. MRIs are included in the 2010 revision of the McDonald diagnostic
criteria for multiple sclerosis (Polman et al., 2011); it can be used to show evidence of
dissemination in time and dissemination in space. Follow up MRIs are also vital in
tracking disease progression and response to immunomodulatory treatments.
In this thesis, MRIs of the brain and spinal cord of patient were reviewed to assess
lesion number and distribution. Four locations are identified in the McDonald
diagnostic criteria to be preferentially affected by multiple sclerosis white matter
lesions: juxtacortical, periventricular, infratentorial and spinal cord. Only white
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matter lesions were assessed as grey matter lesions are unfortunately not readily
identifiable using current routine MRI sequences to assess patients with multiple
sclerosis.
Conventional sequences used to assess white matter lesions in multiple sclerosis
include T2-weighted images, proton density sequences and T2-FLAIR sequences
(Trip and Miller, 2005; Kaunzner and Gauthier, 2017). In T2-weighted and proton
density images, white matter lesions appear hyperintense or bright. Posterior fossa
and spinal cord lesions are best appreciated using these sequences. In T2-FLAIR
sequences, the signal from CSF is suppressed so that periventricular and juxtacortical
lesions can be better appreciated.

Assessment of disability
Clinical assessment of the patient with multiple sclerosis can involve assessment of
disability using the Expanded Disability Status Scale (EDSS) (Kurtzke, 1983). The
scales were developed to quantitatively evaluate a patient’s disability through
assessing ability to ambulate in addition to the impairment across eight functional
systems: pyramidal, cerebellar, brainstem, sensory, bowel and bladder, visual,
cerebral (mental), other miscellaneous. The scores range from 0 to 10, increasing at
0.5 increments with increasing disability. Patients with EDSS of 0 to 4.5 are fully
ambulant without aids. Patients with EDSS 5.0 to 6.5 have significant impairments
with ambulation requiring walking aids, EDSS 7.0 to 8.0 are reliant on wheelchairs
and EDSS 8.5 to 9.5 are restricted to bed, EDSS 10 is death due to multiple sclerosis.
The score is used clinically as a quantitative guide to assess disease progression but is
also heavily used in clinical trials and studies.
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The Peripheral Nervous System
The human nervous system consists of two anatomically distinct components: the
central nervous system and the peripheral nervous system. The central nervous
system consists of the brain and spinal cord. The peripheral nervous system is made
up of everything outside the brain and spinal cord and consists of somatic and
autonomic divisions. The somatic division consists of afferent (sensory) neurons that
relay information to the brain and spinal cord and efferent (motor) neurons that carry
out commands from the brain and spinal cord. The autonomic division consists of
sympathetic, parasympathetic and enteric nerves which mediate visceral function. In
this thesis, nerve excitability studies are performed on peripheral nerves of patients
with multiple sclerosis, specifically the median nerve.

The myelinated peripheral nerve axon

Figure 1 – The structure of a peripheral nerve axon and the distribution of ion channels. Figure
reproduced from Arancibia-Carcamo and Attwell (2014) with minor modifications to show the
relative densities of ion channels in the axonal components as from Burke et al., (2001) (Burke
et al., 2001; Arancibia-Carcamo and Attwell, 2014)
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The axon is a part of a neuron, and extends from the cell body of the neuron (Kandel
et al., 2013). Bundles of axons form a peripheral nerve. The axons function is to
transmit electrical signals away to and/or away from the neuronal cell body to the
nerve terminal where it communicates with a receiving cell. Two types of axons exist,
myelinated and unmyelinated (Debanne et al., 2011). Unmyelinated fibres include
afferent Group C fibres which transmit information on pain and temperature and
postganglionic autonomic efferent fibres. Myelinated axons are wrapped by a fatty
layer known as myelin, which serve to insulate the axon, preventing leakage of the
electrical signal resulting in much faster conduction velocities than in unmyelinated
axons. Myelin is produced by Schwann cells in the peripheral nervous system (with
one Schwann cell producing one myelin sheath) and in the central nervous system by
oligodendrocytes (where one oligodendrocyte can form as many as thirty myelin
sheaths).
The myelinated axon is made up of three key parts: 1. initial segment, 2. nodes of
Ranvier, 3. axon terminal (Debanne et al., 2011). The action potential is initiated in
the axon’s initial segment in an all-or-none response. The action potential is then
conducted down the main body of the axon. In the peripheral nerve axon, one
Schwann cell is responsible for wrapping around one axonal segment in many layers
to form a myelin sheath. As such, there are many Schwann cells positioned along the
length of a peripheral nerve axon, one Schwann cell for each segment. In between
myelin sheaths are regular gaps called ‘nodes of Ranvier’ where the axon is exposed
(Arancibia-Carcamo and Attwell, 2014). The action potential is generated at these
nodes, effectively jumping from node to node in what is known as ‘saltatory
conduction’. Just prior to the axon terminal, the axon splits into many branches to
form synapses with other cells.
In forming the myelin sheath around axonal segments, Schwann cells are also
responsible for influencing voltage dependent ion channels to cluster into distinct
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regions on the axon, so allowing for normal saltatory conduction to occur. These
distinct regions of the axon which contain varying concentrations of voltagedependent ion channels include the node of Ranvier, paranode, juxtaparanode and
the internode (Burke et al., 2001; Poliak and Peles, 2003; Salzer, 2003; ArancibiaCarcamo and Attwell, 2014). The node of Ranvier has a very high density of voltagedependent sodium channels and slow potassium channels. The paranode is on either
side of the node of Ranvier, at the point where the myelin sheath attaches itself to the
axon. The paranode contains potassium channels with fast kinetics (“fast potassium
channels”), a boundary between the sodium-dense node to the relatively sodiumdeficient internodal segment. The juxtaparanode is the part of the axon immediately
adjacent to the paranode and contains the highest density of voltage-dependent
potassium channels. The actual ensheathed myelin segment is known as the internode
and contains potassium channels with slow kinetics (“slow potassium channels”) and
inwardly rectifying channels, as well as a low density of sodium channels.

Membrane potential
The membrane potential results from the absolute difference between the positive and
negative ions inside and outside of a cell membrane. The cell membrane consists of a
lipid bilayer and functions as a barrier to positive and negative ions (namely sodium,
potassium, chloride, calcium and organic anions) that can only move through the
membrane via voltage-dependent ion channels and energy-dependent ion pumps
(Kandel et al., 2013). Thus, the membrane potential depends on the concentration of
ions across the cell membrane and the degree of permeability of the membrane to
these ions (i.e. the likelihood the channel will open). The unequal distribution of these
ions inside and outside the cell leads to a separation of charge i.e. an electrical
potential difference or voltage. The membrane potential measured when a cell is at
rest is known as the resting membrane potential. The resting membrane potential is
the net average of the equilibrium potentials of the various ions, the amount of which
is determined by the relative ionic permeability of the membrane when the cell has
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not been stimulated. The equilibrium potential of the two key ions, sodium and
potassium are +40mV and -90mVrespectively(Daube and Rubin, 2009). In the
resting state, the membrane is more permeable to potassium and is dominated by
open potassium channels. Consequently, axons have a resting membrane potential of
-60mV to -80mV(Daube and Rubin, 2009; Kandel et al., 2013), which is closer to the
equilibrium potential of potassium. When an axon is depolarised, the membrane
potential becomes positive relative to the resting membrane potential. When an axon
is hyperpolarised, the membrane potential becomes negative relative to the resting
membrane potential.

Action potential

Figure 2 – The action potential and its components. A: Absolute refractory period, B: Relative
refractory period, C: Superexcitable period, D: Late subexcitable period. Reproduced from
Ridall et al., 2006(Ridall et al., 2006)

The action potential is an electrical impulse that is generated by a stimulus that causes
a change in the resting membrane potential. The electrical impulse is then transmitted
down the length of an axon to the receiving cell. The action potential exists to transmit
information between cells in the body. In myelinated axons, the action potential
consists of four main phases: 1. depolarisation, 2. repolarisation, 3. depolarising
afterpotential and 4. after hyperpolarisation.
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In motor axons, depolarisation occurs at the axon initial segment when it is subjected
to stimuli sufficient to exceed the membrane’s threshold potential. The threshold
potential is the membrane potential, typically -50 to -55mV,at which depolarisation
will occur (Daube and Rubin, 2009). If the stimulus is above threshold, an all-or-none
response is triggered leading to the generation of an action potential. If the
depolarisation is below the threshold, then an action potential will not be generated.
Depolarisation involves an influx of sodium ions, culminating in a positive shift of
membrane potential towards the equilibrium potential of sodium (approximately
+40mV) where the voltage-dependent sodium channels are maximally open.
The next phase is repolarisation, where the initial sodium influx decreases as voltagedependent sodium channels quickly become inactivated. At the same time, the
potassium efflux increases as the slower voltage sensitive potassium channels open.
The net effect is to return membrane potential from the positive peak back to the
resting membrane potential.
At the end of repolarisation, just before the hyperpolarisation, is phase where the
membrane of the potential of the axon is superexcitable and corresponds to the
depolarising afterpotential (Barrett and Barrett, 1982; David et al., 1995). The
depolarising afterpotential reflects the “re-excitation” of the nodal membrane by
current stored in the internodes and when recorded is a small depolarising inflection
in membrane potential following the initial action potential spike. The depolarising
afterpotential occurs because of the relatively slow discharge of the capacitance of the
internodal membrane through the paranodal seal after depolarisation and the
activation of nodal persistent sodium channels (McIntyre et al., 2002).
Hyperpolarisation occurs due to the persisting efflux of potassium from the slowly
closing voltage-dependent potassium channels. The membrane potential ‘overshoots’
the resting membrane potential to become even more negative. While this is
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happening, the inactivated sodium channels recover and the potassium channels close
so that resting membrane potential is restored again.
Action potentials always propagate away from the stimulus point as there is an
absolute and relative refractory period, preventing action potentials from
regenerating backwards towards the stimulus site (Barnett and Larkman, 2007). The
excitability of the axon also varies during the course of an action potential. The
absolute refractory period occurs when the voltage gated sodium channels are
inactivated, such that the channels enters a conformation through which sodium
cannot pass through to give rise to another action potential no matter how large a
stimulus is applied i.e. the axon is not excitable. The relative refractory period occurs
when these inactivated sodium channels start to recover and is a phase where action
potentials can be generated if larger stimuli than normal are applied. In large
myelinated axons, the absolute refractory period lasts for 0.5 to 1.0 ms and the relative
refractory period lasts 3 to 4 ms (Burke et al., 2001).
After the refractory period subsides, the axons enter a superexcitable period and then
a late subexcitable period. Superexcitability is a phase in which a smaller stimulus
than normally required at resting state will be sufficient to excite the axon. It is
associated with the depolarising afterpotential. The superexcitable phase can last
15ms (Stys and Ashby, 1990). Late subexcitability is a long drawn-out phase that is
due to the activation of hyperpolarising slow potassium channels at the nodes during
the action potential. This phase is sensitive to the concentration of potassium ions
inside and outside the cell, hence late subexcitability is affected by extracellular
fluctuations of potassium. The late subexcitable phase lasts about 100 ms (Stys and
Ashby, 1990; Lin et al., 2006; Kiernan and Kaji, 2013).
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Compound action potential
A compound action potential is a summation of multiple action potentials that are
simultaneously activated. When a motor nerve is stimulated, the corresponding
summated action potential recorded from the activated muscle group is known as the
Compound Muscle Action Potential (CMAP). When a skin nerve is stimulated, the
corresponding summated action potential recorded from the sensory nerve is known
as the Sensory Nerve Action Potential (SNAP). In nerve conduction studies and nerve
excitability testing, the compound muscle or sensory action potential is used because
it is more reliably recorded and tracked and its behaviour in many respects is
representative of single nerve fibres, with activation threshold corresponding to the
threshold for CMAP or SNAP (Bostock et al., 1998).

The median nerve
In this thesis, motor and sensory nerve conduction and nerve excitability studies were
performed for median nerve at the wrist. The median nerve is a mixed motor and
sensory nerve in the peripheral nervous system. It runs relatively superficially in the
forearm and is one of the most accessible and reliable nerves to stimulate and record
from.
The median nerve supplies motor innervation to most of the forearm flexors, pronator
quadratus, the thenar eminence (abductor pollicis brevis, opponens pollicis brevis,
flexor pollicis brevis) and the first and second lumbricals. In the nerve conduction and
nerve excitability studies carried out in this thesis, the motor studies are performed
by stimulating the median nerve at the wrist and recording from the abductor pollicis
brevis.
The median nerve provides the sensory innervation to the skin on the palmar side of
digit 1, 2, 3 and half of 4 as well as the skin on the dorsal side of the distal phalanx of
digit 2, 3 and half of 4. In this thesis, the sensory nerve excitability studies are
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performed by stimulating the median nerve at the wrist and recording from the skin
around digit 2.
The median nerve originates from the medial and lateral cords of the brachial plexus
and is the culmination of nerve fibres from C6, C7, C8 and T1 spinal nerves. The
descending motor pathway that controls the thenar muscles begins in motor cortex of
the brain, synapses in the anterior horn of the spinal cord, and motor axons leave the
spinal cord in the C8 and T1 anterior roots and become part of the peripheral nervous
system, eventually ending at the neuromuscular junction of the target muscle. The
ascending sensory pathway for fine touch and vibration arises from the
mechanoreceptors in the skin of the digits, travels through the peripheral nerves to
the posterior root where there is a branch to the dorsal (or posterior) root ganglion
(first order neuron), after which it enters and travels up the posterior (dorsal) columns
(in the cuneate fasciculus) of the spinal cord. It then synapses in the cuneate nucleus
at the lower medulla (second order neuron) and projects to the thalamus where it
synapses again (third order neuron) before travelling to the sensory cortex.

Voltage-dependent ion channels
Rapid signalling and the transmission of action potentials in the nervous systems
depend

on

voltage-dependent

(“voltage-gated”)

ion

channels,

which

are

transmembrane proteins located on the axonal membrane. Voltage-dependent ion
channels open and close in response to changes in membrane potential. Nerve
excitability studies ultimately reflect the action of voltage-dependent ion channels.
Sodium channels
Voltage-dependent sodium channels have a key role in the initiation and conduction
of an action potential. These channels are located in high density in the axon’s initial
segment, where a stimulus results in depolarisation and triggers of an action potential
if the depolarisation exceeds threshold. The action potential is regenerated at nodes
of Ranvier along the axon and propagated down the length of the axon. At the nodes
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of Ranvier of large myelinated axons of healthy adults there is usually only one type
of sodium channel, Nav1.6 (Caldwell et al., 2000),but it can have two gating modes –
transient or persistent.
Transient sodium channels
A majority of nodal sodium ion channels (approximately 98%) are of the ‘transient’
type, meaning they are fast to open, inactivate and close (Scholz et al., 1993; Burke et
al., 2001; Barnett and Larkman, 2007). These sodium channels rapidly open to allow
for the initial influx of sodium leading to depolarisation. Transient sodium channels
also rapidly inactivate allowing for the repolarisation of the action potential.
Persistent sodium channels
A small percentage (approximately 2.5% in sensory axons and 1% in motor
axons)behave in a ‘persistent’ manner: they inactivate incompletely, if at all, leading
to a persistent inward sodium leak (Bostock and Rothwell, 1997). These persistent
channels open rapidly, but at threshold potentials that are 10 to 15mV lower than
required for transient channels, and are therefore active at resting membrane
potential. The ‘persistent’ sodium channel is one factor that contributes to
maintaining the resting membrane potential. Persistent current is greater in sensory
axons than motor axons (but this is probably because sensory axons are more
depolarised at rest, by about 4mV, than motor axons (Howells et al., 2012)).
Potassium channels
Voltage-dependent potassium channels are responsible for augmenting the pattern of
firing of the action potential. Potassium channels may contribute to the repolarisation
of the action potential (Burke et al., 2009) but more importantly they limit the
generation of repeated action potentials through hyperpolarisation and maintaining
the resting membrane potential. Several types of potassium channels exist, each with
different kinetics and in different parts of the axonal membranes.

| Page 25 of 134

Fast potassium channels
Potassium channels with fast kinetics are found in highest density in the
paranodal/juxtaparanodal regions and in lower densities at the node and in the
internode (Röper and Schwarz, 1989). These channels activate within milliseconds of
depolarisation at membrane potentials varying between -40mV to +40mV and also
deactivate quickly (Reid et al., 1999). They can be blocked by 4-aminopyridine.
Slow potassium channels
Potassium channels with slow kinetics are present in the highest density in the node
of Ranvier and are diffusely present in the internode (Röper and Schwarz, 1989).
Approximately 30% of these channels are open at rest and they therefore contribute
to determining the membrane potential, in addition to late hyperpolarisation of the
recovery cycle. These channels can be blocked by tetraethylammonium.
Hyperpolarisation-activated
Ih inwardly rectifying current

cyclic

nucleotide-gated

channel(HCN)

/

These channels are present on the internode and are permeable to both sodium and
potassium ions. They pass an inward current that is slow to activate and deactivate.
There is increased activation of this channel during the hyperpolarisation phase of the
action potential when membrane potential is equal to or more negative than threshold
potential (-50mV). Their role is to limit hyperpolarisation and also contribute to
resting membrane potential (Pape, 1996).
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Nerve excitability studies
The excitability of an axon refers to how much stimulus (usually measured in
millivolts) is required to generate an action potential. The more excitable a cell is, the
smaller the stimulus current required for the cell to reach the threshold potential and
set off an action potential. The less excitable a cell is, the greater the stimulus current
required. The information gained from nerve excitability studies allow us to infer
information about the myelinated peripheral nerve axon, particularly the behaviour
of voltage-dependent ion channels on the axolemma.
Nerve excitability studies provide indirect information about the membrane
properties of axons at the site of stimulation. The tools help us understand firstly the
normal physiology of healthy nerves in vivo and secondly, the pathophysiological
mechanisms underlying various diseases associated with neurological symptoms. To
date, nerve excitability studies have been used to study patients with peripheral nerve
disease in chronic kidney disease, diabetes, chemotherapy-induced peripheral
neuropathy, motor neuron disease, multifocal motor neuropathy, chronic
inflammatory demyelinating polyneuropathy and in central nervous system disorders
such as spinal cord injury, stroke, cerebellar disorders and multiple sclerosis (for
reviews see Lin et al., 2006; Krishnan et al., 2009).
Nerve excitability studies can determine the minimal amount of externally applied
electrical stimulus current required to excite a group of axons, termed the “threshold
current” which is often used interchangeably with the word “threshold”. When an
axon is partially depolarised, less current is required to reach the target threshold
potential. In this context, this axon has a lower threshold for stimulation and is more
excitable, even though the membrane’s threshold potential required to generate an
action potential has not changed. Conversely, when an axon is partially
hyperpolarised, the threshold current required to reach the target threshold potential
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is greater, this axon can be thought of as having a higher threshold for stimulation and
is less excitable.
Practically speaking, groups of axons, such as compound muscle action potentials and
sensory nerve action potentials, are more reliably recorded than action potentials
generated from single axons. In a group of axons, the threshold current is defined as
the minimal electrical stimulus current necessary to generate a compound action
potential that is a defined fraction of the maximal response and is representative of
the population of axons being tested (Bostock et al., 1998; Burke et al., 2001; Lin et
al., 2006). “Threshold tracking” involves adjusting and recording the amount of
electrical stimulus required to achieve the specified target response. In this thesis, the
target response was 40% of the maximal CMAP or SNAP.
A computerised, automated program called the “TROND Protocol” (Kiernan et al.,
2000) is used for threshold tracking. The protocol tracks thresholds by applying
different test stimuli from which multiple nerve excitability properties can be inferred.
The changes in the stimulus current provide indirect information on the changes
occurring in membrane potential. Percentage changes in threshold are calculated
between the control threshold and the threshold recorded after different stimuli have
been applied. The different stimuli include applying electrical stimuli of varying
amplitudes and durations, conditioning impulses and sub-threshold polarising
currents to test different nerve excitability parameters. The nerve excitability
parameters are discussed below.
Stimulus-Response curve
The stimulus-response curve (Figure 3) is generated by increasing the strength of test
stimuli and recording the response. From the curve, a target size (40% of the maximal
compound action potential is used here) is determined and used as the control
threshold that is compared to the conditioned thresholds.
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Figure 3 – Stimulus-response curve for motor axons of healthy subjects (n=28) studied in this
thesis – mean (solid line) ± SE (in dotted lines). From the stimulus-response curve, the threshold
target, which is approximately 40% of the maximal CMAP is determined.

