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Central Sensitization (CS) is the underlying neurophysiological adaptation that
contributes to the development of chronic pain pathologies. The nociceptive reflex (NR)
has been used to objectively measure of CS, however, its predominate use in the lower
limb may limit the ability to assess CS within cervical spine pathologies. The aim of this
thesis was to investigate technical considerations of the upper limb NR in detecting
changes in CS.
Study 1 observed a selective reduction of upper limb NR thresholds following the
experimental induction of CS, representing functional adaptations of the upper limb NR
through synergistic muscle responses to noxious stimuli. This provided the first
evidence of cervical CS detection via the upper limb NR threshold.
Study 2 verified an automated method of NR response detection, enabling the
assessment of NR thresholds in real time. This improved the feasibility of the NR
technique and provided a method to assess NR amplitudes in the upper limb.
Study 3 demonstrated the synergistic effect of heat and topical capsaicin in the
experimental induction of CS within the first 30 minutes of capsaicin application. This

provided a non-invasive method to experimentally induce varying levels of CS, and
subsequently study this effect on upper limb NR outcomes.
Study 4 observed no significant effect of induced CS on NR threshold, NR
amplitudes, or NR temporal summation amplitudes. This was most notably due to
observed habituation to repeated noxious stimuli. This unexpected finding underscores
the need to develop novel methods of noxious stimulus delivery in upper limb NR
assessments.
Collectively, this thesis provides methodological insight into the use of the upper
limb NR for the assessment of CS within cervical spine segments. These findings have
implications for future research aiming to elucidate underlying mechanisms of CS and
its manifestation across a profile of chronic pain pathologies
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Chapter 1: Introduction and Literature Review
1.1 Introduction
The prevalence of chronic pain in Canada is 18.9% (Schopflocher et al., 2011).
The estimated direct health care costs of chronic pain are over $6 billion per year, and
further costs due to lost economic productivity are over $37 billion per year (Choiniere et
al., 2010; Lynch, 2011). Currently, the common treatment of chronic pain with opioids
has led to an epidemic of addiction and overdose (Murthy, 2016). The opioid mortality
rate in Ontario, Canada doubled between 1991 and 2007 (King et al., 2014). The most
recent reports estimate a 27% increase in the number of hospitalizations due to opioid
poisoning in Canada over the last five years (Canadian Institute for Health Information,
December 2018). For these reasons, research advancing our mechanistic
understanding of chronic pain development and its subsequent management is a timely
priority for Canadians.
An important mechanism of chronic pain development is central sensitization
(CS) (Woolf, 2011). CS is an increased responsiveness of nociceptive neurons in the
central nervous system to their normal or sub-threshold afferent input (Loeser et al.,
2011). CS arises from persistent activation of nociceptive afferents, which leads to
NMDA receptor-mediated changes in neural excitability within the dorsal horn of the
spinal cord (Basbaum et al., 2009; Latremoliere et al., 2009). CS presents clinically as a
spectrum, manifesting from segmental sensitization and progressing to a generalized
widespread phenomenon (Arendt-Nielsen et al., 2018). CS contributes to the pain
1

phenotypes observed in a variety of chronic pain conditions including osteoarthritis
(Rice et al., 2015; Schaible, 2014), fibromyalgia (Desmeules et al., 2003), whiplash
(Banic et al., 2004; Curatolo et al., 2001), myofascial pain syndrome (Srbely et al.,
2010), and chronic headache (Burstein et al., 2000; Woolf, 2011). For these reasons,
advancing our understanding of CS mechanisms and its role in the pathophysiology and
clinical manifestation of chronic pain is an urgent and timely priority in the field of pain
research.
The assessment of CS is predicated on quantifying changes in the excitability of
the nociceptive system involved in CS development (Arendt-Nielsen et al., 2018; Woolf,
2011). The nociceptive reflex (NR) is an adaptable, polysynaptic spinal reflex that
produces an involuntary movement of an affected limb away from a noxious stimulus to
prevent tissue damage or injury (Kugelberg et al., 1960; Sandrini et al., 2005; Willer,
1977). The NR has been used as an objective measure of nociceptive excitability in
humans for over 40 years (Willer, 1977). The NR is primarily used in the lower limb
(Sandrini et al., 2005; Skljarevski et al., 2002) and has been used in the objective
assessment of experimentally induced CS (Andersen et al., 1995; Biurrun Manresa et
al., 2014; Gronroos et al., 1993) and in clinical populations within the profile of CS (Lim
et al., 2011). Several NR outcome measures have been employed within the lower limb
to assess CS, including NR thresholds, NR amplitudes, and NR temporal summation
thresholds and amplitudes.