Strength-Duration Time Constant (SDTC)

Figure 4 – Stimulus duration versus current plot for motor and sensory axons, reproduced from
Mogyoros et al., 1996.(Mogyoros et al., 1996)

The strength-duration curve (Figure 4) describes the inverse hyperbolic relationship
between the strength of the stimulus (which is the peak amplitude of the stimulus
current measured in milliamps) and duration of stimulus current (measured in
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milliseconds). The greater the stimulus strength, the shorter the stimulus duration
required to produce the target response. Conversely, the lower the stimulus strength,
the longer the stimulus duration required to produce the target response (40% of the
maximal CMAP or SNAP). Thus, the strength-duration time constant is a measure of
the rate at which the necessary stimulus strength decreases as stimulus duration
increases.
The strength-duration time constant can be derived from the strength-duration
graphs as the stimulus duration corresponding to the stimulus strength that is two
times the rheobase (Lin et al., 2006). The rheobase is the smallest stimulus current
that will produce the target response if a stimulus is given over an infinitely long
duration. Strength-duration time constant can be determined more conveniently
from a charge-duration plot (Figure 5) as the point where the linear regression line
crosses the X axis when stimulus duration is plotted against stimulus charge. Stimulus
charge measures the ‘energy’ in the current pulse (i.e. the amplitude in milliamps
times the duration in milliseconds). The strength-duration time constant is reported
in milliseconds. Rheobase is the slope of the linear relationship and is reported in
milliamps.
The significance of the strength-duration time constant is that it gives information on
the activity of persistent sodium channels in the nodal membrane as well as passive
membrane properties such as resistance and capacitance (Bostock, 1983; Baker and
Bostock, 1997; Bostock and Rothwell, 1997). Increased expression of persistent
sodium channels will produce a longer strength-duration time constant and a lower
rheobase (Burke et al., 2001). This pattern is seen when sensory nerves are compared
to motor nerves – sensory axons are presumed to have greater activity of persistent
sodium channels (Mogyoros et al., 1996). Strength-duration time constant is
increased in depolarisation (as the persistent sodium channels are voltage sensitive)
and in demyelination (as the area of the node of Ranvier is enlarged with the addition
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of exposed paranodes as a result of the disruption in the myelin sheath) (Bostock et
al., 1983; Mogyoros et al., 2000).
In multiple sclerosis, strength-duration time constant has not been found to be
affected (Ng et al., 2008; Genç et al., 2012; Ng et al., 2013; Huynh et al., 2016).

Figure 5 – Charge-duration plot for motor axons of healthy subjects (n=28) studied in this thesis
– mean (solid line) ± SE (in dotted lines). Where the line intercepts the x-axis is the “strengthduration time constant”. The slope of the line is equal to the rheobase.

Threshold Electrotonus
The term “electrotonus” refers to the passive spread of charge across a membrane.
The internodal properties are largely responsible for electrotonus as the internode
makes up 99.9% of the entire membrane, whereas the node makes up just 0.1% (Lin
et al., 2006). The term “threshold electrotonus” refers to the study of changes in
threshold as a result of altering the electrotonic environment in the internode. The
changes in threshold reflect the behaviour of the internodal membrane which is
largely responsible for maintaining resting membrane potential through electrotonic
potentials.
To induce the spread of charge to the internodal membrane, varying intensities of long
(100ms) depolarising and hyperpolarising sub-threshold conditioning currents are
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applied (Kiernan et al., 2000). These conditioning currents are meant to be “subthreshold” as the strength of the current is too low to produce an action potential.
Truly sub-threshold currents will not cause excitation of the axons but are intended
to alter membrane potential and thereby activate the membrane channels. The main
voltage-dependent processes that can be studied in this way are the sodium channels,
the slow and fast potassium channels, inwardly rectifying current through the HCN
channels and the sodium-potassium pump, all of which are distributed in varying
densities in the node and internodes. The duration of these sub-threshold currents
needs to be long so that the current has time to spread from the node to the internode,
subject to the resistance and capacitance of the myelin sheath and in the body of the
internode.
When prolonged sub-threshold depolarising currents are applied, the following
changes in threshold occurs (Lin et al., 2006) (see Figure 6):
1. “F” phase – The initial reaction is a fast, immediate reduction in threshold, the
percentage of which is equal to the percentage of threshold current given as
the conditioning stimulus. This is due to the changes in potential occurring at
ion channels located at the nodes of Ranvier.
2. “S1” phase –A gradual increase in the threshold change is then observed,
thought to correspond to the slow spread of the depolarising current to the
internode. The depolarising threshold change peaks about 20 milliseconds
after onset of the stimulus current.
3. “S2” phase – There is a slow gradual decrease in the threshold change as the
axonal membrane becomes relatively less excitable. This decrease in threshold
while the stimulus is maintained is called “accommodation”. This phase is
attributable to the gradual activation of slow potassium channel sat the nodes
responsible for hyperpolarisation. When the stimulus current is terminated,

| Page 32 of 134

the threshold quickly increases and undershoots the normal resting
membrane potential, and slow potassium channels gradually deactivate.
When prolonged sub-threshold hyperpolarising currents are applied, the changes in
threshold occur in the following sequence (Lin et al., 2006) (see Figure 6):
1. “F” phase – The initial reaction is a fast, immediate increase in threshold, the
percentage of which is equal to the percentage of threshold current given as
the conditioning stimulus.
2. “S1” phase – A gradual increase in threshold is observed. This phase is
attributable to the closure of fast and slow potassium channels in response to
hyperpolarising currents. The threshold increase reaches a maximum about
100 to 150 milliseconds after the onset of the stimulus current.
3. “S3” phase – Accommodation occurs due to the slow activation of the inwardly
rectifying HCN channels (Ih). Their activation limits the degree of
hyperpolarisation. When the stimulus current has terminated, the threshold
quickly decreases, overshooting the normal resting membrane potential due
slow closure of HCN channels. In addition to this, there is also the gradual
opening of slow potassium channels near resting membrane potential.
Threshold electrotonus is significant as it gives information on whether the group of
axons may have a background of depolarisation or hyperpolarisation. It is useful for
understanding the activity of outwardly rectifying potassium channels and inwardly
rectifying HCN channels (Ih), which are important in accommodation.
When axons are depolarised, there are lesser changes in excitability to both
depolarising and hyperpolarising currents in threshold electrotonus. This is often
referred to as “fanning in”. When axons are hyperpolarised, the opposite changes
occur and this pattern is referred to as “fanning out” (Bostock et al., 1998).
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In multiple sclerosis, threshold electrotonus was first studied by Misawa et al. (2008)
who did not find any abnormalities. However, in later studies, Ng et al. (2008, 2013)
reported that S2 accommodation to depolarising currents and threshold undershoot
was increased in motor axons suggesting a greater activity of slow potassium channels
on these axons in multiple sclerosis.

Figure 6 – Threshold electrotonus for motor axons of healthy subjects (n=28) studied in this
thesis – mean (solid line) ± SE (in dotted line). Threshold electrotonus to +40% (red lines) and
+20% (blue lines) depolarising currents. Threshold electrotonus to -40% (green lines) and -20%
(grey lines) hyperpolarising currents. Key excitability indices are labelled. A threshold reduction
is equal to an increase in excitability.
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Current-Threshold Relationship
The current-threshold relationship is a graph (Figure 7) that plots the relationship
between the changes in threshold recorded at the end of 200ms long conditioning
current and the strength of the conditioning current. Varying intensities of
depolarising and hyperpolarising currents are given, lasting 200 milliseconds.
The current-threshold relationship gives information on the ion channels in the node
and internode responsible for the accommodative response to depolarisation and
hyperpolarisation (Kiernan et al., 2000). The steeper the curve’s slope in the right
upper quadrant of the graph the greater the activity of fast and slow potassium
channels giving rise to outward rectification in response to prolonged depolarisation.
The steeper the curve’s slope in the left lower quadrant of the graph, the greater the
inward rectification due to activity of HCN channels in response to prolonged
hyperpolarisation.
In multiple sclerosis, in motor axons, less threshold change to depolarising currents
was found by Ng et. al (2008), suggesting greater accommodation and more
potassium currents.
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Figure 7 – Current-threshold relationship for motor axons of healthy subjects (n=28) studied in
this thesis – mean (solid line) ± SE (in dotted lines). The steeper the curve’s slope in the right
upper quadrant of the graph the greater the activity of fast and slow potassium channels
giving rise to outward rectification in response to prolonged depolarisation. The steeper the
curve’s slope in the left lower quadrant of the graph, and the greater the inward rectification
due to activity of HCN channels in response to prolonged hyperpolarisation.

Recovery Cycle
The last excitability parameter is the recovery cycle, which measures the fluctuations
in excitability that occur in axons after they have discharged, until they return to a
steady, resting state. The recovery cycle is recorded by applying a conditioning
(supramaximal) stimulus followed by the test (tracking) stimulus with progressively
shorter time intervals in between the two stimuli. The recovery cycle graph (Figure 8)
plots the time in milliseconds between each stimulus, against the change in threshold.
The curve can be split into three parts:1. Relative refractive period, 2.
Superexcitability, and 3. Late subexcitability.

| Page 36 of 134

The excitability parameters in the recovery cycle are significant in that (i) the relative
refractory period gives information about the state of sodium channels that are
recovering from the inactivated state, (ii) superexcitability gives information about
the depolarising afterpotential, and (iii) late subexcitability gives information on the
activity of slow potassium channels at the nodes responsible for hyperpolarisation.
The relative refractory period is particularly sensitive to temperature because it affects
the time it takes to activate and deactivate voltage-dependent ion channels.
Superexcitability reflects the changes in membrane potential closely.
In multiple sclerosis, some abnormalities in the recovery cycle have been suggested
by past studies. A prolonged refractory period (Hopf and Eysholdt, 1978; Antonini et
al., 1995) and reduced superexcitability (Eisen et al., 1982; Shefner et al., 1992; Boërio
et al., 2007b; Ng et al., 2008; 2013) and increased late subexcitability (Ng et al.,
2008)have been reported.

Figure 8 – Recovery cycle for motor axons of healthy subjects (n=28) studied in this thesis –
mean (solid line) ± SE (in dotted lines). The relative refractory period is measured where the
curve crosses the x-axis. The three phases of the recovery cycle are as labelled.
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Multiple Sclerosis and the Peripheral Nervous System
The studies in this thesis address a disease that is traditionally thought to primarily
affect the central nervous system (multiple sclerosis) using a neurophysiological
technique that studies the properties of axons in a peripheral nerve (the median
nerve). This may seem counterintuitive but there have been a few suggestions in the
past that the peripheral nervous system is affected in patients with multiple sclerosis
(Poser, 1987; Waxman, 1993).

Case reports
There are numerous case reports in the literature of individual patients who have both
multiple sclerosis and a peripheral nerve dysfunction in the literature, some of which
are discussed here. Two patients with multiple sclerosis had acute episodes of
inflammatory polyneuritis (Forrester and Lascelles, 1979). Widespread inflammatory
demyelinating polyradiculopathy was found in an one patient with multiple sclerosis
(Lassmann et al., 1981). Another patient with multiple sclerosis had non-specific sural
nerve changes and electromyographic studies showing widespread denervation
changes in the legs (Drake, 1987). One patient was found to have both multiple
sclerosis and Charcot-Marie-Tooth disease (Cortese et al., 2016). There was a case of
multiple sclerosis occurring with axonal degeneration in the peripheral nerves
suggested by nerve fibre loss in the patient’s sural nerve biopsy, as well as autonomic
peripheral nerve dysfunction, manifested as anhidrosis (Saito et al., 1990). Other
cases of multiple sclerosis occurring with acute or chronic demyelinating
polyneuropathy have been reported (Mills and Murray, 1986; Rubin et al., 1987;
Capello et al., 2000; Falcone et al., 2006; Sharma et al., 2008; Zéphir et al., 2008;
Ogata et al., 2016). In the same way, patients with chronic inflammatory
demyelinating polyneuropathy, a peripheral nervous system disorder, have been
found to have central nervous system demyelinating lesions that are suspiciously
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similar to those in multiple sclerosis (Mendell et al., 1987; Thomas et al., 1987;
Ormerod et al., 1990).
In summary, these case reports demonstrate the occasional observation of multiple
sclerosis and peripheral nervous system problems occurring together in the same
patient. Whether these are purely coincidental events or whether there is common
pathogenesis is debated.

Pathological evidence
The earliest findings of abnormalities in the peripheral nervous system came from
pathological studies of the patients with multiple sclerosis, either post mortem or
from biopsied nerves. In 1958, Hasson et al. examined samples of various peripheral
nerves of twenty autopsy cases with multiple sclerosis and found twelve had evidence
of demyelination in their peripheral nerves. However, a confounding factor was that
the patients with severe demyelination were also emaciated and malnourished
(Hasson et al., 1958). In 1977, Schoene et al. found Schwann cells in an “onion bulb”
formation around spinal roots in three autopsies of multiple sclerosis (Schoene et al.,
1977). These “onion bulb” findings and associated hypertrophic changes were later
reported in another patient’s spinal roots (Rosenberg and Bourdette, 1983) and sural
nerve biopsies from two other patients (Ro et al., 1983; Arias et al., 1992; Quan et al.,
2005). Later, abnormalities in sural nerve biopsies from ten patients with multiple
sclerosis were reported (Pollock et al., 1977): there were markedly thinly myelinated
internodes, 50% smaller than in normal healthy subjects. Thinned myelin sheaths,
less nerve fibres, large ‘onion bulbs’ and hypertrophic neuropathy were observed in
the sural nerve biopsy of one patient with multiple sclerosis suggesting peripheral
demyelinating neuropathy (Arias et al., 1992).
In summary, from pathological studies, mostly subclinical abnormalities in the
peripheral nervous system including demyelination, thinning of myelination, ‘onion
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bulb’ and associated hypertrophy have been observed. Altogether it raises the
possibility that peripheral myelin may silently be involved in multiple sclerosis.

Radiological evidence
Reports of radiological enhancement of the third and fifth cranial nerves are another
source of evidence that there may be peripheral nerve involvement in multiple
sclerosis. Trigeminal nerve enhancement on MRI is present in about 3% of patients
with multiple sclerosis (van der Meijs et al., 2002; da Silva et al., 2005). This
association between the fifth cranial nerve has also been discussed in case reports of
patients with both multiple sclerosis and trigeminal neuralgia (Meaney et al., 1995;
Gass et al., 1997; Pichiecchio et al., 2007). Cranial nerve III enhancement on MRI was
reported in one patient with multiple sclerosis who also had a cranial nerve III palsy
(Bhatti et al., 2003) and another with complete paralysis of the right cranial nerve III
(Shor et al., 2017). In patients with clinical symptoms, most studies suggest the
presence a demyelinated brainstem lesion suggesting that the peripheral nerve
involvement was secondary to the central nervous lesion. However, in the large study
by van der Mejis et al. (2002), the radiological enhancements were often found more
distally in the cranial nerves, not always in the area from which the cranial nerve exits
the brainstem. In addition, most patients in the study were asymptomatic, prompting
them to conclude that the involvement of the peripheral nerve was not just a
secondary phenomenon to a central brainstem lesion.
Together, these radiological studies demonstrate that cranial nerve (and thus
peripheral nerve) involvement in multiple sclerosis is not uncommon. Whether it is
secondary to a pre-existing demyelinating central nervous system lesion or results
from an immune process due to common factors in the peripheral and central myelin
is unclear.
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Evidence from peripheral neurophysiological studies (excluding nerve
excitability)
Nerve conduction and electromyographic studies in patients with multiple sclerosis
have also offered some evidence to suggest that patients with multiple sclerosis may
also have peripheral nerve dysfunction, some of which are summarised below.
(Weir et al., 1979; Weir et al., 1980) – Performed single fibre electromyography on the
extensor digitorum muscle of 15 patients with multiple sclerosis and found 10 patients
with an abnormal mean “jitter”, 2 of which had a previously undiagnosed peripheral
neuropathy. These patients with abnormal jitter were also found to have abnormal
motor unit parameters in a later study suggesting involvement in the most distal ends
of the peripheral nerve(Weir et al., 1980).
(Zee et al., 1991) – Retrospectively studied records of 150 patients with multiple
sclerosis and found 11% (17 patients) had co-existing history of radiculopathy (13
patients) or peripheral neuropathy (4 patients).
(Shefner et al., 1992) – Recorded the SNAP of the sural nerve in 14 patients with
multiple sclerosis and found 4 patients had reduced amplitudes, 2 had reduced
maximum conduction velocity, and 9 had reduced minimum conduction velocity
suggesting possible abnormalities in the myelination or structure of the peripheral
axon.
(Sarova-Pinhas et al., 1995) – Performed a suite of electrophysiological studies on 22
patients with multiple sclerosis. Ten patients (45%) had abnormal findings.
Overall,14.7% (33 of 244 nerves) had electrophysiological evidence of peripheral
neuropathy. The electrophysiological abnormalities did not correlate with the
patients’ clinical symptoms. The authors concluded that subclinical peripheral
nervous system involvement was more frequent than previously thought.
(Anlar et al., 2003) – Performed motor and sensory nerve conduction studies on 20
patients with multiple sclerosis, studying a total of 91 peripheral nerves. They found
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16.5% (15 nerves) to have abnormalities, the most frequent being lower amplitudes
compared to healthy subjects.
(Pogorzelski et al., 2004) – Performed motor and sensory nerve conduction studies
on 70 patients with multiple sclerosis and found 42.8% (20 patients) had at least 2
peripheral nerves with abnormalities.
(Misawa et al., 2008) – Performed motor and sensory nerve conduction studies on 60
patients with multiple sclerosis and found 10% (6 patients) had abnormalities. Three
patients (5%) had evidence to suggest demyelination with slowing of conduction
velocities and conduction blocks. The other 3 patients were found to have either carpal
tunnel syndrome or a peroneal nerve palsy.
(Merkulov et al., 2009) – Performed several electrophysiological studies on 43
patients with multiple sclerosis, found that 34.9% had signs of peripheral nerve
abnormalities, 11 patients had radiculopathy and 4 had polyneuropathy.
(Gartzen et al., 2011) – Performed nerve conduction studies on 54 patients with
multiple sclerosis and found 16 patients (29.6% of total patients) had one or more
abnormalities. Both lower amplitudes and slower conduction velocities were found.
Overall, 14.2% (23 of 162 nerves) were abnormal.
(Ayromlou et al., 2013) – Performed nerve conduction studies in 75 patients with
multiple sclerosis and found the most significant abnormalities were the lower
amplitudes in CMAP of the lower limb peroneal and tibial nerves.
(Morteza et al., 2016) – Performed nerve conduction studies on 80 patients with
multiple sclerosis and found >20% of patients with slowed motor conduction
velocities for the median, peroneal and tibial nerves and in sensory slowing for the
median, ulnar and sural nerves. Abnormalities in amplitude and latency were also
found but present in smaller numbers of patients.
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Together, these studies in the literature using standard electrophysiological
techniques confirm that peripheral nerve abnormalities are not infrequently present
in patients with multiple sclerosis.

Nerve excitability studies in multiple sclerosis
In multiple sclerosis, studies examining excitability properties of peripheral nerve
axons have been performed as early as the 1970s. Early literature on excitability of
axons in multiple sclerosis tested only one or two of the excitability parameters,
mostly from the recovery cycle. To date, the excitability abnormalities found in
multiple sclerosis are confined to these two excitability parameters and was briefly
touched upon in the previous section on nerve excitability. A summary of the ten nerve
excitability studies in multiple sclerosis available in the literature, the significant
findings and basic patient demographic data are presented in Table 1.
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Study

Number of
patients
(Subtypes)

Table 1 – Summary of nerve excitability studies in multiple sclerosis

What was studied?
Excitability parameter
(Nerve)

Recovery cycle

Threshold Electrotonus

Mean
age
(years)

F:M

EDSS
Average
(Range)

Duration
of disease
(years)

(Antonini et al., 1995)

15
(13RR,2CP)

RRP
(Motor median)

Increased RRP

-

32

7:8

2.2
(0-4)

5.8
1-15

(Boërio et al., 2007b)

20
(13RR, 5SP,2PP)

Recovery cycle
(Motor ulnar)

Increased RRP
Reduced superexcitability

-

47

14:6

3.8
(1-8.5)

12.3
1-37

(Eisen et al., 1982)

40
(Unknown)

Superexcitability
(Sensory median)

Abnormal superexcitability
No significant difference in means
but17 patients failed to demonstrate
superexcitability

-

37

25:15

Unknown

Unknown

(Genç et al., 2012)

16
(16RR)

-

-

31

12:4

1.7
(1-3.5)

5.3
3-12

Increased RRP

-

38

Unknown

Unknown

Unknown

No significant difference

No significant difference

54.9

14:4

3.4
(1-6.5)

Unknown

No significant difference

No significant difference

38

49:11

3
(0-7.5)

9
1-28

48

10:2

5.8
(2-9)

13.9
5-24

45

18:4

16.2
2-33

45

Unknown

4.6
(0-9)
Ambulatory
<5.5

(Hopf and Eysholdt,
1978)
(Huynh et al., 2016)

36
(Unknown)
18
(9RR,7SP, 2PP)

SDTC
(Motor median)
(No significant differences
in STDC, rheobase)
RRP
(Sensory median)
Complete
(Motor median)
Recovery
cycle
+
Threshold Electrotonus
(Motor median
Sensory superficial radial)

(Misawa et al., 2008)

60
(60RR)

(Ng et al., 2008)

12
(7RR, 3SP,2PP)

Complete
(Motor median)

22
(15RR, 5SP,2PP)
14
(Unknown)

Complete
(Sensory median)
Superexcitability
(Sensory sural nerve)

(Ng et al., 2013)
(Shefner et al., 1992)

Normal RRP
Increased late subexcitability
Reduced superexcitability
Reduced superexcitability

Increased S2 accommodation
Decreased TEd90-100ms
TEdundershoot
No significant difference in
threshold electrotonus indices
-

Unknown
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Recovery cycle abnormalities in multiple sclerosis
An increased relative refractory period was reported in three studies, two performed
on motor nerves (Antonini et al., 1995; Boërio et al., 2007b) and the other on a sensory
nerve (Hopf and Eysholdt, 1978). However, four later papers reported from 2008 and
onwards did not find an increased relative refractory period; these included three on
motor axons (Misawa et al., 2008; Ng et al., 2008; Huynh et al., 2016) and two on
sensory axons (Misawa et al., 2008; Ng et al., 2013).
Reduced superexcitability was reported in four studies, one performed in motor
nerves (Boërio et al., 2007b) and three performed on sensory nerves (Eisen et al.,
1982; Shefner et al., 1992; Ng et al., 2013). However, superexcitability was not found
to be significantly abnormal by Misawa et al. (2008) or Huynh et al. (2016).
Late subexcitability was only found to be abnormal in the paper by Ng et al. (2008).
Threshold electrotonus abnormalities in multiple sclerosis
Abnormalities in threshold electrotonus have been reported only in two studies (Ng
et al., 2008; 2013) on motor axons. The abnormalities detected included increased S2
accommodation, increased threshold undershoot, and in the recovery cycle, increased
late subexcitability. These changes in excitability were not observed in the study
involving larger numbers of patients performed by Misawa et al. (2008) or a more
recent study performed by Huynh et al (2016).
Ng et al. (2008, 2013)
This thesis is built upon two studies by Ng et al. (2008, 2013), the first in the literature
to test, in patients with multiple sclerosis, all the standard axonal excitability
parameters available as part of the standard, computerised TROND protocol. Prior to
their study, only specific individual components of nerve had been studied. The 2008
study initially reported the results of nerve excitability studies on motor axons of 12
patients with multiple sclerosis and the 2013 study reported the results of both motor
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and sensory studies on an expanded group of 26 patients (including the 12 previously
tested).
Notably, in Ng et al.’s two studies, the findings from the motor and sensory studies
were not the same and could not be explained by a single unifying mechanism. In
motor axons, the changes in axonal excitability were consistent with increased activity
of the slow potassium channels – greater accommodation to depolarising currents
(‘S2

accommodation’),

greater

threshold

undershoot

and

increased

late

subexcitability were present (Ng et al., 2008). This was thought to be secondary to
changes in the parent motoneuron due to central nervous system lesions. In sensory
axons, there was only one abnormality – reduced superexcitability. A change in only
one excitability parameter was difficult to explain. However, using a mathematical
model of the human myelinated motor axon, the sensory study findings could be
replicated by making subtle alterations to the voltages at which activation and
deactivation of fast potassium channels occur (Ng et al., 2013). It was postulated that
the involvement of the voltage-dependent fast potassium channels might have
resulted from disruption of the paranodal seal due to local immune or inflammatory
mediated responses in the peripheral nervous system.
From Table 1, it becomes apparent that there are both conflicting and consistent
excitability findings in the pre-existing literature on multiple sclerosis. Consequently,
the first aim of this thesis was to reproduce the excitability findings of Ng et al. The
second aim of the thesis was to try to explain their findings by testing the theory that
differences in lesion distribution (for example, brain as opposed to spinal cord) within
the nervous system could explain the excitability differences. Differences in the
excitability abnormalities detected in various central nervous system disorders where
the lesions are specific to the spinal cord or brain are discussed in the next section.
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Peripheral nerve excitability changes in other acquired central nervous
system disease
Apart from multiple sclerosis, other central nervous disorders have been studied
using nerve excitability techniques. These are discussed below.
Spinal cord injury
Lin et al. (2007) found complex nerve excitability changes in axons of the motor
median and common peroneal nerves in a group of 15 patients with subacute to
chronic spinal cord injuries. Significant excitability changes in the median nerve
included: increase in threshold current for a CMAP of 50% of maximum, reduced peak
CMAP response, shift to the right of the stimulus-response curve indicating higher
threshold, lower strength-duration time constant, “fanning in” appearance of
threshold electrotonus (smaller threshold changes to both subthreshold depolarising
and hyperpolarising currents) and reduced late subexcitability. In the lower limb, 4 of
the 15 patients had unexcitable common peroneal nerves. In the other 11 patients,
similar results to those in the median nerve were found. There was also a correlation
between the extent of changes in excitability parameters with the clinical severity of
injury and length of time since injury. They considered that ischaemia or
inflammation in the spinal cord injury were unlikely to explain the multiple
excitability changes and felt that inactivity was the most likely cause.
Boland et al. (2009) performed motor nerve excitability on the median and common
peroneal nerves in one patient who had been diagnosed with a traumatic C6 spinal
cord injury. The studies were performed during the acute phase six days post-injury.
No significant changes in excitability were detected in the median nerve. In the
common peroneal nerve, threshold electrotonus appeared “fanned in”, there was a
shift to the right in the current-threshold relationship, and the recovery cycle was
markedly abnormal, with prolonged refractoriness, non-existent superexcitability
and reduced superexcitability (Boland et al., 2009). This was best explained by an
increase in the internodal leak conductance and was similar to the effects of limb
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ischaemia on axonal excitability (Kiernan and Bostock, 2000). Excitability studies
were repeated on this patient after surgery to stabilise the injury. These changes in
excitability indices resolved by 35 days post-injury and they then stayed within normal
limits. The author concluded that the excitability abnormalities were most likely
related to downstream effects from the cervical cord injury (possibly disrupted
upstream energy regulation leading to alterations in the peripheral axonal energy
dependent pumps), given the changes were present acutely and then improved after
surgery.
In a later study (Boland et al., 2011), spinal shock associated with traumatic spinal
cord injury (above T9) was investigated using motor nerve excitability studies on both
the median nerve and common peroneal nerve in 9 patients, within 15 days of the
injury and then repeated during the hospital admission until discharge. Excitability
abnormalities were present in both the upper and lower limb, but there were a greater
number of abnormal excitability indices and greater magnitude of change in the lower
limbs. The excitability abnormalities in the common peroneal nerve included:
stimulus-response curve shifted to the right, higher stimulus thresholds with an
increase in the threshold current for a CMAP of 50% of maximum, ‘fanning’ in
appearance of threshold electrotonus, less accommodation in the current-threshold
curve, increased relative refractory period and a decrease in superexcitability. For the
common peroneal nerve, these abnormalities were improving towards the normal
range by discharge. In the median nerve, excitability abnormalities included:
stimulus-response curve shifted to the right, higher stimulus thresholds with an
increase in the threshold current for a CMAP of 50% of maximum, large reduction in
peak CMAP response (notably not abnormal in the lower limb studies and thought to
be a results of direct injury to the cervical cord and the nerve roots that supply the
median nerve), ‘fanning in’ appearance of threshold electrotonus and reduced
superexcitability and late subexcitability (different to the recovery cycle changes
found in the lower limb).
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This study confirmed significant changes in peripheral nerve excitability occur in the
acute spinal shock phase of spinal cord injury, and suggested, somewhat
paradoxically, that lower limb nerves are more affected than upper limb nerves
possibly indicating a distance-dependent mechanism (even though the lesions were
in the upper spinal cord). The study confirmed that abnormalities in excitability could
be reversed as the patient recovered from spinal shock.
Ischaemic stroke
Jankelowitz et al. (2007a) reasoned that ion channels in the peripheral nerve motor
axons are derived from the parent motoneuron in the spinal cord and consequently,
that axonal excitability changes in the peripheral motor axon should reflect changes
in the parent motoneuron. They studied axonal excitability for the median nerve on
the affected side of11 patients with unilateral hemiparesis after an ischaemic stroke
(either pontine, subcortical or cortical) causing a single, chronic, unilateral lesion in
the corticospinal tract. The duration since the stroke ranged from 12 to 120 months.
In motor axons, they found no significant changes in the stimulus-response curves,
strength duration time constants and recovery cycle. However, changes were found in
threshold electrotonus and current-threshold relationship. Significantly less
accommodation to hyperpolarising currents and a less steep hyperpolarising currentthreshold slope were observed in motor axons on the affected side, while the
unaffected side remained normal. This reduction in excitability on the affected side
was attributed to decrease in Ih and decrease in the leak conductance. No
abnormalities were found in the sensory axons.
The acute phase within 1 week and 3 months after a unilateral ischaemic stroke
involving corticospinal tracts was later investigated by Huynh et al. (2013). Like
Jankelowitz et al. (2007a), there was less accommodation to subthreshold
hyperpolarising currents and a less steep hyperpolarising current-threshold slope in
the affected limb, suggesting a reduction in Ih. These changes persisted and were
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similar when examined at the 3 month follow up. They also found there were larger
threshold changes to subthreshold depolarising currents, which had not been found
in the study of Jankelowitz et al (2007).
Huynh et al. (2014) performed motor nerve excitability studies on the median nerves
of both upper limbs in 13 patients with unilateral cerebellar infarcts within one week
of ictus and then over the course of 1 year. The 13 patients were further subdivided
into the severely disabled group consisting of 6 patients and the mild to moderately
disabled group consisting of 7 patients. In the 6 patients with severe disability,
multiple nerve excitability parameters were significantly different from normal and
suggested hyperpolarisation in both affected and unaffected limbs. In these severely
impaired patients, they found significantly higher stimulus thresholds, “fanning out”
of threshold electrotonus, reduced current-threshold slopes. In repeated studies in 1
year after the stroke, the excitability indices tended to normalise and axons appeared
less hyperpolarised. Hyunh et al. (2014) also found significant correlations between
these abnormal excitability indices and functional impairment scores. No significant
differences were found in the 7 patients with mild to moderate disability when
compared to healthy controls.
Together these studies on patients after ischaemic stroke confirm that peripheral
nerve excitability changes are present in response to a remote central nervous lesion
and suggest that some form of transynaptic plasticity is at play.
Limbic encephalitis
Park et al. (2014) performed motor nerve excitability studies on the median nerve of
6 patients with acute limbic encephalitis, and followed through their recovery till 26
months after the acute episode. In the acute phase, all patients were on antiepileptic
medications (all 6 patients were on sodium valproate, and in addition, 2 patients were
on levetiracetam and 1 patient was on carbamazepine). As limbic encephalitis may be
associated with antibodies against voltage-dependent potassium channels (Vincent et
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al., 2004), it was possible that studies of peripheral nerve excitability might reveal
changes associated with dysfunction in potassium channels in the peripheral axonal
membrane despite the disorder being one of the central nervous system.
Excitability changes to suggest dysfunction of potassium channels were not found.
Instead, significant changes in excitability were found in the threshold electrotonus
(reduced threshold changes to depolarising currents and less S2 accommodation) and
in the recovery cycle (with reduced superexcitability and late subexcitability). At 26
months, these patients had normal axonal excitability. There was a correlation
between improvements from 125 to 140 mmol/L in serum sodium levels and
improvements in the abnormal threshold electrotonus indices in one patient. Using a
mathematical model of axonal properties, a reduction in persistent sodium currents
and a reduction in extracellular sodium ion concentration best explained the
excitability changes in threshold electrotonus and recovery cycle. However, the
authors deemed the slight hyponatraemia in patient 1 would not normally be great
enough to cause the prominent normalisation of the excitability indices.
As all 6 patients were on antiepileptic medication, the authors also studied patients
without limbic encephalitis – 7 on sodium valproate and 8 on carbamazepine. Even
when compared to the patients on antiepileptic medications, there still were
significant differences in axonal excitability, largely excluding medications as a cause
of the excitability changes found in limbic encephalitis.
Summary
The pre-existing work on peripheral nerve excitability in spinal cord, ischaemic
strokes and limbic encephalitis demonstrate that subclinical abnormalities in axonal
excitability are present and that changes that deviate away from normal can be
detected in the peripheral nervous system despite all of these conditions being central
nervous system disorders.
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Proposed theories of peripheral nervous system involvement in multiple
sclerosis
It has been established in the literature that there are abnormalities not infrequently
in the peripheral nervous system in patients with multiple sclerosis, although these
are usually subclinical. However, it is still unclear what is the mechanism or cause of
the peripheral nervous system involvement. The simplest explanation for the coexistence of peripheral nervous system abnormalities in multiple sclerosis is that it is
merely a coincidence, occurring in genetically susceptible individuals who already
have demonstrated preponderance for autoimmune dysfunction by having multiple
sclerosis.
A favoured view for the abnormalities of peripheral nerve axons in multiple sclerosis
has been a spill over of the immune-inflammatory response inadvertently affecting
the peripheral nervous system. There may be cross-reactivity between similar central
and peripheral nervous system myelin proteins, for example myelin associated
glycoprotein (which is present in both), or P1 (present in the peripheral nervous
system) and myelin basic protein (equivalent protein in the central nervous system).
A refinement of this possibility has been suggested by Ng et al. (2013): the reduced
superexcitability found in sensory axons could be explained in mathematical models
of human axons by interference with the structure of the paranodal junction (normally
a tight, resistive seal where the myelin attaches to the axons), by subtle local immuneinflammatory activity. Another speculation is whether the pathogenesis of multiple
sclerosis could involve axonal ion channels as an immune-pathogenic target, a socalled “channelopathy” (Waxman, 1993).
There are other possible explanations, unrelated to the autoimmune nature of
multiple sclerosis but rather related to indirect flow-on effects observed in the
peripheral nerves as a result of disorder affecting the central nervous system. For
example, with motor axons changes in the properties of the parent motoneuron could
be reflected in the properties of the relative axons (a “downstream” effect). In the case
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of sensory axons, the cell bodies are outside the central nervous system, located in the
dorsal root ganglia. As the central projections of cutaneous afferents in the posterior
columns involves a direct projection from the dorsal root ganglion without an
intervening synapse, it is possible that a posterior column lesion might change the
dorsal root ganglion properties and intern the peripheral nerve branch.
In summary, there is little hard evidence to support any of these proposed theories
and it remains speculative what the mechanism is for the subclinical involvement of
the peripheral nervous system in multiple sclerosis.
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Methods
Subjects
Ethics
Ethics approval was obtained from the Northern Sydney Local Health District Human
Research Ethics Committee for the patient recruitment, medical record access and the
experimental studies.
Written consent was obtained from all patients and healthy volunteers that were
studied.

Patients
Patients were recruited from a Multiple Sclerosis Clinic at Royal North Shore
Hospital, St Leonards, New South Wales, Australia. The patients were selected from
an ongoing list of patients identified by Medical Record Number which was obtained
from the Multiple Sclerosis Clinic between January 2012 and December 2013. Only
patients confirmed to have multiple sclerosis according to the 2010 revisions to the
McDonald criteria (Polman et al., 2011) and who had available MRIs of the brain and
spinal cord were considered. Patients with any multiple sclerosis subtype were
recruited. Patients greater than 18 years of age were considered for the study. Patients
were contacted via phone or in person during their Multiple Sclerosis Clinic
appointments.

Patient MRI analysis
A single clinician (then Neuroimmunology Fellow – Dr Yi-ching Lee) from the
Multiple Sclerosis Clinic at Royal North Shore Hospital obtained and analysed the
patients’ MRIs.
Routine MRIs were either available from the Royal North Shore Hospital electronic
medical records (PowerChart), accessed from external private imaging provider’s own
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Picture Archiving and Communications System (PACS) or obtained via CD from the
patient directly.
Lesions on MRI were manually counted, and the number of lesions was recorded into
a Microsoft Excel spreadsheet. The size or volume of lesions was not analysed. To
examine for brain lesions, the key MRI sequences analysed were sagittal and axial
FLAIR and T2-weighted images. To examine for spinal cord lesions, the key MRI
sequences analysed were sagittal proton-density, FLAIR and T2-weighted images and
axial T2-weighted images.

Patient group definitions
The key goal of this study was to determine if there is a topographical effect of lesions
on the excitability of the axons in the median nerve of patients with multiple sclerosis.
This would ideally involve comparing patients with lesions confined to the brain to
patients with lesions confined to the spinal cord. However, these patients form the
minority. The majority of patients have lesions both in the brain and spinal cord.
Brain
Patients with no identifiable lesions on MRI in the spinal cord were assigned to the
‘predominantly brain’ group.
Spinal
Patients with >55% lesions on MRI in the spinal cord were assigned to the
‘predominantly spinal’ group.
Mixed
Patients who had between 40 to 55% lesion on MRI in the spinal cord were assigned
to the ‘mixed brain and spinal’ group.

Healthy volunteers
Control subjects were healthy volunteers recruited by word of mouth and through an
online advertisement placed on the University of Sydney website. Healthy volunteers
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did not have a known history of neurological disease, peripheral neuropathy or
diabetes. They were all screened with routine nerve conduction study to exclude
peripheral nerve disorders such as polyneuropathy and carpal tunnel syndrome, and
had serum electrolytes tested. Only adults greater than 18 years of age were included
in the study.

Sample size and power analysis
Analyses were undertaken using Statistical Power Calculators available on the web,
(https://www.dssresearch.com/knowledgecenter/toolkitcalculators/statisticalpower
calculators.aspx, DSS Research Fort Worth, Texas). The analyses were based on data
for S2 accommodation for motor axons from Ng et al. (2008), mean 23.9%, SEM 0.54
for controls (n=50) and mean 27.3%, SEM 0.89 for patients (n=12).
To reproduce a significant increase in S2 accommodation at p=0.05 (as described by
Ng et al., 2008), 8 patients would give a power of 83% in a one tailed t-test. (A onetailed t-test is justified because the expected direction of change is known, and would
result in an increase in S2 accommodation.) Anticipating three groups, 24 patients
were recruited with multiple sclerosis. This sample size (n=24) should reveal a
significant increase in S2 accommodation at p=0.05, with a power of >95% in a one
tailed t-test. For the sub-groups, a sample size of 7 would give a power of 80% to reveal
a difference from controls in a one-sided t-test at p = 0.05.
However, to compare the different patient groups with different lesion sites, not
knowing the direction of change (hence a two-tailed t-test), equal groups of 6 patients
would have a power of 50%. This power figure is low, but according to the website
(https://www.dssresearch.com/KnowledgeCenter/toolkitcalculators/samplesizecalc
ulators.aspx) “a beta of 50% is used in most simple calculations of sampling error”.
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Research Visit
Patients and healthy volunteers came to the Neurophysiology Clinic at Royal North
Shore Hospital where the studies were conducted. The research visits typically took 1
to 2 hours. Upon arrival to the clinic, subjects provided written consent, underwent a
clinical examination, blood sampling, nerve conduction studies and nerve excitability
studies as described in further detail below.

Clinical Assessment
The assessment of the patients involved a directed history and physical examination.
For healthy volunteers, the default hand tested was the right hand. For patients, the
side that underwent nerve conduction studies and nerve excitability studies was the
side with most clinical symptoms or signs. Where the patient had no lateralising
symptoms, the right hand was selected for testing.
Specific details from the history that were recorded include:
•

Date of diagnosis

•

Onset of first symptoms

•

Duration since onset of symptoms

•

Current and past immunomodulatory therapy

•

Motor symptoms on the side to be tested (e.g. weakness, less dexterity,
stiffness)

•

Sensory symptoms on the side to be tested (e.g. numbness, paraesthesiae)

Specific details from the physical examination that were recorded include:
•

Muscle tone about the elbow joint and wrist on the side to be tested, assessed
as increased, normal or decreased

•

Strength of thumb abduction on the side to be tested, measured as per the
Medical Research Council grading

•

Sensory signs in the median nerve territory on the side to be tested
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The patient’s degree of disability was evaluated quantitatively using the Expanded
Disability Status Scale [EDSS] (Kurtzke, 1983). The EDSS involves assessment of the
patient’s ability to ambulate and the seven Functional Systems: pyramidal, cerebellar,
brain stem, sensory, bowel/bladder, visual and mental functions (Kurtzke, 1983).
Where possible, the most recent EDSS was obtained from the medical records from
the Multiple Sclerosis Clinic visit (where it is evaluated by a qualified neurologist or
advanced neurology trainee) within the last three months, where there was no history
of relapse or progressive symptoms since that visit. Otherwise the EDSS was evaluated
during the research visit with the help and supervision of Neuroimmunology Fellow
(Dr Yi-ching Lee) or Neurophysiology Fellow (Dr Jessica Hafner).
Evaluation of EDSS involved a detailed neurological assessment of the cranial nerves,
upper and lower limbs, combined with a neurological history the patient’s ability to
ambulate, mentation and bowel/bladder function. The EDSS calculator for Android
(https://www.rodanotech.ch/projects.html) was used to calculate the score, which
was then documented in Microsoft Excel 2010.
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Nerve Conduction Studies
As the nerve excitability studies were to be conducted on the median nerve, all
patients and healthy volunteers underwent routine nerve conduction studies to screen
for the common median mononeuropathy, carpal tunnel syndrome.
While the diagnosis of carpal tunnel syndrome is ultimately a clinical diagnosis,
electrodiagnostic studies are used as an aid to confirm or support a diagnosis. We
sought to screen for subjects with electrophysiological evidence highly suggestive of
carpal tunnel syndrome. This was to enable us to exclude subjects with possible
abnormalities from inclusion into the normative data and to identify patients that may
have an alternative contributing factor to explain any nerve excitability changes. This
was considered prudent even though there are no specific abnormalities in carpal
tunnel syndrome unless stimulation is distal or over the site of compression
(Cappelen-Smith et al., 2003).