NR thresholds are commonly reduced (Biurrun Manresa et al., 2014; Gronroos et
al., 1993) and NR amplitudes are increased (Andersen et al., 1996; Andersen et al.,
2

1995) following the experimental induction of CS. Temporal summation outcomes
assess NR responses to a series of stimuli compared to the single stimuli used in the
assessment of NR threshold or NR amplitude (Sandrini et al., 2005). NR temporal
summation measures are hypothesized to quantify the phenomenon of wind-up, a
NMDA receptor mediated amplification of nociceptive neurons that share pathways with
CS development (Arendt-Nielsen et al., 1994; Herrero, 2000). NR temporal summation
thresholds are decreased following the experimental induction of CS (Andersen et al.,
1996), while amplitudes of temporal summation are reduced following pharmacological
inhibition of CS pathways (Guirimand et al., 2000). In addition, reduced NR thresholds
have been reported in a variety of chronic musculoskeletal pain pathologies associated
with CS including fibromyalgia (Banic et al., 2004; Desmeules et al., 2003), whiplash
(Banic et al., 2004; Biurrun Manresa et al., 2013; Smith et al., 2014; Sterling et al.,
2010), osteoarthritis (Courtney et al., 2009), chronic low back pain (Biurrun Manresa et
al., 2013), and chronic headache (Sandrini et al., 2000). These collective observations
underscore the important contribution of the NR technique for the experimental
investigation, diagnosis, and management of CS and its manifestation within chronic
pain.
Despite the growing body of literature employing the NR technique in the lower
limb in the assessment of CS (Lim et al., 2011; Sandrini et al., 2005), very few studies
have investigated the NR technique in the upper limb. Furthermore, no previous studies
have employed the NR in the upper limb to detect changes in CS within the cervical
spine. Pathologies of the cervical spine such as whiplash (Banic et al., 2004; Curatolo et
3

al., 2001; Smith et al., 2014) and chronic headache (Sandrini et al., 2000) show reduced
lower limb NR thresholds. These reductions in NR thresholds are attributed to
widespread states of CS (Smith et al., 2013, 2014). This assessment of widespread CS
is supported by similar reductions in lower limb NR thresholds reported in numerous
pathologies such as low back pain (Biurrun Manresa et al., 2013), knee osteoarthritis
(Courtney et al., 2009; Courtney et al., 2010), and fibromyalgia (Desmeules et al.,
2003). These reduced lower limb NR thresholds in lower back pain and knee
osteoarthritis are attributed to segmental mechanisms of CS (Biurrun Manresa et al.,
2014; Biurrun Manresa et al., 2013; Gronroos et al., 1993). Conversely, reduced NR
thresholds in whiplash and fibromyalgia are attributed to widespread mechanisms of CS
(Banic et al., 2004; Desmeules et al., 2003). These findings fit within the theoretical
framework of the clinical presentation of CS as a spectrum, from segmental
sensitization to a widespread phenomenon (Arendt-Nielsen et al., 2018). However, the
lower limb NR technique does not provide an avenue to investigate the development
and progression of CS within the cervical spine. The development of a standardized
approach for quantifying the NR in the upper limb is vital to improving the understanding
of CS development within cervical spine pathologies.
The primary objective of this doctoral thesis was to develop a standardized
approach for applying the NR in the upper limb to detect changes in CS within the
cervical spine segments. This primary objective was addressed through a series of
studies, which investigated the effect of experimentally induced CS on the upper limb
NR thresholds, NR amplitudes, and NR temporal summation outcomes.
4

1.2 Thesis overview
Following this general introduction is a literature review of relevant topics. The
literature review is comprised of three main sections: i) central sensitization; ii) capsaicin
and the experimental induction of central sensitization; and, iii) the nociceptive reflex.
Following the literature review, the specific aims and hypotheses of the four studies that
contributed to this PhD thesis are outlined. Chapters 2 through 5 describe these four
studies in detail. Chapter 6 integrates the findings from these studies and provides a
general discussion, future research directions, and thesis conclusions.

1.3 Literature Review
1.3.1 Why Study the Assessment of Central Sensitization with the Nociceptive
Reflex?