Key equipment used to perform the nerve conduction studies:
•

Viking Nicolet EDX system (Natus, Middleton, Wisconsin, USA)
o

•

Comfort Probe Plus (CareFusion, Middleton, Wisconsin, USA)
o

•

Active recording, reference and ground electrodes

3M Red Dot Trace Prep(3M, Saint Paul, Minnesota, USA)
o

•

To deliver stimulus for sensory NCS

Disposable NCV Kit with Leads (CareFusion, Middleton, Wisconsin, USA)
o

•

Electrical stimulator probe used to deliver stimulus for motor NCS

Digital Ring Electrodes (CareFusion, Middleton, Wisconsin, USA)
o

•

Hardware system used to conduct NCS

Used to abrade the skin surface to improve contact with electrodes

Signacreme electrode cream (Parker Laboratories Inc, Fairfield, New Jersey,
USA)
o

Used to improve contact with electrodes
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•

Isopropyl alcohol spray and gauze
o

Used to clean the skin surface

The American Association of Neuromuscular and Electrodiagnostic Medicine
(AANEM) guidelines on electrodiagnostic studies in carpal tunnel syndrome
recommend as standard practice that median sensory nerve conduction studies are
performed as well as comparison studies with one other nerve in the same limb tested
(Jablecki et al., 2002). The carpal tunnel screening protocol in this study was
performed in accordance to AANEM guidelines (Jablecki et al., 2002) in the following
order summarised in Table 2 below.

Sensory NCS studies
Orthodromic sensory nerve conduction studies were performed first, evaluating digit
2 (median), digit 5 (ulnar), digit 4 (median and ulnar) and lastly digit 1 (median and
radial). Comparison of the findings for the median nerve with ulnar and radial nerves
on the doubly innervated digit 4 and 1 enabled us to control for potential confounders
such as age, gender, obesity, finger diameter and temperature, reducing the false
positives or negatives (Committee et al., 1993; Werner and Andary, 2011). A stimulus
recurring was delivered to the cutaneous sensory nerves via ring electrodes around
the finger tested, with the cathode placed around the proximal phalanx and anode
positioned around the distal interphalangeal joint. The negative recording electrode
was positioned at the wrist over the nerve tested, the positive electrode approximately
4cm proximally from the negative recording electrode and ground electrode on the
dorsal surface of the hand. Stimulus was increased gradually until the amplitude of
the sensory nerve action potential (SNAP) no longer increased (i.e. it was maximal).

Motor NCS studies
After the sensory studies, orthodromic motor nerve conduction studies were
performed to record the distal motor latency, to appropriate intrinsic muscles
innervated by the median nerve and ulnar nerves. The median nerve was stimulated
| Page 60 of 134

first at the level of the wrist and then at the cubital fossa, recording over abductor
pollicis brevis. After this the ulnar nerve was stimulated at the wrist, recording from
abductor digiti minimi. Stimuli were delivered using a probe electrode, with recording
electrodes placed over the belly of abductor pollicis brevis for median motor studies
or abductor digiti minimi for ulnar motor studies. The reference electrode was placed
distal to the active electrode on the proximal phalanx of digit 1 (median study) or digit
5 (ulnar study) and ground electrode on the dorsal surface of the hand. The stimulus
was increased in 10mA increments until the size of the compound motor action
potential (CMAP) elicited and its waveform no longer changed.
Table 2– Summary of the routine nerve conduction study used to screen for
compression of the carpal tunnel
Order

Sensory
or Motor

Stimulating site

1

Sensory

Digit 2

2

Sensory

Digit 5

3

Sensory

Digit 4

4

Sensory

Digit 4

5

Sensory

Digit 1

6

Sensory

Digit 1

7

Motor

8

Motor

9

Motor

Median nerve
(wrist)
Median nerve
(elbow)
Ulnar nerve
(wrist)

Recording site
Median nerve
(wrist)
Ulnar nerve
(wrist)
Ulnar nerve
(wrist)
Median nerve
(wrist)
Median nerve
(wrist)
Radial nerve
(wrist)
Abductor
Pollicis Brevis
Abductor
Pollicis Brevis
Abductor Digiti
Minimi

Approximate
conduction
distance
130 mm
110 mm

Documented
data
Conduction
Velocity
Conduction
Velocity

120 mm

Peak latency

120 mm

Peak latency

110 mm

Peak latency

110 mm

Peak latency

70 mm
As measured
60 mm

Distal motor
latency
Conduction
Velocity
Distal motor
latency
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Subjects were deemed to have a positive study, with electrophysiological evidence
highly suggestive of carpal tunnel syndrome, if:
•

Conduction velocity in digit 2 (median) was slower than in digit 5 (ulnar)
(Stevens, 1997), AND

•

Difference between peak latencies for digit 4 (median) and digit 4 (ulnar) was
≥ 0.4ms(Stevens, 1997), AND

•

Difference between peak latencies for digit 1 (median) and digit 1 (radial) was
≥0.4ms(Stevens, 1997).

Healthy volunteers with a positive nerve conduction study as defined above were
excluded from the study. Patients (n= 5) with positive nerve conduction studies were
noted for additional data analysis.
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Electrolytes
All patients and healthy volunteers had serum electrolytes, urea and creatinine tested
during the research visit. Aberrations in electrolytes, particularly serum potassium
levels, have been shown in previous studies (Kiernan et al., 2002; Kuwabara et al.,
2002; Kuwabara et al., 2007; Boërio et al., 2014) to affect excitability parameters,
particularly serum potassium levels.
Kiernan et al (2002) studied chronic renal failure patients before and after
haemodialysis, noting that axons seemed chronically depolarised. They found
reduced superexcitability, increased refractory period and “fanning in” of responses
during threshold electrotonus, and this correlated with the degree of hyperkalaemia
present before dialysis. These changes tended to normalise after dialysis. On the other
hand, the opposite was found in hypokalaemia (Kuwabara et al., 2002). Both Boërio
et al. (2004) and Kuwabara et al. (2007) found that in normal subjects with increasing
serum potassium, even when it remained within the normal range, there was reduced
superexcitability.
Biochemical findings were within normal limits but only potassium levels are reported
as it is the best documented parameter to affect measures in axonal excitability.
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Nerve Excitability
Setting up the procedure
Motor and sensory nerve excitability studies were performed on all healthy volunteers
and patients using a semi-automated threshold tracking technique, the TROND
protocol (Kiernan et al., 2000; Kiernan et al., 2001b). The protocol allows multiple
measures of excitability to be tested one after another, with the operator checking that
the threshold tracking is satisfactory and only intervening to change stimulus
intensity, repeat the tracking, terminate the study or move on to the next step. Motor
recordings require about 10-15 minutes and sensory recordings require about 20
minutes. After the maximum CMAP or SNAP is ascertained the sequence of
excitability properties measured in the TROND protocol is: 1. Stimulus-response
curve, 2. Strength-duration relationship, 3. Threshold electrotonus, 4. Current voltage
relationship, 5. Recovery cycle.
Key equipment used to perform the nerve excitability studies:
•

QtracS (©Professor Hugh Bostock, Institute of Neurology, University College
London, UK)
o

Software that runs semi-automated regular TROND NF protocol that
measures several excitability properties in succession

•

QtracP (©Professor Hugh Bostock, Institute of Neurology, University College
London, UK)
o

•

A plotting program that allows you to analyse the excitability data

Laptop computer
o

To run QtracS and QtracP software
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•

National Instruments 16-bit data acquisition Analogue-to-Digital system (NIUSB 6251, Austin, TX, USA)
o

Controlled by the laptop computer, the data acquisition system
converts electrical responses recorded from analogue to digital for
processing by QtracS and digitises stimulus waveform commands from
QtracS to Digitimer DS5

•

Digitimer DS5 isolated bipolar constant-current stimulator (Digitimer Ltd,
Welwyn Garden City, UK)
o

Laptop computer (mentioned earlier) running QtracS driving the
Digitimer DS5 to deliver an electrical stimulus to the subject

•

Humbug 50/60 Hz eliminator (Quest Scientific, North Vancouver, BC,
Canada)
o

Eliminates electrical interference (50Hz noise) in real time
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•

Bespoke preamplifier (Dr James Howells, Sydney, Australia)
o

Amplifies motor responses by 200 and sensory responses by 10,000
before they are fed into the Humbug noise eliminator

•

Disposable conductive adhesive gel electrodes (CleartraceTM, Conmed Corp,
Utica, New York, USA)
o

Attached to the subject’s skin and used to deliver the stimulus and
record responses

•

Disposable Ring Electrodes (CareFusion, Middleton, Wisconsin, USA and The
Electrode StoreTM, Enumclaw, Washington, USA)
o

Attached to the subject’s skin around digit 2 and used in the sensory
studies for antidromic recordings of the SNAP

•

Peripheral cables/leads
o

Used to connect devices with one another and to connect the electrodes
attached to the patient’s skin to the devices
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•

Temperature probe and handheld thermistor thermometer (Acorn® Temp 4
Meter, Oakton Instruments, Vernon Hills, Illinois, USA)
o

Attached to the skin close to the stimulus electrode (cathode) to
monitor temperature at the stimulus site.

•

3MTM Red DotTM Trace Prep (©3M, Saint Paul, Minnesota, USA)
o

To abrade the skin to improve contact with the disposable gel
electrodes

•

3MTMMicroporeTM Tape (3M, Saint Paul, Minnesota, USA)
o

To hold disposable gel electrodes and temperature probe in place
securely

•

Isopropyl Alcohol Spray and Gauze
o

Used to clean the skin surface

Figure 9 – The equipment and subject was connected as illustrated in the diagram,
reproduced from Howells 2013 PhD thesis with minor modifications (Howells, 2013).
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Skin preparation
The subject’s hand was cleaned thoroughly with alcohol and the skin surface at which
the electrodes were to be applied was abraded with 3M Red Dot Trace Prep (3M, Saint
Paul, Minnesota, USA) to improve contact with electrodes.
Temperature
Changes in temperature have been shown to have an effect on excitability parameters
in previous studies (Burke et al., 1999; Kiernan et al., 2001a). Burke et al. (1999) found
that cooling had the biggest impact on the recovery cycle, specifically prolonged
relative refractory period with lower temperatures, especially if below 32o C. This was
confirmed by Kiernan, Cikurel & Bostock (2001a) who in addition to this, noted that
hyperpolarising threshold electrotonus changed depending on the rate that
temperature changed. The clinical implication of this is that temperature should be
maintained at a stable temperature >32 o C before commencing the nerve excitability
study and should not be externallly altered if abnormal after the study has
commenced.
The subject’s skin temperature was monitored using a temperature probe that was
secured with 3M Micropore Tape (3M, Saint Paul, Minnesota, USA) to the surface of
the skin, positioned near the stimulation site at the wrist. Before beginning the nerve
excitability studies, the temperature was checked to ensure it was >32o C before
proceeding with the study. Where temperature reading was below this threshold, the
subject was warmed using warmed blankets. Temperature was monitored throughout
the nerve excitability study and the temperature reading during the recording of the
recovery cycle was documented as it is the most temperature sensitive measure.
Electrode placement
The electrode delivering the electrical stimulus consisted of a disposable conductive
adhesive gel electrode (Cleartrace, Conmed Corp, Utica, New York, USA) that was
placed on the inner wrist, near the wrist flexion crease over the median nerve (i.e. the
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cathode). The anode was placed 10 cm diagonal and proximal over the muscle on the
radial side of the forearm.
To obtain orthodromic motor recordings, a disposable conductive adhesive gel
electrode (Cleartrace, Conmed Corp, Utica, New York, USA) was placed over the belly
of the abductor pollicis brevis, the active recording electrode. The reference electrode
was placed distal to the active electrode on the proximal phalanx of digit 1. The ground
electrode was placed on the dorsal surface of the hand.
To obtain antidromic sensory recordings, a disposable ring electrode (CareFusion,
Middleton, Wisconsin, USA) was placed around the proximal phalanx of digit 2; this
was the “active” recording electrode. The “reference” recording electrode positioned
around the middle phalanx near the interphalangeal joint of digit 2.Note that, with
bipolar recordings and a differential amplifier, both electrodes are active and that the
recorded SNAP is the difference between the two recordings (Eduardo and Burke,
1988). The ground electrode was placed on the dorsal surface of the hand.

Figure 10 – Reproduced from Howells et al. (2013) with minor modification.(Howells et al., 2013)
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Recording of excitability parameters
A computerised threshold tracking technique was used to perform the nerve
excitability study. It was performed using QtracS software (Professor Hugh Bostock,
Institute of Neurology, University College London, UK) running the regular TROND
NF protocol.
The term “threshold” in the context of nerve excitability studies refers to the minimum
electrical current required to elicit an action potential from a single axon 50% of the
time or, with a population of axons, the minimum current required to elicit a
compound action potential of fixed size, usually 30 to 50% of the maximum (Bostock
et al., 1998; Burke et al., 2001; Lin et al., 2006). In this study, the target size was set
at 40% of the maximal size of the CMAP or SNAP.
The most valuable information about the excitability properties of a nerve are
obtained by comparing threshold changes to a test stimulus that changes in amplitude
(in the stimulus-response curve) or duration (for the strength-duration time constant)
or is conditioned by subthreshold currents (in the threshold electrotonus and current
voltage relationship) or supramaximal stimulus (in the recovery cycle). The threshold
changes are expressed as percentages of the control threshold (see later).
The term “threshold tracking” refers to the process of changing the strength of a
stimulus current upwards or downwards so that the response is equal or very close to
the target value. The control threshold, is derived using an unconditioned test
stimulus.
Stimulus-Response Curve
The stimulus-response curve is the first excitability property to be recorded and is
integral to the tracking of all other excitability properties. This is because in
measuring the stimulus response curve, the control threshold at the target response
level (~40% of the maximal CMAP or SNAP) is set, and the slope of the curve is used
to optimise threshold tracking for the rest of the study.
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A test stimulus 1 ms in duration for motor recordings and 0.5 ms in duration for
sensory recordings was delivered using the Digitimer DS5 isolated bipolar constantcurrent stimulator driven by the laptop running QtracS and the TROND protocol. The
test stimulus strength is increased upwards from zero in 2% steps until the CMAP or
SNAP reaches the maximal peak response. Following this, the computer generates the
stimulus-response curve by progressively decreasing the stimulus strength from the
intensity that produced the maximal CMAP or SNAP. The computer decreases the
stimulus strength progressively until the response is negligible. The computer then
draws a curve that fits the stimulus-response data obtained. At the target response
height of 40% of the maximum CMAP or SNAP, the stimulus-response slope is
determined. The slope of the stimulus-response curve is used throughout the rest of
the study to predict the amount of stimulus current required to change the recorded
response to the target size. By using the slope to predict the difference between the
actual and target response, the efficiency of threshold tracking is improved.
The control threshold (to an unconditioned test stimulus that is 1 ms duration for
motor or o.5 ms duration for sensory) is stored in channel 1 and used as a point of
comparison to conditioned thresholds generated in the subsequent steps.
Strength-Duration relationship
In the next step, the computer determines the relationship between the stimulus
strength and stimulus duration. It does this by delivering stimulus pulses of
progressively shorter duration, measuring the response generated at each stimulus
width, increasing the stimulus each step to keep the size of the test CMAP or SNAP at
the target size (40% of the maximal CMAP or SNAP). The computer automatically
delivers the following sequence of stimulus pulse widths for CMAP, 1, 0.8, 0.6, 0.4
and 0.2 ms, and for SNAP, narrower pulse widths of 0.5, 0.4, 0.3, 0.2, 0.1 ms. This
information is stored in a separate channel and compared to the control threshold
stored in channel 1. There is a hyperbolic relationship between stimulus strength (Y
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axis, mA) and duration (X axis, ms), but these data form a linear relationship when,
instead of stimulus current, stimulus charge is plotted against stimulus duration. The
computer plots the linear relationship between charge (Y axis, mA.ms) and stimulus
pulse duration (ms). From this linear plot, the strength-duration time constant, also
known as chronaxie, is the point at which the regression line crosses the X axis. The
rheobase is the slope of the line.
Threshold Electrotonus
The next part of the recording involves measuring the difference between the actual
and control thresholds, in response to prolonged sub-threshold depolarising and
hyperpolarising stimulus currents. Conditioning stimuli 100 ms in duration are
delivered on separate channels with the strengths of depolarising conditioning
currents set to +40% or +20% of the control threshold current and those of the
hyperpolarising conditioning currents to -40% or -20 % of the control. The computer
measures the threshold changes before the stimulus is delivered, while the 100 ms
long stimulus pulse is delivered and immediately afterwards for a further 100 ms, at
26 time points no greater than 10 ms apart. The stimulus is delivered in the following
sequence: 1. Test stimulus only (to provide control threshold for comparison), 2. Test
stimulus and 20% depolarising currents, 3. Test stimulus and 40% depolarising
currents, 4. Test stimulus and 20% hyperpolarising currents, 5. Test stimulus and
40% hyperpolarising currents. The stimulus is repeatedly delivered until at least three
acceptable threshold estimates are obtained. Acceptable or valid estimates are defined
as either within 15% of the control threshold or when there are two threshold
estimates above and below the target value. The result is graphed, with percentage of
reduction in threshold on the Y axis and time in milliseconds on the X axis. On
analysing the data, the computer calculates and records the average threshold
reduction (%) over specific time intervals: 10 to 20 ms, 40 to 60 ms, 90 to 100ms,
overshoot over a 20 ms period after cessation of hyperpolarising currents and
undershoot over a 20 ms period after cessation of depolarising currents. S2
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accommodation is calculated from the difference between the peak threshold
reduction (%) and the average threshold reduction (%) over the 90 to 100 ms period
in response to sub-threshold depolarising currents.
Current/Voltage Relationship
This step involves delivering even longer stimulus currents of 200 ms duration, at
strengths that are stepped at 10% increments from +50% (depolarising current) to 100% (hyperpolarising current) of the control threshold current. The threshold
change is measured at the end of the stimulus pulse (i.e., 200 ms after the onset of the
polarising current). The result is a plot of the injected current on the Y axis, expressed
as a percentage of the control threshold current, the resulting change in threshold (as
a percentage) on the X axis.
Recovery Cycle
The last excitability parameters recorded in the TROND protocol are those derived
from the recovery cycle. The computer measures the change in threshold produced by
a supramaximal conditioning stimulus. The time interval between the conditioning
(supramaximal) stimulus and the test (tracking) stimulus is altered progressively in a
logarithmic manner from 200 ms to 2 ms, such that 18 different interstimulus
intervals durations are tested. The stimulus is delivered in the following sequence: (i)
Test stimulus only (tracking the target), (ii) Supramaximal conditioning stimulus, (iii)
Supramaximal conditioning stimulus followed by the test stimulus (tracking the
target). To obtain the conditioned potential, the response from the supramaximal
conditioning stimulus in (ii) is subtracted from the response from (iii). Four
acceptable threshold estimates are obtained before the computer steps to the next
interstimulus interval.
The output is a graph with the threshold change (%) on the Y axis and the duration of
the interstimulus interval on the X axis. The recovery cycle curve has three phases, the
relative refractory period, superexcitability and late subexcitability. Key excitability
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measurements from the recovery are calculated by the computer. Relative refractory
period is the time in milliseconds where the recovery cycle curve crosses the X axis.
Superexcitability is calculated by averaging the three lowest consecutive greatest
changes in threshold. Conversely, late subexcitability is calculated by averaging the
three greatest threshold changes that occurred after an interstimulus interval of > 15
ms.