The prevalence of chronic pain in Canada is a growing problem, with 18.9% of
Canadians afflicted at any given time(Schopflocher et al., 2011). Moreover, chronic pain
has massive economic impacts, with directs costs of over $6 billion per year and indirect
lost-time related costs upwards of $37 billion (Choiniere et al., 2010; Lynch, 2011).
Currently, the common treatment of chronic pain with opioids has led to an epidemic
(Murthy, 2016). Drastic increases in opioid prescriptions and related increases in
5

addiction, overdoses, and deaths have been observed over the last twenty years (King
et al., 2014). The opioid epidemic presents Canadians with an urgent need to improve
the treatment of chronic pain, and to better understand the underlying
neurophysiological adaptations that lead to debilitating chronic pain. This emphasizes
the importance of studying central sensitization (CS), a neurophysiological amplification
mechanism within the central nervous system that contributes to the pain phenotype
observed within a myriad of chronic pain pathologies (Arendt-Nielsen et al., 2018;
Woolf, 2011, 2018).
The current challenge in the study of CS is developing an objective quantification
method in humans. While there are a wide range of quantitative sensory techniques to
classify changes in sensory perception likely attributed to CS, there is no simple,
efficient, gold standard metric to assess the level of central excitability associated with
varying levels or states of CS in humans (Arendt-Nielsen et al., 2018). One of the most
prominent tools used over the last 40 years to assess changes in central excitability is
the nociceptive reflex (NR) (Willer, 1977). The NR provides an objective measure of
nociceptive excitability (Lim et al., 2011), and has reliably quantified changes in both
clinical pathologies with underlying CS (Banic et al., 2004; Biurrun Manresa et al., 2013;
Desmeules et al., 2003) and following the experimental induction of CS (Andersen et
al., 1995; Gronroos et al., 1993). However, the NR is primarily used in the lower limb
(Sandrini et al., 2005), limiting the ability to adequately assess changes in central
excitability related to the development of cervical spine pathologies. There remains a
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need to develop new methods of the NR technique in the upper limb to better assess
changes in CS within the cervical spine.
The purpose of this literature review is to provide an overview of central
sensitization and its quantification through the nociceptive reflex. This review will
include three main sections: i) central sensitization; ii) the effectiveness of capsaicin to
experimentally induce states of central sensitization; and iii) the nociceptive reflex.
Following an overview of CS, this review will discuss methodological concerns with the
use of capsaicin in the experimental induction of CS, as well as the current use and
limitations of the nociceptive reflex as a measure of both clinical and experimental
models of CS.

1.3.2 Central Sensitization
1.3.2.1 Overview
Central Sensitization (CS) is defined by the international association for the study
of pain (IASP) as “increased responsiveness of nociceptive neurons in the central
nervous system to their normal or sub-threshold afferent input” (Loeser et al., 2011). CS
is initiated by persistent nociceptive input from peripheral sensory afferents
(Latremoliere et al., 2009; Woolf, 2011). Persistent nociceptive input into the dorsal horn
of the spinal cord leads to a cascade of activity-dependent and cellular-mediated
increases in excitability of the dorsal horn, resulting in CS (Latremoliere et al., 2009;
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Woolf, 2011). CS presents as a spectrum, ranging from increased excitability in specific
spinal segments to more widespread states of sensitization spanning multiple spinal
segments/body regions (Arendt-Nielsen et al., 2018). Clinically, CS is the most likely
mechanism to explain observed dissociations between the reported pain phenotype and
observed tissue injury presented in numerous chronic pain pathologies (Arendt-Nielsen
et al., 2018; Woolf, 2011). The following sections of this review outline the cellular
mechanism of CS, its presentation in various clinical pathologies, and its assessment
and quantification in humans.

1.3.2.2 Anatomy
CS is initiated by persistent, peripheral nociceptive input into the dorsal horn of
the spinal cord (Woolf, 2011). Nociceptive sensory neurons have cell bodies in the
dorsal root ganglion (DRG) and project their afferents centrally to the spinal cord and
peripherally to several tissues (skin, muscle, joints, viscera) (Kandel et al., 2000). DRGs
project into the dorsal horn of the spinal cord in multiple lamina layers, labeled in
ascending order from dorsal to ventral (Kandel et al., 2000). These DRGs are
subdivided into classes based on their size, function, and myelination. Nociceptive
neurons are comprised of two main types: C-fibers and Aδ fibers (Kandel et al., 2000).