Data Analysis
The clinical information and nerve conduction study data were documented and
analysed in Microsoft Excel 2010.
For the nerve excitability studies, a plotting program, was used for analysing the data.
From the raw data files, .MEM files containing the results of single excitability study
and .MEF files containing the results of a group of .MEM files were created. Various
plots can then be created in QtracP from the .MEF files. Each waveform plot is made
up from an average of all the individual traces in the .MEF file.
Thirty-one excitability parameters were generated by QtracP. The data for normally
distributed parameters are reported as the mean ± standard error of the mean. Those
that do not conform to a normal distribution are reported using the geometric mean
and geometric standard deviation. Pearson product moment correlation coefficient
was used to perform the correlation analysis. The level at which a test was deemed
significant was set at p< 0.05.
Holm-Bonferroni correction
In scientific studies, findings are generally considered significant if their occurrence
has a probability of <0.05. When there is a family of comparisons (as in the current
studies), there is a risk that the more comparisons, the greater the risk that a “positive”
result will occur by chance – i.e., if there are 20 comparisons, there is a chance that
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one will have a probability of <0.05. This is referred to as the family-wise error rate,
the probability of making false (“type I”) errors when there are multiple comparisons.
The Bonferroni procedure adjusts the probability required to reject the null
hypothesis by correcting it for the number of comparisons in the “family”, equally for
all comparisons – i.e., the null hypothesis is rejected only if the adjusted p value is still
<0.05 when the uncorrected value is multiplied by n. This correction is generally
considered to be very conservative, and risks rejecting genuine differences because
the target probability is too low (thus creating a “type II error”).
The Holm method is uniformly more powerful than the Bonferroni correction (Holm,
1979). It involves a stepwise algorithm which orders the p values for each of the
comparisons and then applies, in sequence, a Bonferroni correction, decreasing n with
each step, as the preceding comparison has been eliminated. Thus, for the first
comparison the probability is adjusted by n, the second by n-1, and so on. If there are
15 comparisons ordered according to p value, an uncorrected probability of p<0.003
for the “most significant” comparison would be adjusted to 0.045, as in a standard
Bonferroni procedure, but the subsequent values would then be adjusted by n-1, n-2,
etc.
In the event of “significant” findings, corrections for multiple comparisons were made
using a Holm-Bonferroni correction, but as it happened few measures reached p <
0.05 in the uncorrected data (see “Correction of P values for multiple comparisons”
in Results section).
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Results
Characteristics of Subjects Studied
Healthy subjects (controls)
Normative data was collected from April to July 2013. All healthy volunteers who
underwent excitability studies had no known history of neurological disease, carpal
tunnel syndrome, other peripheral neuropathies or diabetes mellitus. Each
underwent a routine nerve conduction study, and none of them were positive for
carpal tunnel syndrome based on the criteria stated in the Methods section. For the
motor excitability studies, there were adequate studies for analysis for 28 healthy
volunteers (mean age 48 years; 13 F and 15 M). For the sensory excitability studies,
26 healthy volunteers (mean age 47 years; 11 F and 15 M) had adequate studies for
analysis. Data for healthy controls were recorded by a research team consisting of Dr
Jessica Hafner, Dr Yi-Ching Lee and the present candidate.
Table 3– Summary of characteristics of healthy volunteers studied
Motor Controls Sensory Controls
Number of subjects 28
26
Female / Male
13F / 15M
11F /15M
Mean age (years)
48
47
Age range (years)
22 to 73
22 to 73

Patients
From the ongoing list of patients from the multiple sclerosis clinic who had MRI
analysed by the neuroimmunology fellow (Dr Yi-Ching Lee) during the period from
January to December 2013, patients were contacted for recruitment in the study.
A total 24 patients (mean age 47 years; 17 F and 7 M) with multiple sclerosis were
studied. The difference in gender is unlikely to be important given that there are only
minor gender-related differences in axonal excitability (McHugh et al., 2011). Of
these, the ‘predominantly spinal group’ consisted of 8 patients, the mixed brain and
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spinal group consisted of 8 patients and the ‘predominantly brain group’ consisted of
8 patients based on lesions on the number of lesions identifiable on MRI.
Table 4 – Summary of characteristics of patients studied.

Criteria
Number of subjects
Female / Male
Mean age (years)
Age range (years)
Duration since
onset of symptoms
(years)
Mean EDSS
EDSS range

Predominantly
Brain Group
Zero lesions in
the spinal
cord
8
5F : 3M
42
27 to 54

Predominantly
Spinal Group
> 55% lesions
in the spinal
cord
8
5F : 3M
45
30 to 54

Mixed Brain
and Spinal
40-55% lesions
in the spinal
cord
8
7F: 1M
53
40 to 64

Total
Group

24
17F : 7M
47
27 to 64

11

11

17

13

0.9
0 to 1.5

2.5
1 to 6

4.8
1 to 7

2.8
0 to 7

-

Compared to the brain predominant group and the spinal predominant group, the
mixed brain and spinal group consisted of patients who had greater disability (mean
EDSS 4.8 as opposed to 0.9 or 2.5) and longer duration of disease (17 years as opposed
to 11). Four patients in the brain group, seven patients in the spinal group and seven
patients in the mixed brain and spinal group had sensory symptoms or signs in the
hand tested. One patient in the brain group, three patients in the spinal group and six
patients in the mixed brain and spinal group had increased muscle tone at the wrist
in the limb tested. Two patients in the brain group, three patients in the spinal group
and five patients in the mixed brain and spinal group had mild weakness of thumb
abduction in the hand tested (all scored 4 out of 5 on the UK Medical Research Council
scale). Seven of the brain group, seven of the spinal group and four of the mixed brain
and spinal group were on immunomodulatory therapy at the time of testing. The type
of immunomodulatory therapy is listed in Table 5 for the predominantly brain group,
Table 7 for the predominantly spinal group and Table 9 for the mixed brain and spinal
group.
None of the patients in the brain group had MRI evidence of lesions in the spinal cord.
All patients in the predominantly spinal group had ≥55% of lesions in the spinal cord.
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Patients in the mixed brain and spinal group had 40 to 55% of lesions in the spinal
cord. The number and percentage of lesions counted for each patient is also listed in
Table 5 for the predominantly brain group, Table 7 for the predominantly spinal group
and Table 9 for the mixed brain and spinal group.
With routine nerve conduction studies, 5 patients had neurophysiological evidence
suggestive of carpal tunnel syndrome based on the criteria stated in methods section.
The key measures from the nerve conduction studies are listed in Table 6 for the
predominantly brain group, Table 8 for the predominantly spinal group and Table 10
for the mixed brain and spinal group. The 5 patients with nerve conduction studies
suggestive of carpal tunnel syndrome are patient number 4b, 5b, 6s, 8s and 6m. None
had a known diagnosis of carpal tunnel syndrome, except patient 10s, who was
initially unaware of a past diagnosis of carpal tunnel syndrome until later
documentation of previous nerve conduction testing was found after her research
visit. Patient 4b complained of symptoms of paraesthesiae in the tested limb, and on
objective testing, a decrease in pinprick and temperature sensation was noted
throughout the hand including areas outside the median nerve distribution. Patient
5b did not have any sensory symptoms or signs in the tested limb. Patient 6s
complained of symptoms of intermittent numbness in digit 1 and 2 and on objective
testing was found to have decreased sensation to light touch and vibration sense in
digits 1 and 2. Patient 8s complained of constant paraesthesiae in the tested limb, and
on objective testing was found to have decreased pain and temperature sensation in
digits 2 to 5. Patient 6m had also complained of symptoms of constant paraesthesiae
in the tested limb, with a decrease in pinprick sensation in all digits. Studies of nerve
excitability provide data on axons at the site of stimulation. This is some 2 to 4 cm
proximal to the site of compression in carpal tunnel syndrome, and it is likely that
carpal tunnel syndrome would produce confounding changes at such a more proximal
site only in patients with severe long-lasting compression. On clinical and
neurophysiological grounds, no patients suffered from severe carpal tunnel
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syndrome. However, to identify (and control for) any confounding effects due to
carpal tunnel syndrome, analyses of the nerve excitability results including and
excluding these patients were performed.
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Patient
#

Age/Gender

1b
2b
3b
4b

49F
28F
27F
54M

Duration of
disease
(Years)
11
9
7
18

5b

36F

4

6b
7b
8b

43F
48M
53M

20
3
15

Table 5 – Predominantly brain group – clinical information
Tone

Immunomodulatory
Therapy

Objective
Normal
Normal
Objective

APB
Power
(MRC)
5
5
5
5

Normal
Normal
Normal
Increased

Interferon beta 1a
Natalizumab
Interferon beta 1a
Natalizumab

Total
Number of
lesions
21
46
10
29

1.0

Normal

4

Normal

Natalizumab

4

100

1.0
0.0
1.5

Objective
Normal
Objective

5
5
4

Normal
Normal
Normal

Teriflunomide
Nil
Natalizumab

6
6
26

100
100
100

Subtype

EDSS

Sensation

RRMS
RRMS
RRMS
RRMS
Balo’s
MS
RRMS
RRMS
RRMS

1.0
1.5
0.0
1.5

% of lesions
in the brain
100
100
100
100

APB = abductor pollicis brevis power rated 1 to 5 as per Medical Research Council scale. Sensation was either positive objectively on physical examination,
positive subjectively only in history (not positive on examination) or normal (no objective or subjective changes).

Table 6 – Predominantly brain group – nerve conduction study and serum potassium results
Patient #

D2
CV
m/s

D5 CV
m/s

Diff
D5-D2

1b
2b
3b
4b*
5b*
6b
7b
8b
MEAN

45
60
52
42
49
51
50
59
51

40
65
56
51
58
50
52
48
52

-5
5
4
9
9
-1
2
-11

D4
lat
Med
ms
3.8
2.6
2.8
3.6
3.2
2.8
3.6
3
3.2

D4 lat
Uln
ms

Diff
D4
Uln – Med

3.2
2.3
2.6
2.5
2.6
2.7
3.2
2.9
2.8

-0.6
-0.3
-0.2
-1.1
-0.6
-0.1
-0.4
-0.1

D1
lat
Med
ms
3.3
2.2
2.6
3.3
2.9
2.5
3.2
2.6
2.8

D1 lat
Rad
ms

Diff
D1
Rad – Med

APB
DML
ms

Med
CV
m/s

ADM
DML
ms

Potassium
(mmol/L)

3
2.2
2.9
2.4
2.2
2.5
3.1
2.7
2.6

-0.3
0
0.3
-0.9
-0.7
0
-0.1
0.1

4
2.9
3.3
4.4
3.8
3.5
3.6
3.2
3.6

50
60
59
50
53
53
54
51
54

2.9
2.3
2.5
2.8
2.7
2.3
2.9
2.6
2.6

4.8
4.1
4.4
4.0
4.5
4.5
4.1
3.8
4.3

* Patient may have carpal tunnel syndrome based on nerve conduction studies. The values in red raise possibility of abnormality.
D2 = digit 2, D5 = digit 5, CV = conduction velocity, Diff = difference, Lat = peak latency, Med = Median nerve, Uln = Ulna nerve, APB = abductor pollicis brevis,
ADM = abductor digiti minimi, DML = distal motor latency
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Patient
#

Age/Gender

1s
2s
3s
4s
5s
6s
7s
8s

43F
37F
53F
44M
52F
54M
30M
48F

Duration of
disease
(Years)
2
6.5
4
16
31
14
8
6

Table 7 – Predominantly spinal group – clinical information
Subtype

EDSS

Sensation

RRMS
RRMS
RRMS
RRMS
RRMS
SPMS
RRMS
RRMS

1.0
1.0
2.0
2.0
3.0
6.0
3.5
1.5

Subjective
Normal
Objective
Objective
Objective
Objective
Objective
Objective

APB
Power
(MRC)
5
5
4
5
4
5
4
5

Tone

Immunomodulatory
Therapy

Normal
Normal
Normal
Normal
Normal
Increased
Increased
Increased

Interferon 1b
Glatiramer Acetate
Fingolimod
Plasmapheresis
Fingolimod
Natalizumab
Fingolimod
Nil

Total
Number of
lesions
1
3
7
11
19
24
7
7

% of lesions
in the brain
100
100
57
64
68
63
57
86

APB = abductor pollicis brevis power rated 1 to 5 as per Medical Research Council scale. Sensation was either positive objectively on physical examination,
positive subjectively only in history (not positive on examination) or normal (no objective or subjective changes).

Table 8 – Predominantly spinal group – nerve conduction study and serum potassium results
Patient

D2 CV
m/s

D5 CV
m/s

Diff
D5-D2

1s
2s
3s
4s
5s
6s*
7s
8s*
MEAN

57
57
61
47
52
42
46
46
51

57
59
56
40
50
66
44
49
53

0
2
-5
-7
-2
24
-2
3

D4 lat
Med
ms

D4 lat
Uln
ms

Diff
D4
Uln – Med

D1 lat
Med
ms

D1 lat
Rad
ms

2.3
2.8
2.7
4.0
3.1
4.1
3.3
3.2
3.2

2.5
2.4
2.6
3.7
2.8
2.6
3.1
2.5
2.8

0.2
-0.4
-0.1
-0.3
-0.3
-1.5
-0.2
-0.7

2.2
2.6
2.5
3.4
2.8
3.7
2.9
2.9
2.9

2.2
2.8
2.7
3.2
2.8
2.8
3.0
2.5
2.8

Diff
D1
Rad –
Med
0.0
0.2
0.2
-0.2
0.0
-0.9
0.1
-0.4

APB
DML
ms

Med
CV
m/s

ADM
DML
ms

Potassium
(mmol/L)

2.8
4.0
3.3
4.0
3.3
4.8
4.2
3.8
3.8

55
66
61
46
56
51
51
56
55

2.2
3.0
2.8
3.0
3.3
3.0
4.0
2.8
3.0

5.1
4.0
4.2
4.2
4.2
4.0
3.9
4.0
4.2

* Patient may have carpal tunnel syndrome based on nerve conduction studies. The values in red raise possibility of abnormality.
D2 = digit 2, D5 = digit 5, CV = conduction velocity, Diff = difference, Lat = peak latency, Med = Median nerve, Uln = Ulna nerve, APB = abductor pollicis brevis,
ADM = abductor digiti minimi, DML = distal motor latency
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Patient
#

Age/Gender

1m
2m
3m
4m
5m
6m
7m
8m

58F
60F
41F
53M
62F
49F
64F
40F

Duration of
disease
(Years)
6
18
12.5
21
45
4
19
8

Table 9 – Mixed brain spinal group – clinical information
Subtype

EDSS

Sensation

PPMS
SPMS
PPMS
SPMS
SPMS
RRMS
SPMS
RRMS

5.5
6.5
6.5
7.0
6.5
1.5
4.0
1.0

Subjective
Normal
Objective
Objective
Objective
Objective
Subjective
Normal

APB
Power
(MRC)
4
4
4
5
4
5
4
5

Tone

Immunomodulatory
Therapy

Normal
Increased
Increased
Increased
Increased
Increased
Increased
Normal

Nil
Nil
Natalizumab
Rituximab
Nil
Nil
Fingolimod
Natalizumab

Total
Number of
lesions
18
4
18
25
16
5
16
12

% of lesions
in the brain
44
50
50
44
44
40
44
50

APB = abductor pollicis brevis power rated 1 to 5 as per Medical Research Council scale. Sensation was either positive objectively on physical examination,
positive subjectively only in history (not positive on examination) or normal (no objective or subjective changes).

Table 10 – Mixed brain spinal group – nerve conduction study and serum potassium results
Patient

D2 CV
m/s

D5 CV
m/s

Diff
D5-D2

1m
2m
3m
4m
5m
6m*
7m
8m
MEAN

43
41
72
44
47
45
57
56
51

43
37
53
44
49
53
56
59
51

0
-4
-19
0
2
8
-1
3

D4 lat
Med
ms

D4 lat
Uln
ms

Diff
D4
Uln – Med

D1 lat
Med
ms

D1 lat
Rad
ms

3.6
3.4
2.7
3.1
2.9
3.2
2.8
2.9
3.1

3.3
3.3
2.6
3.1
2.6
2.4
2.7
2.5
2.8

-0.3
-0.1
-0.1
0
-0.3
-0.8
-0.1
-0.4

3.2
3.1
2.5
3.1
2.5
2.8
2.5
2.7
2.8

3.3
3.1
2.7
3.2
2.2
2.4
2.4
2.5
2.7

Diff
D1
Rad –
Med
0.1
0.0
0.2
0.1
-0.3
-0.4
-0.1
-0.2

APB
DML
ms

Med
CV
m/s

ADM
DML
ms

Potassium
(mmol/L)

4.0
4.2
3.1
4.0
3.4
3.1
3.3
3.2
3.7

53
52
50
50
61
57
54
53
55

3.2
4.0
3.1
3.7
30
2.2
2.6
2.5
3.0

3.6
4.3
4.4
4.2
4.5
4.2
4.1
4.2
4.2

* Patient has carpal tunnel syndrome as per criteria stated in methods section
D2 = digit 2, D5 = digit 5, CV = conduction velocity, Diff = difference, Lat = peak latency, Med = Median nerve, Uln = Ulna nerve, APB = abductor pollicis brevis,
ADM = abductor digiti minimi, DML = distal motor latency
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Nerve Excitability Findings
Healthy controls
Motor excitability studies were of adequate quality for 28 subjects and sensory
excitability studies for 26 subjects. The temperature recorded during the recovery
cycle of the nerve excitability study was 33.1 ± 0.2 degrees Celsius for the motor
studies and 33.4 ± 0.2 degrees Celsius for the sensory studies. Serum potassium levels
were taken within sixty minutes of the nerve excitability study and the average
potassium level was 4.2 mmol/L.
The data for motor axons of the control group are presented in the literature review
(Figure 3, 5, 6, 7, 8). These data are comparable to those in the literature (e.g. Kiernan
et al. 2000).

Patients – basic data
From the 24 patients studied, satisfactory studies of the excitability of motor axons
were obtained for all 24 patients. For sensory studies, only 23 were of adequate quality
for inclusion. In one patient from the predominantly spinal group (patient number
6s) the sensory excitability nerve study could not be completed due to discomfort.
In the predominantly brain group (n=8 motor, n= 8 sensory), the temperature
recorded during the recovery cycle of the nerve excitability study was 33.2 ± 0.3
degrees Celsius for the motor studies and 32.9 ± 0.3 degrees Celsius for the sensory
studies. Average serum potassium level was 4.3 mmol/L for motor studies and 4.4
mmol/L for sensory studies.
In the predominantly spinal group (n= 8 motor, n= 7 sensory), the temperature
recorded during the recovery cycle of the nerve excitability study was 33.0 ± 0.3
degrees Celsius for the motor studies and 33.2 ± 0.2 degrees Celsius for the sensory
studies. Average serum potassium level was 4.2 mmol/L for motor studies and 4.3
mmol/L for sensory studies.

| Page 83 of 134

In the mixed brain and spinal group (n= 8 motor, n= 8 sensory), the temperature
recorded during the recovery cycle of the nerve excitability study was 33.1 ± 0.3
degrees Celsius for the motor studies and 33.5 ± 0.2 degrees Celsius for the sensory
studies. Average serum potassium level was 4.2 mmol/L for motor studies and 4.2
mmol/L for sensory studies.