C-fibers are small diameter unmyelinated afferents that respond to mechanical tissue
damage, intense burning heat, and cold pain in the periphery. The C-fiber sensory
afferents synapse into in lamina layers I and II. Aδ fibers are small diameter myelinated
afferents responsible for sharp, pricking sensations and synapse into lamina layers I
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and V. Non-noxious stimuli are comprised of larger diameter afferents, such as Aβ
fibers, which are responsible for touch perception and synapse into deeper lamina
layers III, IV, and V (Basbaum et al., 2009). The functional organization of both distinct
and conversing sensory input into these lamina layers results in lamina layers I and II
primarily responding to noxious stimuli, lamina layers III and IV primarily responding to
non-noxious tactile stimuli, and lamina layer V responding to both noxious and nonnoxious stimuli (Basbaum et al., 2009). For this reason, neurons within lamina layer V
are often termed wide dynamic range (WDR) neurons (Basbaum et al., 2009), and are a
source for the phenomenon of referred pain. WDRs also contribute to the development
of sensory allodynia, painful responses to previously non-painful stimuli, and
hyperalgesia, increased painful responses to previously painful stimuli, observed in CS
(Woolf, 2011).
Following the synaptic projects of DRGs to the dorsal horn of the spinal cord,
nociceptive inputs from lamina layers I and V are the major outputs to the brain and
associated supraspinal regions of pain perception (Kandel et al., 2000). Two major
tracts of the ascending pathways of lamina I and V neurons are the spinothalamic and
spinomesencephalic tracts (Kandel et al., 2000). Spinothalamic tracts project to the
thalamus and are responsible for sensory-discriminative aspects of pain, with further
projections to areas such as the somatosensory cortex (Kandel et al., 2000; Mense et
al., 2010). The thalamus also projects to the anterior cingulate gyrus and the insular
cortex, which are involved in the affective component of pain perception (Kandel et al.,
2000; Mense et al., 2010). Spinomesencephalic tracts project to the mesencephalic
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reticular formation, the periaqueductal grey matter, and the parabrachial nucleus. The
parabrachial nucleus has further projections to the amygdala, a key aspect of the limbic
system and the affective aspects of pain perception (Kandel et al., 2000). Further
ascending pathways include: the spinoreticular tract, which transmit lamina VII and VIII
neurons to the thalamus and reticular formation, the cervicothalamic tract which arises
from the lateral cervical nucleus of the upper two cervical vertebrae, and terminates into
the thalamus, and the spinohypothalamic tract which projects directly to supraspinal
automatic control centers thought to activate cardiovascular responses to noxious
stimuli (Kandel et al., 2000).

1.3.2.3 Cellular Mechanisms of Central Sensitization
The cellular mechanisms of CS have been studied extensively in animal models,
with excellent reviews by Laremoliere & Woolf (2009), Basbaum (2009) and Mense &
Gerwin (2010). The persistent activation of peripheral nociceptive afferents initiates a
cascade of changes within the dorsal horn of the spinal cord that lead to CS (Woolf,
2011). Under normal conditions of activation, nociceptive DRG neurons release
glutamate and substance P (SP) from their central terminals, which binds to respective
α–amino-3-hydroxy-5methyl-4-isoxazoleproprionic acid (AMPA) and neurokinin 1 (NK1)
receptors in post synaptic neurons of lamina layers I, II, and IV of the dorsal horn of the
spinal cord (Latremoliere et al., 2009). Activation of AMPA and NK1 receptors increases
the flow of intracellular sodium (Na+), which depolarizes the post-synaptic neuron
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(Latremoliere et al., 2009). Glutamate is fast acting, and a primary method of synaptic
transmission from nociceptive afferents to the dorsal horn lamina layers, while SP is
slower acting, and results in a longer, diffuse, more widespread depolarization (Kandel
et al., 2000). The combined release of glutamate and SP onto respective AMPA and
NK1 receptors leads to a progressive depolarization of the dorsal horn of the spinal cord
(Mense et al., 2010). Provided this depolarization is substantial, action potentials will
propagate along spinothalamic tracts to the thalamus (Mense et al., 2010). From the
thalamus, projections to the primary sensory cortex provide sensory-discriminative
aspects of pain perceptions while projections to the anterior cingulate gyrus and insula
mediate the affective components of pain (Mense et al., 2010). This neural transmission
broadly describes the typical activation sequence and perception of noxious stimuli in
the central nervous system from peripheral noxious stimuli.
AMPA and NK1 receptors in the dorsal horn of the spinal cord transmit
nociceptive information from the periphery along ascending pathways, as described
above. Under conditions of prolonged noxious stimuli exposure, or a large barrage of
noxious stimuli from the periphery, nociceptive transmission includes glutamatergic Nmethyl-D-aspartate (NMDA) receptors in the dorsal horn of the spinal cord. NMDA
receptors typically contain magnesium (Mg+) blocks in their central channel (Mayer et
al., 1984). This Mg+ block limits the influx of Na+ and calcium (Ca2+), even in the
presence of glutamate. Under conditions of prolonged noxious stimuli exposure, the
continued activation of AMPA and NK1 receptors via the combined release of glutamate
and SP work to remove the magnesium (Mg+) block on N-methyl-D-aspartate (NMDA)
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receptors on the post-synaptic terminus (Latremoliere et al., 2009; Mayer et al., 1984).
The opening of NK1 channels via SP provides a longer, diffuse, and widespread
depolarization of dorsal horn neurons compared to AMPA receptor activation via
glutamate (Kandel et al., 2000). This widespread depolarization via SP greatly
contributes to the removal of the Mg+ block in NMDA receptors (Latremoliere et al.,
2009). The binding of glutamate to these now ‘open’ NMDA receptors increases the flow
of both intracellular Na+ and Ca2+ (Latremoliere et al., 2009). Intracellular Ca2+ is a key
secondary messenger in a series of phosphorylation and transcriptional steps to
increase membrane excitability in the dorsal horn of the spinal cord (Latremoliere et al.,
2009).
The increase in intracellular Ca2+ via NMDA receptors is the first step in the
development of CS as opposed to non-sensitized nociceptive transmission
(Latremoliere et al., 2009). Increased intracellular Ca2+ activates phosphorylation
kinases (protein kinase A (PKA) and protein kinase C (PKC)), which phosphorylate key
residues of NMDA and AMPA receptors, increasing their permeability and associated
membrane excitability (Carvalho et al., 2000; Leonard et al., 1997; Tingley et al., 1997).
Various converging phosphorylation pathways respond to the further increase in
intracellular Ca2+, and help to sustain CS. These include opening of Ca2+ channels
endoplasmic reticulum within the cell via PKC, phospholipase C (PLC), and extra
cellular signal regulating kinases (ERK) / mitogen activated protein (MAP) kinases
pathway (Latremoliere et al., 2009). ERK belongs to the family of MAP kinases and is
activated by the phosphorylation of upstream factors in response to increases in
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intracellular Ca2+ (Gao et al., 2009). ERK is mediated by most of the triggers of CS such
as NMDA and NK1 phosphorylated receptors (Latremoliere et al., 2009). ERK produces
translational and post-translational effects to sustain more long-term plastic changes
through increasing gene expression of c-Fos, NK1, tropomyosin receptor kinase B
(trkB), and cyclooxygenase-2 (Cox-2) (Ji et al., 2009). These translational effects
contribute to the long-term maintenance of CS (Latremoliere et al., 2009). While ERK is
a primary converging target of these phosphorylation changes, they can also occur
through cAMP response element binding protein (CREB) via PKA to promote
transcriptional changes in gene expression. Additionally, ERK and PKA also promote
the movement of phosphorylated AMPA receptors to the cell membrane, further
increasing membrane excitability (Latremoliere et al., 2009). Overall, there a number of
converging and parallel phosphorylation-based responses to intracellular Ca2+ that work
to i) increase the excitability of NMDA, NK1, and AMPA receptors, ii) move more AMPA
and NMDA receptors to the cell membrane, and iii) promote transcription factors that
produce long lasting sensitization of the synapse (Latremoliere et al., 2009).
The NMDA-dependent steps described for CS development within the dorsal
horn of the spinal cord are similar to those reported in long-term potentiation (LTP), a
process in which the hippocampus stores memories (Latremoliere et al., 2009). This
type of sensitization is referred to as homo-synaptic, where the synapse is
strengthened/sensitized through repeated use of that same synapse (Latremoliere et
al., 2009). Functionally, this phenomenon explains the observed primary hyperalgesia in
CS, which presents an increased pain response to previously painful stimuli within the
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primary region of painful pathology (Latremoliere et al., 2009). However, homo-synaptic
sensitization does not explain the regions of secondary hyperalgesia in CS, where
painful responses are observed from previously non-painful stimuli in regions
surrounding the primary affected region.