Patients – comparison of the total multiple sclerosis patient group with
healthy subjects (controls)
The first aim of this thesis is to reproduce the changes in excitability of axons in the
median nerve of patients with multiple sclerosis, as described by Ng et al. (2008,
2013). The total cohort of patients studied (n = 24 for motor studies and n = 23 for
sensory studies) were compared with the healthy control group (n = 28 for motor
studies and n = 26 for sensory studies).
In the motor studies, the differences in stimulus response slope (p=0.0439) and
threshold electrotonus (when depolarising currents were applied) at 40-60ms
(p=0.0362) had uncorrected probabilities of <0.05 in unpaired t-tests. After a HolmBonferroni correction (see “Correction of P values for multiple comparisons” in
Results section), these findings were not statistically significant.
In the sensory studies, there were no statistically significant excitability indices in the
excitability indices.
In summary, the excitability of motor and sensory axons in the patients with multiple
sclerosis and healthy controls was similar. Specifically, there were no significant
differences between patients and controls in threshold electrotonus, current-voltage
relationship and the recovery cycles for motor and sensory fibres. The previously
reported findings by Ng et al. (2008, 2013) could not be confirmed. The findings are
illustrated in Table 11 and Figures 11 and 12.
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Table 11 – Patients with multiple sclerosis compared with healthy subjects (Controls) – Motor and Sensory excitability parameters

Excitability Parameter
Motor Patients
Motor Controls
P value
Sensory Patients
Sensory Controls
P value
Stimulus (mA) for 50% of maximum
5.31 x/ 1.09
4.675 x/ 1.09
p=0.3046
4.303 x/ 1.08
3.937 x/ 1.08
p=0.41576
Stimulus-response slope
5.131 x/ 1.04
4.351 x/ 1.07
p=0.04391*
2.606 x/ 1.05
2.44 x/ 1.05
p=0.37084
Peak response (mv)
6.229 x/ 1.1
6.77 x/ 1.11
p=0.57669
25.97 x/ 1.24
26.72 x/ 1.3
p=0.89493
Latency (ms)
6.508 ± 0.135
6.309 ± 0.109
p=0.25029
3.348 ± 0.0798
3.283 ± 0.0805
p=0.57906
Strength-duration time constant (µs)
0.4496 ± 0.0228
0.4694 ± 0.0219
p=0.54375
0.5716 ± 0.0252
0.5673 ± 0.0248
p=0.87197
Rheobase (mA)
3.556 x/ 1.09
3.032 x/ 1.1
p=0.229
1.936 x/ 1.09
1.729 x/ 1.1
p=0.37851
TEd(10-20ms) (%)
68 ± 0.755
66.91 ± 0.791
p=0.32958
63.32 ± 1.15
61.54 ± 0.788
p=0.19337
TEd(40-60ms) (%)
49.6 ± 0.861
47.34 ± 0.65
p=0.0362*
49.29 ± 1.64
46.33 ± 0.772
p=0.08942
TEd(90-100ms) (%)
43.57 ± 0.751
42.87 ± 0.862
p=0.56214
48.86 ± 1.61
46.46 ± 0.812
p=0.16699
TEd(undershoot) (%)
-19.36 ± 0.615
-20.65 ± 0.729
p=0.18543
-18.6 ± -0.7
-19.94 ± 0.62
p=0.18386
TEd(peak) (%)
67.58 ± 0.765
65.99 ± 0.756
p=0.14325
61.95 ± 1.44
59.54 ± 0.799
p=0.93189
TEd40(Accom) (%)
24.38 ± 0.594
24 ± 0.533
p=0.63444
13.92 ± 0.522
14.55 ± 0.51
p=0.39635
S2 accommodation (%)
24.02 ± 0.72
23.12 ± 0.623
p=0.14215
13.09 ± 0.639
13.07 ± 0.677
p=0.93189
Accommodation half-time (%)
39.71 ± 1.07
37.73 ± 0.835
p=0.74231
27.45 ± 1.63
26.94 ± 1.5
p=0.80552
TEh(10-20ms) (%)
-73.49 ± 0.961
-75.49 ± 1.24
p=0.21618
-80.27 ± 0.84
-82.24 ± 1.15
p=0.18393
TEh(20-40ms) (%)
-91.54 ± 1.4
-94.71 ± 1.99
p=0.21008
-100.1 ± 1.47
-102.6 ± 1.9
p=0.31289
TEh(90-100ms) (%)
-119.7 ± 3.23
-123.4 ± 4.3
p=0.51251
-122.2 ± 3.06
-125.1 ± 3.75
p=0.56184
TEh (overshoot) (%)
14.77 ± 0.75
16.17 ± 0.821
p=0.2198
15.01 ± 0.775
16.44 ± 0.671
p=0.16195
TEd20(peak) (%)
38.41 ± 0.621
38.36 ± 0.798
p=0.91902
40.93 ± 1.17
39.11 ± 0.723
p=0.17523
TEd20(10-20ms) (%)
35.7 ± 0.509
35.99 ± 0.63
p=0.7197
39.79 ± 1.11
38.57 ± 0.708
p=0.34921
TEh20(10-20ms) (%)
-36.68 ± 0.572
-37.52 ± 0.743
p=0.38743
-40.69 ± 0.88
-40.73 ± 0.623
p=0.92109
Resting I/V slope
0.6426 ± 0.0366
0.6337 ± 0.0455
p=0.85399
0.6118± 0.022
0.5768 ± 0.0182
p=0.21967
Minimum I/V slope
0.2435 ± 0.0084
0.2315 ± 0.0094
p=0.35399
0.2474 ± 0.0076
0.2459 ± 0.0085
p=0.86868
Hyperpol. I/V slope
0.3398 ± 0.0118
0.3343 ± 0.012
p=0.74231
0.3513 ± 0.0167
0.3631 ± 0.0244
p=0.71889
RRP (ms)
2.984 x/ 1.02
3.03 x/ 1.02
p=0.63278
3.224 x/ 1.04
3.287 x/ 1.04
p=0.70612
Refractoriness at 2.5ms (%)
22.08 ± 3.17
23.95 ± 3.24
p=0.68447
17.39 ± 2.82
20.83 ± 3.16
p=0.43866
Refractoriness at 2 ms (%)
72.58 ± 5.63
78.8 ± 6.64
p=0.48932
40.85 ± 2.79
43.5 ± 4.11
p=0.43866
Superexcitability (%)
-21.98 ± 0.912
-22.88 ± 1.41
p=0.61312
-15.95 ± 1.23
-16.18 ± 1.02
p=0.85956
Subexcitability (%)
17.86 ± 1.64
18.27 ± 1
p=0.81113
10.79 ± 0.812
9.962 ± 0.574
p=0.40052
Superexcitability at 5 (%)
-22.92 ± 0.931
-24.21 ± 1.41
p=0.47087
-16.28 ± 1.34
-16.29 ± 1.12
p=0.94354
Superexcitability at 7 (%)
-19.61 ± 1.1
-20.83 ± 1.41
p=0.51328
-15.2 ± 1.19
-15.57 ± 0.973
p=0.79753
Data expressed as mean +- or x/ standard error of the mean. Uncorrected P values reported. *Denotes value of statistical significance with p < 0.05.
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Patients with multiple sclerosis compared with healthy controls, motor nerve
excitability plots
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Figure 11 – Patients with multiple sclerosis compared with healthy subjects, motor excitability
studies. Patients (black), Healthy subjects (red) A: Current-Voltage relationship, B: ChargeDuration relationship, C: Threshold electrotonus, D: Recovery cycle
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Patients with multiple sclerosis compared with healthy controls, sensory nerve
excitability plots
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Figure 12 – Patients with multiple sclerosis compared with healthy subjects, sensory excitability
studies. Patients (black), Healthy subjects (red) A: Current-Voltage relationship, B: ChargeDuration relationship, C: Threshold electrotonus, D: Recovery cycle.
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The second aim of the thesis was to determine whether lesion site could explain the
changes in excitability of axons in the median nerve of patients with multiple sclerosis,
as described by Ng et al. (2008, 2013). The three patient groups had been divided
based on the predominant lesion location (summarised in Table 4 previously): brain,
spinal or mixed brain and spinal.

Patients – comparison of the 3 groups with healthy subjects (controls)
Each patient group was compared with the healthy subjects (controls) to determine if
changes found in previous studies in multiple sclerosis (Ng et al., 2008) and in
uniquely brain (Jankelowitz et al., 2007a; Huynh et al., 2014) or spinal cord disease
(Lin et al., 2007; Boland et al., 2011) could be found.
The following comparisons were made:
1. Predominantly brain group compared with healthy controls (Table 12,
Figures 13 and 14).
o

Motor studies – No excitability indices were significantly different.

o

Sensory studies – No excitability indices were significantly different.

2. Predominantly spinal group compared with healthy controls (Table 13,
Figures 15 and 16).
o

Motor studies – The difference in threshold electrotonus (when
subthreshold depolarising currents were applied) at 40-60 ms had an
uncorrected probability of <0.05 (p = 0.03501), using an unpaired ttest.

o

Sensory studies – The difference in stimulus current at 50% of
maximum (p = 0.04303), rheobase (p = 0.04469), threshold
electrotonus (when subthreshold depolarising currents were applied)
at 10-20ms (p = 0.02624), 40-60 ms (0.02878) and at the peak
(0.02515) had uncorrected probabilities of <0.05, using unpaired ttests.
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o

These isolated excitability indices did not survive a Holm-Bonferroni
correction (see “Correction of P values for multiple comparisons” in
Results section).

3. Mixed brain and spinal group compared with healthy controls (Table 14,
Figures 17 and 18).
o

Motor studies – No excitability indices were significantly different.

o

Sensory studies – No excitability indices were significantly different.

Patients – comparison of the 3 groups with each other
A comparison between the three patient groups was performed to determine if there
were any between group differences that were not identified when comparing to
healthy subjects. The following comparisons between the 3 groups of patient’s motor
and sensory studies were made:
1. Predominantly brain group compared with predominantly spinal
group (Table 15, Figure 19)
o

Motor studies–The difference in strength-duration time constant had
an uncorrected probability of <0.05 (p = 0.02502), using an unpaired
t-test.

o

Sensory studies –The difference in accommodation half time had an
uncorrected probability of <0.05 (p = 0.03101), using an unpaired ttest.

2. Predominantly brain group compared with mixed brain and spinal
group (Table 16, Figure 20).
o

Motor studies– No excitability indices were significantly different.

o

Sensory studies – The difference in stimulus response curve slope had
an uncorrected probability of <0.05 (p = 0.03827), using an unpaired
t-test.
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3. Predominantly spinal group compared with mixed brain and spinal
group (Table 17, Figure 21).
o

Motor studies–No excitability indices were significantly.

o

Sensory studies – The difference in stimulus at 50% of maximum had
an uncorrected probability of <0.05 (p = 0.03581), using an unpaired
t-test.

During the comparisons between the three groups, only isolated individual indices
had uncorrected probabilities <0.05. These values were not significant when a HolmBonferroni correction was applied (see “Correction of P values for multiple
comparisons” in Results section).
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Table 12 – Patients with lesions predominantly in the brain compared with healthy subjects (controls) – Motor and Sensory
excitability parameters

Excitability Parameter
Motor Brain
Motor Controls
P value
Sensory Brain
Sensory Controls
P value
Stimulus (mA) for 50% of maximum
5.009 x/ 1.17
4.675 x/ 1.09
0.70861
4.073 x/ 1.1
3.937 x/ 1.08
0.80786
Stimulus-response slope
4.883 x/ 1.08
4.351 x/ 1.07
0.39323
2.309 x/ 1.05
2.44 x/ 1.05
0.59401
Peak response (mv)
5.873 x/ 1.19
6.77 x/ 1.11
0.53389
27.15 x/ 1.31
26.72 x/ 1.3
0.92468
Latency (ms)
6.55 ± 0.167
6.309 ± 0.109
0.28582
3.42 ± 0.155
3.283 ± 0.0805
0.42988
Strength-duration time constant (µs)
0.5301 ± 0.0453
0.4694 ± 0.0219
0.20695
0.617 ± 0.0535
0.5673 ± 0.0248
0.36319
Rheobase (mA)
3.165 x/ 1.17
3.032 x/ 1.1
0.81278
1.759 x/ 1.14
1.729 x/ 1.1
0.88644
TEd(10-20ms) (%)
68.81 ± 1.1
66.91 ± 0.791
0.24056
61.52 ± 0.806
61.54 ± 0.788
0.93909
TEd(40-60ms) (%)
49.4 ± 1.5
47.34 ± 0.65
0.16301
47.55 ± 1.31
46.33 ± 0.772
0.47196
TEd(90-100ms) (%)
44.43 ± 0.758
42.87 ± 0.862
0.36264
47.29 ± 1.56
46.46 ± 0.812
0.64732
TEd(undershoot) (%)
-19.47 ± 1.25
-20.65 ± 0.729
0.44766
-17.82 ± 1.43
-19.94 ± 0.62
0.13673
TEd(peak) (%)
68.14 ± 1.29
65.99 ± 0.756
0.17893
60.47 ± 1.02
59.54 ± 0.799
0.58019
TEd40(Accom) (%)
24.4 ± 1.03
24 ± 0.533
0.72336
14.38 ± 0.805
14.55 ± 0.51
0.83899
S2 accommodation (%)
23.71 ± 1.51
23.12 ± 0.623
0.68073
13.18 ± 1.05
13.07 ± 0.677
0.89888
Accommodation half-time (%)
37.83 ± 1.64
37.73 ± 0.835
0.91199
24.68 ± 2.48
26.94 ± 1.5
0.4871
TEh(10-20ms) (%)
-75.11 ± 1.2
-75.49 ± 1.24
0.84887
-79.81 ± 1.06
-82.24 ± 1.15
0.30163
TEh(20-40ms) (%)
-93.76 ± 1.9
-94.71 ± 1.99
0.79521
-99.33 ± 2.55
-102.6 ± 1.9
0.41045
TEh(90-100ms) (%)
-121.8 ± 6.83
-123.4 ± 4.3
0.83026
-122.9 ± 5.6
-125.1 ± 3.75
0.77395
TEh (overshoot) (%)
14.63 ± 1.27
16.17 ± 0.821
0.37228
14.35 ± -1
16.44 ± 0.671
0.14077
TEd20(peak) (%)
39.63 ± 1.07
38.36 ± 0.798
0.44027
41.4 ± 2.1
39.11 ± 0.723
0.19809
TEd20(10-20ms) (%)
36.79 ± 0.676
35.99 ± 0.63
0.53297
40 ± 2.08
38.57 ± -0.708
0.4119
TEh20(10-20ms) (%)
-37.92 ± 0.659
-37.52 ± 0.743
0.77415
-40.46 ± 1.99
-40.73 ± 0.623
0.8419
Resting I/V slope
0.6055 ± 0.03
0.6337 ± 0.0455
0.74017
.6508 ± 0.0528
0.5768 ± 0.0182
0.10785
Minimum I/V slope
0.2524 ± 0.0198
0.2315 ± 0.0094
0.31419
0.2468 ± 0.0093
0.2459 ± 0.0085
0.91391
Hyperpol. I/V slope
0.3281 ± 0.0161
0.3343 ± 0.012
0.78886
0.3627 ± 0.0512
0.3631 ± 0.0244
0.94394
RRP (ms)
2.962 x/ 1.04
3.03 x/ 1.02
0.63623
3.163 x/ 1.1
3.287 x/ 1.04
0.66372
Refractoriness at 2.5ms (%)
23.32 ± 6.52
23.95 ± 3.24
0.88928
17.79 ± 7.62
20.83 ± 3.16
0.68674
Refractoriness at 2 ms (%)
71.31 ± 9.98
78.8 ± 6.64
0.58168
39.98 ± 6.88
43.5 ± 4.11
0.70134
Superexcitability (%)
-22.14 ± -1.74
-22.88 ± 1.41
0.7822
-15.2 ± 3.69
-16.18 ± 1.02
0.72113
Subexcitability (%)
17.88 ± 1.54
18.27 ± 1
0.83071
9.541 ± 1.43
9.962 ± 0.574
0.75488
Superexcitability at 5 (%)
-23.2 ± 1.79
-24.21 ± 1.41
0.72001
-15.56 ± 3.89
-16.29 ± 1.12
0.79136
Superexcitability at 7 (%)
-19.52 ± 2.09
-20.83 ± 1.41
0.65534
-14.68 ± 3.48
-15.57 ± 0.973
0.73053
Data expressed as mean +- or x/ standard error of the mean. Uncorrected P values reported. *Denotes value of statistical significance with p < 0.05.
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Patients with lesions predominantly in the brain compared with healthy
subjects (controls), motor nerve excitability plots
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Figure 13 – Predominantly brain group, motor excitability studies. Patients (black), Healthy
subjects (red) A: Current-Voltage relationship, B: Charge-Duration relationship, C: Threshold
electrotonus, D: Recovery cycle
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Patients with lesions predominantly in the brain compared with healthy
subjects (controls), sensory nerve excitability plots
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Figure 14 – Predominantly brain group, sensory excitability studies. Patients (black), Healthy
subjects (red) A: Current-Voltage relationship, B: Charge-Duration relationship, C: Threshold
electrotonus, D: Recovery cycle.
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Table 13– Patients with lesions predominantly in the spinal cord compared with healthy subjects (controls) – Motor and Sensory
excitability parameters

Excitability Parameter
Motor Spinal
Motor Controls
P value
Sensory Spinal
Sensory Controls
P value
Stimulus (mA) for 50% of maximum
6.131 x/ 1.13
4.675 x/ 1.09
0.13104
5.492 x/ 1.11
3.937 x/ 1.08
0.04304*
Stimulus-response slope
5.108 x/ 1.06
4.351 x/ 1.07
0.22043
2.841 x/ 1.13
2.44 x/ 1.05
0.21474
Peak response (mv)
7.65 x/ 1.13
6.77 x/ 1.11
0.57559
16.16 x/ 1.85
26.72 x/ 1.3
0.4138
Latency (ms)
6.551 ± 0.309
6.309 ± 0.109
0.44282
3.316 ± 0.147
3.283 ± 0.0805
0.83084
Strength-duration time constant (µs)
0.3965 ± 0.029
0.4694 ± 0.0219
0.10316
0.5683 ± 0.0384
0.5673 ± 0.0248
0.93332
Rheobase (mA)
4.237 x/ 1.12
3.032 x/ 1.1
0.08401
2.55 x/ 1.13
1.729 x/ 1.1
0.04469*
TEd(10-20ms) (%)
68.22 ± 1.4
66.91 ± 0.791
0.43918
66.43 ± 2.94
61.54 ± 0.788
0.02624*
TEd(40-60ms) (%)
50.46 ± 1.44
47.34 ± 0.65
0.03501*
52.75 ± 4.82
46.33 ± 0.772
0.02878*
TEd(90-100ms) (%)
43.66 ± 1.25
42.87 ± 0.862
0.66139
51.69 ± 4.75
46.46 ± 0.812
0.0717
TEd(undershoot) (%)
-19.23 ± 1.07
-20.65 ± 0.729
0.34465
-20.02 ± 1.38
-19.94 ± 0.62
0.91085
TEd(peak) (%)
68.11 ± 1.32
65.99 ± 0.756
0.18761
65.43 ± 4.02
59.54 ± 0.799
0.02515*
TEd40(Accom) (%)
24.53 ± 0.766
24 ± 0.533
0.63359
13.89 ± 1.22
14.55 ± 0.51
0.57664
S2 accommodation (%)
24.45 ± 0.774
23.12 ± 0.623
0.29299
13.74 ± 1.22
13.07 ± 0.677
0.65279
Accommodation half-time (%)
40.9 ± 2.1
37.73 ± 0.835
0.1028
32.37 ± 1.98
26.94 ± 1.5
0.08439
TEh(10-20ms) (%)
-71.49 ± 1.95
-75.49 ± 1.24
0.12052
-80.86 ± 2.09
-82.24 ± 1.15
0.58628
TEh(20-40ms) (%)
-89.68 ± 2.94
-94.71 ± 1.99
0.22102
-101.3 ± 3.46
-102.6 ± 1.9
0.74527
TEh(90-100ms) (%)
-118.4 ± 6
-123.4 ± 4.3
0.57501
-124.6 ± 5.83
-125.1 ± 3.75
0.90619
TEh (overshoot) (%)
15.41 ± 1.2
16.17 ± 0.821
0.65602
16.15 ± 1.98
16.44 ± 0.671
0.83548
TEd20(peak) (%)
38.3 ± 1.11
38.36 ± 0.798
0.91993
42.84 ± 2.73
39.11 ± 0.723
0.06215
TEd20(10-20ms) (%)
35.62 ± 1.03
35.99 ± 0.63
0.77072
41.19 ± 2.66
38.57 ± 0.708
0.17692
TEh20(10-20ms) (%)
-35.45 ± 1.21
-37.52 ± 0.743
0.18241
-41.3 ± 1.73
-40.73 ± 0.623
0.70258
Resting I/V slope
0.6135 ± 0.0379
0.6337 ± 0.0455(27)
0.80219
0.5619 ± 0.0346
0.5768 ± 0.0182
0.70645
Minimum I/V slope
0.2488 ± 0.0128
0.2315 ± 0.0094
0.36962
0.2421 ± 0.0159
0.2459 ± 0.0085
0.81903
Hyperpol. I/V slope
0.368 ± 0.0227
0.3343 ± 0.012
0.19088
0.3537 ± 0.0282
0.3631 ± 0.0244
0.83743
RRP (ms)
3.062 x/ 1.03
3.03 x/ 1.02
0.80745
3.321 x/ 1.05
3.287 x/ 1.04
0.85678
Refractoriness at 2.5ms (%)
24 ± 4.74
23.95 ± 3.24
0.94196
19.35 ± 4.04
20.83 ± 3.16
0.80318
Refractoriness at 2 ms (%)
76.42 ± 8.63
78.8 ± 6.64
0.83351
44.26 ± 4.27
43.5 ± 4.11
0.8883
Superexcitability (%)
-21.91 ± 1.52
-22.88 ± 1.41
0.72605
-16.4 ± 1.46
-16.18 ± 1.02
0.88011
Subexcitability (%)
17.05 ± 2.12
18.27 ± 1
0.58828
11.26 ± 1.73
9.962 ± 0.574
0.36655
Superexcitability at 5 (%)
-22.45 ± 1.57
-24.21 ± 1.41
0.53728
-16.07 ± 1.52
-16.29 ± 1.12
0.88556
Superexcitability at 7 (%)
-20.29 ± 1.92
-20.83 ± 1.41
0.82903
-15.98 ± 1.57
-15.57 ± 0.973
0.82192
Data expressed as mean +- or x/ standard error of the mean. Uncorrected P values reported. *Denotes value of statistical significance with p < 0.05.
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Patients with lesions predominantly in the spinal cord, compared with healthy
subjects (controls) motor nerve excitability plots
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Figure 15 – Predominantly spinal group, motor excitability studies. Patients (black), Healthy
subjects (red) A: Current-Voltage relationship, B: Charge-Duration relationship, C: Threshold
electrotonus, D: Recovery cycle.
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Patients with lesions predominantly in the spinal cord compared with healthy
subjects (controls), sensory nerve excitability plots
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Figure 16 – Predominantly spinal group, sensory excitability studies. Patients (black), Healthy
subjects (red) A: Current-Voltage relationship, B: Charge-Duration relationship, C: Threshold
electrotonus, D: Recovery cycle.
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Table 14 – Patients with lesions in brain and spinal cord (mixed) compared with healthy subjects (controls) – Motor and Sensory
excitability parameters