Secondary hyperalgesia arises from hetero-synaptic sensitization, where
nociceptive mediated sensitization within the dorsal horn has strengthened/altered
synapses besides the primary nociception involved in the initial sensitization
(Latremoliere et al., 2009). Glutamate responsive mGluR channels are a candidate for
this hetero-synaptic facilitation observed in CS (Latremoliere et al., 2009). These mGluR
channels are coupled to Ca2+ channels of the endoplasmic reticulum and are a
phosphorylation site of ERK during CS development (Derjean et al., 2003; Latremoliere
et al., 2009). The increased release of Ca2+ from the endoplasmic reticulum may spread
to neighboring synapses, thus providing hetero-synaptic sensitization (Latremoliere et
al., 2009).
Another candidate for this hetero-synaptic facilitation is nitric oxide, an effector of
numerous downstream mechanisms of CS development (Mense et al., 2010). Nitric
oxide easily diffuses to neighboring cells, which supports its role in the development of
hetero-synaptic facilitation. Additionally, the effects of NMDA and NK1 receptors on the
development of allodynia and hyperalgesia are stronger in the presence of nitric oxide,
making it a potent facilitator of CS development (Mense et al., 2010).
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Sensitization of WDR neurons within lamina V may provide a simpler explanation
for hetero-synaptic sensitization that leads to secondary hyperalgesia in CS. WDR
neurons receive inputs from both noxious and non-noxious stimuli and project up
spinothalamic tracts along with lamina I neurons (Kandel et al., 2000). The convergence
of tactile and nociceptive neurons within these WDR results in increased synaptic
transmission following tactile stimuli under conditions of CS (Basbaum et al., 2009).
Thus, sensitization of WDRs is a likely candidate for the expression of secondary
hyperalgesia, due to convergence of nociceptive and tactile inputs.
The development of secondary hyperalgesia via hetero-synaptic facilitation in CS
is also explained through pre-synaptic interactions in the dorsal horn of the spinal cord
(Cervero et al., 1996b; Cervero et al., 2003). Presynaptic inhibition of nociceptive
neurons via interneurons has been well documented since the original Gate Control
theory, developed my Melzeck and Wall (1965). Activation of tactile afferents provides
pre-synaptic inhibition of neighboring nociceptive afferents via primary afferent
depolarization of interneurons (Calvillo, 1978; Melzack et al., 1965). In normal states,
this primary afferent depolarization inhibits nociceptive afferent input (Calvillo, 1978).
Under states of CS, facilitation of this interneuron pathway results in dorsal root reflexes
(DRR) of neighboring nociceptive afferents (Cervero et al., 1996b). DRRs are
antidromic activity of nociceptive afferents that cause vasodilation through the release of
SP and calcitonin gene related peptide (CGRP) in the periphery (Cervero et al., 2003).
This release of SP and CGRP peripherally sensitizes nociceptive afferents in
neighboring regions of the primary nociceptive afferents driving CS (Cervero et al.,
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2003). Thus, DRRs of neighboring nociceptive neurons in the dorsal horn of the spinal
cord may also explain the hetero-synaptic facilitation observed in CS via secondary
hyperalgesia.
Collectively, multiple factors result in the observed regions of secondary
hyperalgesia via hetero-synaptic facilitation of the dorsal horn. The convergence of the
tactile and nociceptive inputs in WDR neurons is a likely region for the development of
secondary hyperalgesia (Basbaum et al., 2009). DRRs within neighboring nociceptive
afferents provide further mechanisms to explain secondary hyperalgesia development
though converging tactile and nociceptive inputs (Cervero et al., 2003). The diffuse
depolarizing effects of nitric oxide likely mediate the expansion of receptive fields within
the dorsal horn of the spinal cord (Mense et al., 2010). Additionally, increased Ca2+
release from the endoplasmic reticulum via mGluR channels may further sustain CS
development and expansion to neighboring regions (Latremoliere et al., 2009). It is
likely that some combination of these factors contributes to the development of
secondary hyperalgesia via hetero-synaptic facilitation of the dorsal horn of the spinal
cord in CS.

1.3.2.4 Wind-up and its Relationship to Central Sensitization
Wind-up is a frequency-dependent facilitation of neuron responses to repetitive
stimuli (Herrero, 2000; Mendell, 1966; Mendell et al., 1965). It was first observed as
frequency-dependent increases of spinal cord responses mediated by C-fibers
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(Mendell, 1966; Mendell et al., 1965), with very similar mechanisms of NMDA receptor
mediated activity dependent CS (Herrero, 2000). However, the ability to induce CS
without the development of wind-up suggests that despite wind-up and CS sharing
similar mechanisms (Li et al., 1999; Magerl et al., 1998), wind-up is not essential in the
development and progression of CS (Herrero, 2000; Woolf, 1996).
Wind-up was initially observed in the cat spinal cord, in response to the repetitive
activation of unmyelinated fibers with a frequency of 0.3-0.5 Hz (Mendell et al., 1965)
and has been confirmed in single dorsal horn neurons (Wagman et al., 1969) and
spinothalamic tract cells (Chung et al., 1979). Continuous stimuli within these frequency
ranges result in progressively increasing responses to stimuli, until a plateau after the
16th stimuli in dorsal horn lamina neurons (Schouenborg et al., 1983). Wind-up is also
observed from spinal reflex recordings of muscle responses following noxious stimuli
delivery, whether through measurements of motor neurons (Schouenborg et al., 1983;
Woolf et al., 1986) or from muscle electromyography (Gozariu et al., 1997; Herrero et
al., 1996b; Solano et al., 1997). Interestingly, wind-up assessed from spinal reflexes
from intact animals reveal plateaus between 8-10 stimuli (Schouenborg et al., 1983),
while decerebrate spinal animal models show increases beyond 16 stimuli, similar to
dorsal horn neuron preparations (Cook et al., 1986; Gozariu et al., 1997; Woolf et al.,
1986). This suggests that while peripheral nociceptive neurons have an upper plateau
for wind-up, the functional translation to muscle response, observed through reflexive
recordings, is partially mediated through descending pathways.
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The mechanisms of wind-up are theorized to be a result of NMDA receptor
activation through repetitive stimulation of both glutamate and SP within the dorsal horn
of the spinal cord (Herrero, 2000). Similarly to early stages of CS development,
repetitive stimuli and associated progressive depolarization of the dorsal horn through
glutamate and SP activation of AMPA and NK1 receptors leads to a removal of the Mg+
block of NMDA channels (Latremoliere et al., 2009). NMDA receptor agonists limit the
effects of wind-up (Woolf et al., 1991), and NK1 knockout mice do not demonstrate
wind-up (De Felipe et al., 1998). This suggests the wind-up dependency on NMDA
receptors may be closely related to SP rather than a progressive depolarization of the
dorsal horn through glutamate alone (De Felipe et al., 1998). The mechanism of this
action is likely though NK1 G-coupled protein activation of PKC to phosphorylate NMDA
receptors, removing the Mg+ block (Chen et al., 1992). While this mechanism is very
similar to the development of CS, studies have noted the development of CS in the
absence of wind-up (De Felipe et al., 1998; Woolf, 1996). This suggests wind-up and
CS share common SP and NMDA receptor mediated pathways, but the development of
CS does not depend on the initiation of wind-up.
It is not possible to directly record activity of the dorsal horn neurons in human
studies, and accordingly the assessment of wind-up has relied on the human correlate
of wind-up, termed temporal summation. The first observance of temporal summation in
humans was due to repeated electrical stimulation, with noted increases in perceptual
pain with inter-stimulus intervals between 1-3 seconds (Price, 1972). Intra-neural
recordings of C-fibers in humans have confirmed their role in the development of
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temporal summation (Lundberg et al., 1992). More recently, temporal summation has
been further observed through pinprick stimuli (Eide et al., 1996; Price et al., 1992), with
the initiation of temporal summation dependent on pinprick weight (Magerl et al., 1998).
Interestingly, temporal summation in humans is observed within the first 3-4 stimuli,
fewer than wind-up in animal studies (Herrero, 2000). A simplified measure of temporal
summation known as the wind-up ratio is commonly employed in human assessments
(Rolke et al., 2006). The wind-up ratio is the perceptual difference between the first and
last stimuli in a series of stimuli (Rolke et al., 2006). Normal amplification of wind-up
ratio in humans is approximately 1.6 times over a series of 10 stimuli (Herrero, 2000;
Rolke et al., 2006).