Excitability Parameter
Motor Spinal
Motor Controls
P value
Sensory Spinal
Sensory Controls
P value
Stimulus (mA) for 50% of maximum
4.875 x/ 1.18
4.675 x/ 1.09
0.80711
3.672 x/ 1.15
3.937 x/ 1.08
0.66688
Stimulus-response slope
5.415 x/ 1.07
4.351 x/ 1.07
0.09999
2.725 x/ 1.05
2.44 x/ 1.05
0.28024
Peak response (mv)
5.38 x/ 1.2
6.77 x/ 1.11
0.3139
37.61 x/ 1.14
26.72 x/ 1.3
0.49595
Latency (ms)
6.422 ± 0.235
6.309 ± 0.109
0.6437
3.305 ± 0.127
3.283 ± 0.0805
0.8646
Strength-duration time constant (µs)
0.4222 ± 0.0283
0.4694 ± 0.0219
0.29098
0.529 ± 0.035
0.5673 ± 0.0248
0.44534
Rheobase (mA)
3.353 x/ 1.19
3.032 x/ 1.1
0.62652
1.675 x/ 1.18
1.729 x/ 1.1
0.84348
TEd(10-20ms) (%)
66.96 ± 1.48
66.91 ± 0.791
0.92408
62.17 ± 1.45
61.54 ± 0.788
0.70076
TEd(40-60ms) (%)
48.95 ± 1.67
47.34 ± 0.65
0.29112
47.78 ± 1.09
46.33 ± 0.772
0.35143
TEd(90-100ms) (%)
42.61 ± 1.78
42.87 ± 0.862
0.85826
47.76 ± 1.06
46.46 ± 0.812
0.424
TEd(undershoot) (%)
-19.38 ± 1
-20.65 ± 0.729
0.39717
-18.29 ± 0.866
-19.94 ± 0.62
0.18384
TEd(peak) (%)
66.51 ± 1.45
65.99 ± 0.756
0.74595
60.21 ± 1.37
59.54 ± 0.799
0.68381
TEd40(Accom) (%)
24.23 ± 1.35
24 ± 0.533
0.83148
13.5 ± 0.805
14.55 ± 0.51
0.31232
S2 accommodation (%)
23.9 ± 1.48
23.12 ± 0.623
0.58719
12.45 ± 1.15
13.07 ± 0.677
0.65767
Accommodation half-time (%)
40.39 ± 1.83
37.73 ± 0.835
0.1534
25.56 ± 3.12
26.94 ± 1.5
0.67054
TEh(10-20ms) (%)
-73.88 ± 1.69
-75.49 ± 1.24
0.52979
-80.16 ± 1.27
-82.24 ± 1.15
0.35421
TEh(20-40ms) (%)
-91.17 ± 2.44
-94.71 ± 1.99
0.38231
-99.72 ± 1.9
-102.6 ± 1.9
0.43143
TEh(90-100ms) (%)
-119 ± 4.37
-123.4 ± 4.3
0.60826
-119.3 ± 5.12
-125.1 ± 3.75
0.44383
TEh (overshoot) (%)
14.28 ± 1.55
16.17 ± 0.821
0.28735
14.58 ± 1.01
16.44 ± 0.671
0.17012
TEd20(peak) (%)
37.28 ± 1.01
38.36 ± 0.798
0.51047
38.85 ± 1.17
39.11 ± 0.723
0.83686
TEd20(10-20ms) (%)
34.67 ± 0.841
35.99 ± 0.63
0.30626
38.36 ± 0.976
38.57 ± 0.708
0.85497
TEh20(10-20ms) (%)
-36.66 ± 0.946
-37.52 ± 0.743
0.57231
-40.38 ± 0.862
-40.73 ± 0.623
0.76766
Resting I/V slope
0.7089 ± 0.0997
0.6337 ± 0.0455
0.46077
0.6262 ± 0.0269
0.5768 ± 0.0182
0.17731
Minimum I/V slope
0.2292 ± 0.0095
0.2315 ± 0.0094
0.87171
0.2524 ± 0.0137
0.2459 ± 0.0085
0.70754
Hyperpol. I/V slope
0.3231 ± 0.0206
0.3343 ± 0.012
0.66253
0.3439 ± 0.023
0.3631 ± 0.0244
0.68245
RRP (ms)
2.931 x/ 1.04
3.03 x/ 1.02
0.49719
3.182 x/ 1.05
3.287 x/ 1.04
0.65864
Refractoriness at 2.5ms (%)
18.91 ± 5.64
23.95 ± 3.24
0.46747
15.09 ± 3.55
20.83 ± 3.16(25)
0.37367
Refractoriness at 2 ms (%)
70.02 ± 11.6
78.8 ± 6.64
0.53073
38.18 ± 3.87
43.5 ± 4.11(25)
0.52349
Superexcitability (%)
-21.89 ± 1.69
-22.88 ± 1.41
0.72457
-16.15 ± 1.31
-16.18 ± 1.02
0.93726
Subexcitability (%)
18.65 ± 4.4
18.27 ± 1
0.86672
11.39 ± 1.09
9.962 ± 0.574
0.25906
Superexcitability at 5 (%)
-23.12 ± 1.68
-24.21 ± 1.41
0.69944
-17.12 ± 1.72
-16.29 ± 1.12
0.72329
Superexcitability at 7 (%)
-19 ± 1.94
-20.83 ± 1.41
0.53101
-14.87 ± 1.28
-15.57 ± 0.973
0.72633
Data expressed as mean +- or x/ standard error of the mean. Uncorrected P values reported. *Denotes value of statistical significance with p < 0.05.
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Patients with lesions in brain and spinal cord (mixed) compared with healthy
subjects (controls), motor nerve excitability plots
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Figure 17 – Mixed brain and spinal group, motor excitability studies. Patients (black), Healthy
subjects (red) A: Current-Voltage relationship, B: Charge-Duration relationship, C: Threshold
electrotonus, D: Recovery cycle.
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Patients with lesions in brain and spinal cord (mixed) compared with healthy
subjects (controls), sensory nerve excitability plots
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Figure 18 – Mixed brain spinal group, sensory excitability studies. Patients (black), Healthy
subjects (red) A: Current-Voltage relationship, B: Charge-Duration relationship, C: Threshold
electrotonus, D: Recovery cycle.

| Page 99 of 134

Table 15 – Patients with lesions predominantly in the brain compared with patients with lesions predominantly in the spine – Motor
and Sensory excitability parameters

Excitability Parameter
Motor Brain
Motor Spinal
P value
Sensory Brain
Sensory Spinal
P value
Stimulus (mA) for 50% of maximum
5.009 x/ 1.17
6.131 x/ 1.13
p=0.31952
4.073 x/ 1.1
5.492 x/ 1.11
p=0.05419
Stimulus-response slope
4.883 x/ 1.08
5.108 x/ 1.06
p=0.65721
2.309 x/ 1.05
2.841 x/ 1.13
p=0.12905
Peak response (mv)
5.873 x/ 1.19
7.65 x/ 1.13
p=0.22856
27.15 x/ 1.31
16.16 x/ 1.85
p=0.43812
Latency (ms)
6.55 ± 0.167
6.551 ± 0.309
p=0.94571
3.42 ± 0.155
3.316 ± 0.147
p=0.6425
Strength-duration time constant (µs)
0.5301 ± 0.0453
0.3965 ± 0.029
p=0.02502*
0.617 ± 0.0535
0.5683 ± 0.0384
p=0.49042
Rheobase (mA)
3.165 x/ 1.17
4.237 x/ 1.12
p=0.15689
1.759 x/ 1.14
2.55 x/ 1.13
p=0.05346
TEd(10-20ms) (%)
68.81 ± 1.1
68.22 ± 1.4
p=0.74098
61.52 ± 0.806
66.43 ± 2.94
p=0.12968
TEd(40-60ms) (%)
49.4 ± 1.5
50.46 ± 1.44
p=0.62126
47.55 ± 1.31
52.75 ± 4.82
p=0.31979
TEd(90-100ms) (%)
44.43 ± 0.758
43.66 ± 1.25
p=0.61098
47.29 ± 1.56
51.69 ± 4.75
p=0.39996
TEd(undershoot) (%)
-19.47 ± 1.25
-19.23 ± 1.07
p=0.85577
-17.82 ± 1.43
-20.02 ± 1.38
p=0.29135
TEd(peak) (%)
68.14 ± 1.29
68.11 ± 1.32
p=0.93401
60.47 ± 1.02
65.43 ± 4.02
p=0.2538
TEd40(Accom) (%)
24.4 ± 1.03
24.53 ± 0.766
p=0.8862
14.38 ± 0.805
13.89 ± 1.22
p=0.73314
S2 accommodation (%)
23.71 ± 1.51
24.45 ± 0.774
p=0.67102
13.18 ± 1.05
13.74 ± 1.22
p=0.72988
Accommodation half-time (%)
37.83 ± 1.64
40.9 ± 2.1
p=0.26764
24.68 ± 2.48
32.37 ± 1.98
p=0.03101*
TEh(10-20ms) (%)
-75.11 ± 1.2
-71.49 ± 1.95
p=0.13333
-79.81 ± 1.06
-80.86 ± 2.09
p=0.66685
TEh(20-40ms) (%)
-93.76 ± 1.9
-89.68 ± 2.94
p=0.26255
-99.33 ± 2.55
-101.3 ± 3.46
p=0.65501
TEh(90-100ms) (%)
-121.8 ± 6.83
-118.4 ± 6
p=0.71677
-122.9 ± 5.6
-124.6 ± 5.83
p=0.81991
TEh (overshoot) (%)
14.63 ± 1.27
15.41 ± 1.2
p=0.66709
14.35 ± -1
16.15 ± 1.98
p=0.43806
TEd20(peak) (%)
39.63 ± 1.07
38.3 ± 1.11
p=0.40726
41.4 ± 2.1
42.84 ± 2.73
p=0.68374
TEd20(10-20ms) (%)
36.79 ± 0.676
35.62 ± 1.03
p=0.36554
40 ± 2.08
41.19 ± 2.66
p=0.72463
TEh20(10-20ms) (%)
-37.92 ± 0.659
-35.45 ± 1.21
p=0.09084
-40.46 ± 1.99
-41.3 ± 1.73
p=0.7525
Resting I/V slope
0.6055 ± 0.03
0.6135 ± 0.0379
p=0.84553
0.6508 ± 0.0528
0.5619 ± 0.0346
p=0.1724
Minimum I/V slope
0.2524 ± 0.0198
0.2488 ± 0.0128
p=0.85276
0.2468 ± 0.0093
0.2421 ± 0.0159
p=0.79766
Hyperpol. I/V slope
0.3281 ± 0.0161
0.368 ± 0.0227
p=0.17093
0.3627 ± 0.0512
0.3537 ± 0.0282
p=0.84447
RRP (ms)
2.962 x/ 1.04
3.062 x/ 1.03
p=0.51269
3.163 x/ 1.1
3.321 x/ 1.05
p=0.64907
Refractoriness at 2.5ms (%)
23.32 ± 6.52
24 ± 4.74
p=0.89359
17.79 ± 7.62
19.35 ± 4.04
p=0.83176
Refractoriness at 2 ms (%)
71.31 ± 9.98
76.42 ± 8.63
p=0.70349
39.98 ± 6.88
44.26 ± 4.27
p=0.60195
Superexcitability (%)
-22.14 ± -1.74
-21.91 ± 1.52
p=0.88483
-15.2 ± 3.69
-16.4 ± 1.46
p=0.74841
Subexcitability (%)
17.88 ± 1.54
17.05 ± 2.12
p=0.7502
9.541 ± 1.43
11.26 ± 1.73
p=0.4742
Superexcitability at 5 (%)
-23.2 ± 1.79
-22.45 ± 1.57
p=0.74988
-15.56 ± 3.89
-16.07 ± 1.52
p=0.86706
Superexcitability at 7 (%)
-19.52 ± 2.09
-20.29 ± 1.92
p=0.78015
-14.68 ± 3.48
-15.98 ± 1.57
p=0.72295
Data expressed as mean +- or x/ standard error of the mean. Uncorrected P values reported. *Denotes value of statistical significance with p < 0.05.
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Patients with lesions predominantly in the brain compared with patients with
lesions predominantly in the spine, motor nerve excitability plots
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Figure 19 – Predominantly brain group compared with predominantly spinal group, motor
excitability studies. Brain group (black), Spinal group (red) A: Current-Voltage relationship, B:
Charge-Duration relationship, C: Threshold electrotonus, D: Recovery cycle.
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Table 16 – Patients with lesions predominantly in the brain compared with patients with lesions in brain and spinal cord (mixed) –
Motor and Sensory excitability parameters

Excitability Parameter
Motor Brain
Motor Mixed
P value
Sensory Brain
Sensory Mixed
P value
Stimulus (mA) for 50% of maximum
5.009 x/ 1.17
4.875 x/ 1.18
p=0.87263
4.073 x/ 1.1
3.672 x/ 1.15
p=0.55347
Stimulus-response slope
4.883 x/ 1.08
5.415 x/ 1.07
p=0.35307
2.309 x/ 1.05
2.725 x/ 1.05
p=0.03827*
Peak response (mv)
5.873 x/ 1.19
5.38 x/ 1.2
p=0.73008
27.15 x/ 1.31
37.61 x/ 1.14
p=0.30079
Latency (ms)
6.55 ± 0.167
6.422 ± 0.235
p=0.6643
3.42 ± 0.155
3.305 ± 0.127
p=0.58134
Strength-duration time constant (µs)
0.5301 ± 0.0453
0.4222 ± 0.0283
p=0.06033
0.617 ± 0.0535
0.529 ± 0.035
p=0.18802
Rheobase (mA)
3.165 x/ 1.17
3.353 x/ 1.19
p=0.79667
1.759 x/ 1.14
1.675 x/ 1.18
p=0.80165
TEd(10-20ms) (%)
68.81 ± 1.1
66.96 ± 1.48
p=0.33566
61.52 ± 0.806
62.17 ± 1.45
p=0.71171
TEd(40-60ms) (%)
49.4 ± 1.5
48.95 ± 1.67
p=0.8265
47.55 ± 1.31
47.78 ± 1.09
p=0.86115
TEd(90-100ms) (%)
44.43 ± 0.758
42.61 ± 1.78
p=0.36461
47.29 ± 1.56
47.76 ± 1.06
p=0.78974
TEd(undershoot) (%)
-19.47 ± 1.25
-19.38 ± 1
p=0.9106
-17.82 ± 1.43
-18.29 ± 0.866
p=0.76692
TEd(peak) (%)
68.14 ± 1.29
66.51 ± 1.45
p=0.4204
60.47 ± 1.02
60.21 ± 1.37
p=0.85691
TEd40(Accom) (%)
24.4 ± 1.03
24.23 ± 1.35
p=0.88281
14.38 ± 0.805
13.5 ± 0.805
p=0.46062
S2 accommodation (%)
23.71 ± 1.51
23.9 ± 1.48
p=0.8895
13.18 ± 1.05
12.45 ± 1.15
p=0.65338
Accommodation half-time (%)
37.83 ± 1.64
40.39 ± 1.83
p=0.31523
24.68 ± 2.48
25.56 ± 3.12
p=0.8149
TEh(10-20ms) (%)
-75.11 ± 1.2
-73.88 ± 1.69
p=0.57045
-79.81 ± 1.06
-80.16 ± 1.27
p=0.82311
TEh(20-40ms) (%)
-93.76 ± 1.9
-91.17 ± 2.44
p=0.42061
-99.33 ± 2.55
-99.72 ± 1.9
p=0.87022
TEh(90-100ms) (%)
-121.8 ± 6.83
-119 ± 4.37
p=0.73406
-122.9 ± 5.6
-119.3 ± 5.12
p=0.64507
TEh (overshoot) (%)
14.63 ± 1.27
14.28 ± 1.55
p=0.83897
14.35 ± -1
14.58 ± 1.01
p=0.84694
TEd20(peak) (%)
39.63 ± 1.07
37.28 ± 1.01
p=0.12966
41.4 ± 2.1
38.85 ± 1.17
p=0.29289
TEd20(10-20ms) (%)
36.79 ± 0.676
34.67 ± 0.841
p=0.06795
40 ± 2.08
38.36 ± 0.976
p=0.49355
TEh20(10-20ms) (%)
-37.92 ± 0.659
-36.66 ± 0.946
p=0.29258
-40.46 ± 1.99
-40.38 ± 0.862
p=0.9198
Resting I/V slope
0.6055 ± 0.03
0.7089 ± 0.0997
p=0.33975
0.6508 ± 0.0528
0.6262 ± 0.0269
p=0.66489
Minimum I/V slope
0.2524 ± 0.0198
0.2292 ± 0.0095
p=0.31208
0.2468 ± 0.0093
0.2524 ± 0.0137
p=0.75424
Hyperpol. I/V slope
0.3281 ± 0.0161
0.3231 ± 0.0206
p=0.62184
0.3627 ± 0.0512
0.3439 ± 0.023
p=0.70082
RRP (ms)
2.962 x/ 1.04
2.931 x/ 1.04
p=0.82336
3.163 x/ 1.1
3.182 x/ 1.05
p=0.90987
Refractoriness at 2.5ms (%)
23.32 ± 6.52
18.91 ± 5.64
p=0.62184
17.79 ± 7.62
15.09 ± 3.55
p=0.73766
Refractoriness at 2 ms (%)
71.31 ± 9.98
70.02 ± 11.6
p=0.89426
39.98 ± 6.88
38.18 ± 3.87
p=0.80188
Superexcitability (%)
-22.14 ± -1.74
-21.89 ± 1.69
p=0.88393
-15.2 ± 3.69
-16.15 ± 1.31
p=0.78904
Subexcitability (%)
17.88 ± 1.54
18.65 ± 4.4
p=0.84614
9.541 ± 1.43
11.39 ± 1.09
p=0.32062
Superexcitability at 5 (%)
-23.2 ± 1.79
-23.12 ± 1.68
p=0.9245
-15.56 ± 3.89
-17.12 ± 1.72
p=0.70387
Superexcitability at 7 (%)
-19.52 ± 2.09
-19 ± 1.94
p=0.83494
-14.68 ± 3.48
-14.87 ± 1.28
p=0.91164
Data expressed as mean +- or x/ standard error of the mean. Uncorrected P values reported. *Denotes value of statistical significance with p < 0.05.
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Patients with lesions predominantly in the brain compared with patients with
lesions in brain and spinal cord (mixed), motor nerve excitability plots
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Figure 20 – Predominantly brain group compared with mixed brain and spinal group, motor
excitability studies. Brain group (black), Mixed brain and spinal group (green) A: CurrentVoltage relationship, B: Charge-Duration relationship, C: Threshold electrotonus, D: Recovery
cycle.
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Table 17 – Patients with lesions predominantly in the spine compared with patients with lesions in brain and spinal cord (mixed) –
Motor and Sensory excitability parameters

Excitability Parameter
Motor Spinal
Motor Mixed
P value
Sensory Spinal
Sensory Mixed
P value
Stimulus (mA) for 50% of maximum
6.131 x/ 1.13
4.875 x/ 1.18
p=0.28185
5.492 x/ 1.11
3.672 x/ 1.15
p=0.03581*
Stimulus-response slope
5.108 x/ 1.06
5.415 x/ 1.07
p=0.53529
2.841 x/ 1.13
2.725 x/ 1.05
p=0.74642
Peak response (mv)
7.65 x/ 1.13
5.38 x/ 1.2
p=0.12661
16.16 x/ 1.85
37.61 x/ 1.14
p=0.17205
Latency (ms)
6.551 ± 0.309
6.422 ± 0.235
p=0.73836
3.316 ± 0.147
3.305 ± 0.127
p=0.90958
Strength-duration time constant (µs)
0.3965 ± 0.029
0.4222 ± 0.0283
p=0.54128
0.5683 ± 0.0384
0.529 ± 0.035
p=0.46799
Rheobase (mA)
4.237 x/ 1.12
3.353 x/ 1.19
p=0.28337
2.55 x/ 1.13
1.675 x/ 1.18
p=0.05972
TEd(10-20ms) (%)
68.22 ± 1.4
66.96 ± 1.48
p=0.55304
66.43 ± 2.94
62.17 ± 1.45
p=0.19667
TEd(40-60ms) (%)
50.46 ± 1.44
48.95 ± 1.67
p=0.5122
52.75 ± 4.82
47.78 ± 1.09
p=0.30432
TEd(90-100ms) (%)
43.66 ± 1.25
42.61 ± 1.78
p=0.64083
51.69 ± 4.75
47.76 ± 1.06
p=0.40896
TEd(undershoot) (%)
-19.23 ± 1.07
-19.38 ± 1
p=0.88117
-20.02 ± 1.38
-18.29 ± 0.866
p=0.29816
TEd(peak) (%)
68.11 ± 1.32
66.51 ± 1.45
p=0.43477
65.43 ± 4.02
60.21 ± 1.37
p=0.21485
TEd40(Accom) (%)
24.53 ± 0.766
24.23 ± 1.35
p=0.82849
13.89 ± 1.22
13.5 ± 0.805
p=0.78016
S2 accommodation (%)
24.45 ± 0.774
23.9 ± 1.48
p=0.74386
13.74 ± 1.22
12.45 ± 1.15
p=0.46009
Accommodation half-time (%)
40.9 ± 2.1
40.39 ± 1.83
p=0.83377
32.37 ± 1.98
25.56 ± 3.12
p=0.09509
TEh(10-20ms) (%)
-71.49 ± 1.95
-73.88 ± 1.69
p=0.37296
-80.86 ± 2.09
-80.16 ± 1.27
p=0.76429
TEh(20-40ms) (%)
-89.68 ± 2.94
-91.17 ± 2.44
p=0.70126
-101.3 ± 3.46
-99.72 ± 1.9
p=0.68333
TEh(90-100ms) (%)
-118.4 ± 6
-119 ± 4.37
p=0.89791
-124.6 ± 5.83
-119.3 ± 5.12
p=0.51158
TEh (overshoot) (%)
15.41 ± 1.2
14.28 ± 1.55
p=0.58039
16.15 ± 1.98
14.58 ± 1.01
p=0.48277
TEd20(peak) (%)
38.3 ± 1.11
37.28 ± 1.01
p=0.51654
42.84 ± 2.73
38.85 ± 1.17
p=0.17908
TEd20(10-20ms) (%)
35.62 ± 1.03
34.67 ± 0.841
p=0.49378
41.19 ± 2.66
38.36 ± 0.976
p=0.31312
TEh20(10-20ms) (%)
-35.45 ± 1.21
-36.66 ± 0.946
p=0.44812
-41.3 ± 1.73
-40.38 ± 0.862
p=0.63043
Resting I/V slope
0.6135 ± 0.0379
0.7089 ± 0.0997
p=0.39018
0.5619 ± 0.0346
0.6262 ± 0.0269
p=0.15756
Minimum I/V slope
0.2488 ± 0.0128
0.2292 ± 0.0095
p=0.24152
0.2421 ± 0.0159
0.2524 ± 0.0137
p=0.63529
Hyperpol. I/V slope
0.368 ± 0.0227
0.3231 ± 0.0206
p=0.16253
0.3537 ± 0.0282
0.3439 ± 0.023
p=0.77946
RRP (ms)
3.062 x/ 1.03
2.931 x/ 1.04
p=0.41597
3.321 x/ 1.05
3.182 x/ 1.05
p=0.52
Refractoriness at 2.5ms (%)
24 ± 4.74
18.91 ± 5.64
p=0.50688
19.35 ± 4.04
15.09 ± 3.55
p=0.4492
Refractoriness at 2 ms (%)
76.42 ± 8.63
70.02 ± 11.6
p=0.6679
44.26 ± 4.27
38.18 ± 3.87
p=0.31422
Superexcitability (%)
-21.91 ± 1.52
-21.89 ± 1.69
p=0.94232
-16.4 ± 1.46
-16.15 ± 1.31
p=0.86766
Subexcitability (%)
17.05 ± 2.12
18.65 ± 4.4
p=0.7434
11.26 ± 1.73
11.39 ± 1.09
p=0.90707
Superexcitability at 5 (%)
-22.45 ± 1.57
-23.12 ± 1.68
p=0.76544
-16.07 ± 1.52
-17.12 ± 1.72
p=0.65639
Superexcitability at 7 (%)
-20.29 ± 1.92
-19 ± 1.94
p=0.64799
-15.98 ± 1.57
-14.87 ± 1.28
p=0.5974
Data expressed as mean +- or x/ standard error of the mean. Uncorrected P values reported. *Denotes value of statistical significance with p < 0.05.
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Patients with lesions predominantly in the spine compared with patients with
lesions in brain and spinal cord (mixed), motor nerve excitability plots
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Figure 21 – Predominantly spinal group compared with mixed brain and spinal group, motor
excitability studies. Spinal group (red), Mixed brain and spinal group (green) A: CurrentVoltage relationship, B: Charge-Duration relationship, C: Threshold electrotonus, D: Recovery
cycle.
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Excluding effects of carpal tunnel syndrome
A further analysis was performed excluding data from patients who were found to
have neurophysiological evidence of carpal tunnel syndrome.
In the predominantly brain lesion group, two had evidence suggestive of carpal tunnel
syndrome, patients 4b and 5b. We excluded these two patients from the analysis and
compared the remaining six non-carpal tunnel syndrome patients to the healthy
controls. No excitability parameter was significantly different (P <0.05) in the
uncorrected unpaired t-tests in the motor or sensory studies.
In the predominantly spinal lesion group, two had evidence of carpal tunnel
syndrome, patients 6s and 8s. We excluded these two patients from the analysis and
compared the remaining six non-carpal tunnel syndrome patients to the healthy
controls. Again, no excitability parameter was significantly different in the motor or
sensory study.
In the mixed brain spinal lesion group, one had evidence of carpal tunnel syndrome,
patient 6m. We excluded this patient from the analysis and compared the remaining
seven non-carpal tunnel syndrome patients to the healthy controls. Again, no
excitability parameter was significantly different in the motor or sensory study.
Finally, we combined the three groups into one, excluding the 5 patients (patient 4b,
5b, 6s, 8s, 6m) with possible carpal tunnel syndrome. These studies were not
significantly different from control data.
It can be concluded that patients who had neurophysiological evidence of carpal
tunnel syndrome did not affect the results of the excitability studies.
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Correlations with clinical features
The key excitability parameters identified by Ng et al. were S2 accommodation and
subexcitability in motor axons (Ng et al., 2008) and superexcitability in sensory axons
(Ng et al., 2013). A correlation analysis was therefore performed using Pearson’s
product correlation coefficient between these parameters against all other
parameters. No correlation was found.
Dot plots of these parameters were produced against the following clinical features:
duration of disease, EDSS, type of immunomodulatory therapy, and the presence of
motor or sensory symptoms or signs. No relationships were found.
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Correction of P values for multiple comparisons
Corrections for multiple comparisons were made using a Holm-Bonferroni
correction. Tables 11 to 17 contain 31 comparisons for motor axons (one family) and
31 for sensory axons (a second independent family). In Table 11, two values for motor
axons could be “significant” on uncorrected p values: 0.0362 and 0.04391, but, for
n=31, the corrected probability values are 1.0 for both. For sensory axons, none of the
uncorrected values were <0.05. In Table 13, for sensory axons, the uncorrected values
of 0.02515, 0.02624, 0.02878, 0.04304 and 0.04469 become 0.77965, 0.78720,
0.83462, 1.0 and 1.0. Isolated values in other Tables have corrected values that,
similarly, are not significant (0.02502 and 0.03101 in Table 15; 0.03827 in Table 16;
0.03581 in Table 17).
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Discussion
This thesis sought to confirm and clarify the cause of the excitability changes found in
motor and sensory axons in the peripheral nerve of patients with multiple sclerosis.
The starting place for this thesis came from studies performed in the same laboratory
by Ng et al. (2008, 2013). Prior to these two studies, only specific components of
peripheral nerve excitability had been tested in patients with multiple sclerosis and
the findings were not completely congruent. In addition to this, different excitability
changes were found in the motor and sensory axons in the patients with multiple
sclerosis studied by Ng et al., suggesting different underlying disease mechanisms.
One proposed mechanism suggested by Ng et al.’s findings in motor axons in patients
with multiple sclerosis was that downstream changes from central nervous lesions led
to changes in the motoneuron and thereby changes in the excitability of motor axons
of the peripheral nerve. At the same time, it was noted that different excitability
changes were found in studies of peripheral nerve excitability in other central nervous
system disorders, where lesions affected either the spinal cord only (Lin et al., 2007;
Boland et al., 2011) or the brain only (Jankelowitz et al., 2007a; Huynh et al., 2013;
Huynh et al., 2014; Park et al., 2014), unlike multiple sclerosis where lesions are
usually found in both the brain and spinal cord. As a result, it was proposed that the
site of the lesion in the central nervous system, spinal cord or brain, might determine
the particular change in excitability noted in the peripheral axons.
Consequently, the aims of this thesis were to, firstly, reproduce the data reported by
Ng et al. (2008, 2013), and secondly, compare groups of patients with different lesion
topography (with lesions distributed predominantly in the brain or spinal cord or
mixed) to see if excitability changes in the peripheral nervous system are related to
site of the lesion in the central nervous system.
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Nerve excitability in patients with multiple sclerosis were similar to
the findings in healthy subjects
The motor and sensory studies in this thesis did not replicate the excitability findings
reported by Ng et al. (2008, 2013).
To reproduce Ng et al’s previous nerve excitability findings, studies were performed
in patients with multiple sclerosis (24 motor and 23 sensory studies) and normal
healthy control subjects (28 motor and 26 sensory), using the same standard TROND
protocol used in their study. The studies in this thesis showed no significant
abnormalities in any of the excitability indices in motor or sensory axons of patients
with multiples sclerosis compared with healthy control subjects.
While this finding was unexpected, it is consistent with some of the pre-existing
literature. Of note, Misawa et al. (2008) performed studies of the recovery cycle and
threshold electrotonus in a large cohort of 60 patients with multiple sclerosis and
found the excitability changes to be similar to those found in the normal healthy
control group. In addition to this, Huynh et al. published a study in 2016 on the effects
of fampridine on axonal excitability in multiple sclerosis and reported no significant
differences in the any of the excitability indices at baseline (prior to the administration
of fampridine) in patients compared to healthy subjects.
Nevertheless, it is noted that Ng et al’s (2013) finding of reduced superexcitability in
sensory axons in patient with multiple sclerosis is supported by previous studies by
Eisen et al. (1982) and Shefner et al. (1992). However, Ng et al’s (2008) findings of
greater S2 accommodation and greater threshold undershoot to depolarising
currents and increased late subexcitability in the motor axons of multiple sclerosis
patients have not been reported, previously or since, in the literature. It should be
noted that the older studies did not study threshold electrotonus and did not use
threshold tracking.

| Page 110 of 134

The possible reasons underlying the differences in findings on axonal excitability
found in this thesis and Ng et al.’s work is discussed below.

Differences in disease severity (as measured by EDSS and duration of
symptoms)
It is possible that differences in the duration and severity of disease will produce
different peripheral nerve excitability changes in patients with multiple sclerosis.
There were marked differences in the average EDSS and duration of disease between
the cohort of patients studied in this thesis and the cohort studied by Ng et al. (2008,
2013). The cohort of patients studied in this thesis had less severe disease. They were
functionally less disabled, with average EDSS score of 2.8 compared with an average
of 4.6 in Ng et al. (2013). Beyond an EDSS of 4.5, patients have relatively severe
disability, requiring aids to mobilise (Kurtzke, 1983). They also had a marginally
shorter average duration of disease of 13 years compared with the 16 years in Ng et al.
(2013). It may be that peripheral nerve excitability changes become apparent only in
patients with more severe disease, as demonstrated by higher EDSS scores.
The idea that only in more severe disease are peripheral axons affected is supported
by the studies of Misawa et al. (2006) and Huynh et al. (2016), whose patients had
less severe disease when compared to Ng et al. (2008, 2013). As in this thesis, there
were no significant differences between excitability indices of patients versus healthy
subjects. The average EDSS was 3 in Misawa et al. (2006) and 3.4 in Huynh et al.
(2016) and 2.8 in the present studies. The average duration of disease in Misawa et al.
(2008) was 9 years. (The average duration of disease was not reported in the paper by
Huynh et al., 2016.)
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Of interest, Huynh et al. (2016) reported that:
“Baseline studies in MS patients demonstrated no significant
differences compared to age-matched controls aside from a trend
towards reduction in depolarizing threshold electrotonus at 90–
100 ms, TEd (90–100 ms) (MS patients 42.56 ± 0.98; controls
45.13 ± 0.86; p = 0.05). There was a non-significant trend
towards increased S2 accommodation in the MS cohort (MS
patients 24.48 ± 1.02; controls 22.27 ± 0.94, p = 0.12).”
It is noteworthy that decreased threshold at 90 – 100 ms in depolarizing threshold
electrotonus and increased S2 were the findings documented by Ng et al. (2008) in
motor axons of more severely disabled patients (see above).
It could be that in patients with less severe multiple sclerosis, the excitability of
peripheral nerve axons is relatively unaffected and thus are similar to that in healthy
people.

Differences in immunomodulatory treatments
It is worth considering whether immunomodulatory treatments can explain why the
studies of the patients in this thesis could not reproduce the excitability findings in Ng
et al. (2008, 2013). In Ng et al.’s 2013 study that found reduced superexcitability in
sensory axons of 21 patients with multiple sclerosis, average superexcitability was
markedly reduced in the 11 patients on immunomodulatory treatment (interferon
beta- 1a or 1b) whereas the 10 patients who were not on treatment only had slightly
reduced superexcitability compared to healthy subjects. However, they found no
association between treated and untreated groups in the excitability changes observed
in motor axons. It is thus unclear whether or not immunomodulatory treatment has
a direct or indirect effect on peripheral nerve excitability.
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Since Ng et al.’s study, many more immunomodulatory treatments, arguably stronger
and more effective in slowing the progression and hence severity of disease, have
become available and accessible to patients with multiple sclerosis. As such, when the
cohort of patients studied in this thesis are compared to those studied by Ng et al.’s,
there

are

notable

differences

between

the

proportion

of

patients

on

immunomodulatory treatment and the types of immunomodulatory treatments that
they are on. A higher proportion of patients studied in this thesis were on
immunomodulatory treatment compared to Ng et al.’s cohort (75% versus 52% of the
total cohort respectively). Of the 24 patients studied in this thesis, 6 were untreated
but 18 patients were receiving a wide range of often newer immunomodulatory
treatments. Of the 18 patients, 2 patients were on Interferon beta-1a, 1 patient was on
Interferon beta-1b, 1 patient on Glatiramer acetate, 7 patients were on Natalizumab, 1
patient on Teriflunomide, 4 patients on Fingolimod, 1 patient on Rituximab and 1
patient was having plasmapheresis. As no significant excitability changes were found
in the patients studied in this thesis, a higher proportion of whom were receiving
stronger immunomodulatory treatment than those studied by Ng et al., it is unlikely
that immunomodulatory therapy has a direct effect on peripheral nerve excitability.
Rather, it is more likely that the treatment contributed to the lesser functional
disability in the present cohort than that of Ng et al.’s discussed in the section above.

Other factors
Differences in axonal excitability of motor axons have been reported in control
subjects with age (Jankelowitz et al., 2007b; Bae et al., 2008; McHugh et al., 2011)
and gender (McHugh et al., 2011). Though significant these differences are relatively
small. Unless carefully matched, these could contribute to differences in the
excitability changes found in different studies. There are also likely to be differences,
particularly in Ih activity, associated with individual lifestyle differences (Pape, 1996;
Howells et al., 2012). Factors such as exercise and eating patterns could produce
differences in excitability in different racial groups. The phenotypic presentation of
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patients with multiple sclerosis (relapsing/remitting, secondary progressive and
primary progressive) could also be a factor confounding comparisons of different
studies.
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Conclusion
In this thesis, the 24 patients with multiple sclerosis were divided into three groups
(predominantly brain, spinal and mixed) based on the predominant location of their
lesions. The motivation for this was to determine whether lesion distribution within
the central nervous system could affect nerve excitability.
Not only was there no difference between the entire cohort and healthy subjects, there
were no differences between subgroups. Accordingly, a small difference in one
subgroup was not being masked by inclusion into the larger cohort of 24 patients. The
subgroups consisted of only 8 patients and this raises the question whether there was
sufficient power to demonstrate a difference (see below, Limitations).
The degree of disability as reflected in the EDSS is likely to be an important if not the
most important reason why different studies using threshold tracking have reported
positive and negative findings. However other factors could produce differences in
both the control and patient groups, and it is unlikely that disability is the sole factor.
An inconvenient finding in the present study is present in Table 4. Patients in the
mixed group had a mean EDSS score of 4.8 but did not have changes in axonal
excitability. The mean EDSS in Ng et al. (2008) was 5.8, but it was 4.6 in Ng et al.
(2013). Whether 8 patients are sufficient to reveal the expected changes is addressed
below under ‘Limitations’.
If disability is as important as suggested above, the efficacy of current
immunomodulatory therapy may well limit the opportunity to replicate the positive
findings of Ng et al. (2008, 2013) in future studies.
The conclusion that the positive findings of Ng et al. (2008, 2013) were found in more
severely afflicted patients implies that excitability studies cannot provide a biomarker
that could be useful in monitoring therapy or disease progression in less severely
afflicted patients, and that these studies will have limited clinical utility.
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Limitations
The total number of patients was adequately powered (>95%) to demonstrate a
significant increase in S2 accommodation when compared to control values (at
p<0.05). The power analysis was performed based on the motor S2 accommodation,
mean ± standard error 23.9±0.54 (i.e. standard deviation 3.82) for controls (n=50)
from Ng et al. (2008). The S2 accommodation values for controls (n=28) in this thesis
was 23.1±0.62 (i.e. standard deviation 3.28), similar to the values from Ng et al.
(2008). A cohort of 8 patients should have been sufficient to demonstrate an increase
in S2 accommodation compared to controls (power of 83%), given a one-tailed t-test.
However, a comparison between different subgroups of patients requires a two-tailed
t-test because the direction of change is unknown, and here questions can be raised
about the size of the subgroups.
If differences in the EDSS score are responsible for the failure to demonstrate an
increase in S2 accommodation in the present studies, significant changes might have
been expected in the mixed subgroup of patients (mean EDSS 4.8) given the power
calculations (see above). The fact that this was not found, suggests that other, as yet
unidentified factors may contribute as well.
It is a limitation that the study design required that the patient subgroups had lesions
largely restricted to the appropriate region, brain or spinal cord. By nature, this
required recruitment of patients with a lower total lesion load, and consequently,
lower overall EDSS (compare EDSS scores in Table 4). Nevertheless, the efficacy of
management of multiple sclerosis is now such that the present recruited patients may
well be more representative of the multiple sclerosis clinic population than those in
the studies Ng et al. (2008, 2013). Regardless, changes in axonal excitability are
unlikely to be an adequate biomarker in patients with early or controlled multiple
sclerosis.
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Where to from here?
Future studies could be directed to pursuing the changes seen by Ng et al. (2008,
2013) in larger and differently constituted subgroups of multiple sclerosis, perhaps
dividing by patients by disability or by clinical phenotypes (relapsing/remitting,
secondary progressive and primary progressive).
There are two reasons why this might be important. The first would be if the changes
described by Ng et al. had a functional consequence or illuminated the
pathophysiology the disease process. It is highly unlikely that subtle changes in axonal
excitability affect the ability of axons to conduct and it is therefore unlikely that they
have a significant functional consequence. However, the changes in excitability of
sensory axons were suggestive of an overflow of the immune response interfering with
the paranodal seal and thereby leading to a reduction in superexcitability(Ng et al.,
2013). If this could be substantiated, it implies that the inflammatory response of
multiple sclerosis is not purely central. The second reason why replicating the studies
of Ng et al. could be important is the hypothesis that changes in the excitability in the
motoneuron can be reflected in the motor axon. Here there is adequate precedent in
other diseases for this hypothesis.
An alternative to recruiting more patients with multiple sclerosis would be to study
different central diseases (such as neuromyelitis optica) or to contrast conditions
producing comparable degrees of disability. However, note that in previous studies of
nerve excitability in patients with central nervous system abnormalities, positive
findings were found in studies with just 12 patients (Ng et al., 2008), 11 patients
(Jankelowitz et al., 2007a), 8 patients (Tomlinson et al., 2012) and 6 patients (Park et
al., 2014). Hence this study was still probably sufficient to exclude that topography of
lesions is a major factor, and further studies examining the same hypothesis are
unlikely to be rewarding.
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