The measurement of temporal summation following the experimental induction of
CS in humans further supports separate but parallel mechanisms of wind-up and CS,
similar to animal studies (Herrero, 2000). Following the experimental induction of CS,
temporal summation measured via spinal reflexes was observed at lower stimulus
intensities (Arendt-Nielsen et al., 1996). However, the relative increases from the first to
last stimulus (wind-up ratio) did not change (Arendt-Nielsen et al., 1996; Magerl et al.,
1998; Pedersen et al., 1998). These findings are similar to those assessing perceptual
wind-up in humans (Magerl et al., 1998; Pedersen et al., 1998), and spinal nociceptive
reflex wind-up in animals (Herrero, 2000; Herrero et al., 1996a). Collectively, these
previous studies support the use of temporal summation outcomes in humans in the
assessment of CS, due to the shared NMDA receptor mediated pathways with CS
development (Arendt-Nielsen et al., 1994; Herrero, 2000).
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1.3.2.5 Clinical Presentation of Central Sensitization
CS is an underlying contributor to the pain phenotype of a variety of chronic pain
pathologies (Woolf, 2011). The neuroplastic changes within the dorsal horn of the spinal
cord previously outlined in the development of CS are initiated by persistent noxious
input and, if sustained for as little as 24 hours (Crosby et al., 2013), can persist without
continued input from the periphery (Latremoliere et al., 2009). The cascade of cellular
mechanisms that result in the progression of CS aligns with the transition from acute to
chronic pain (Basbaum et al., 2009; Latremoliere et al., 2009; Woolf, 2011). This is
further supported by evidence of CS in various chronic pain pathologies, such as
osteoarthritis, fibromyalgia, myofascial pain syndrome, and chronic headache (Woolf,
2011).
Individuals with osteoarthritis have lower pain thresholds in both affected joint
areas, and in areas of referred pain (Gwilym et al., 2009), supporting central pain
mechanisms responsible for the pain phenotype. Reductions in pain threshold at the
osteoarthritic joint, and in referred regions, do not correlate with radiographic findings of
disease progression (Carlesso et al., 2017; Cubukcu et al., 2012). Recently, animal
models of spinal OA have revealed increased expression of SP in segmentally linked
muscle tissues, while remote tissues showed no difference in SP expression (Duarte et
al., 2018). These findings suggest underlying cellular mechanisms of osteoarthritic pain
are driven through CS mechanisms.
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Individuals with fibromyalgia have altered heat and cold thresholds and reduced
NR thresholds (Desmeules et al., 2003), suggesting CS as an underlying mechanism.
Furthermore, temporal summation to both mechanical and thermal stimuli is increased
in fibromyalgia; lower thresholds of stimuli are required to elicit temporal summation like
responses, and the elicitation of temporal summation responses in both the hands and
feet were suggested as evidence of widespread CS in fibromyalgia patients (Staud et
al., 2003; Staud et al., 2007).
Myofascial pain syndrome has been long hypothesized to be caused by
peripheral injury to muscles that resulted in painful nodules known as trigger points
(Simons, 2004). Recently, an alternative theory was proposed that suggests the
development of myofascial pain may be due to CS mechanisms (Srbely et al., 2010).
Trigger point sensitivity was segmentally increased following the experimental induction
of CS in human participants, suggesting a link between CS and trigger point sensitivity
(Srbely et al., 2010). Further work is needed in the field of myofascial pain to better
understand the causal link between CS and trigger point development.
Headache and chronic migraine / cluster headaches have been associated with
CS (Woolf, 2011). Roughly 79% of patients with migraine headaches reported
cutaneous allodynia during migraine attacks, suggesting underlying CS mechanisms of
their pain phenotype (Burstein et al., 2000). More objective measures of CS in cluster
headaches have been reported through measures of NRs, with reduced lower limb NR
thresholds relating to the side of cluster headache pain (Sandrini et al., 2000).
Additionally, patients with migraine and tension-type headache have reduced pressure
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thresholds, pinprick sensitivity, and reduced NR thresholds (Buchgreitz et al., 2006).
These findings are indicative of changes in nociceptive sensitivity related to CS within
migraine, tension, and cluster headache.
Overall, numerous chronic pain pathologies present similar changes in
neurophysiological and sensory-based measures of CS, including: sensory allodynia,
heat and cold sensory/pain thresholds, mechanical pain thresholds, wind-up ratios, and
NR thresholds. There is overwhelming evidence to suggest that CS is a common
underlying neurophysiological mechanism driving the pain phenotype in a variety of
chronic pain disorders.

1.3.2.6 Assessment and Quantification of Central Sensitization
The assessment of CS in humans and animals typically involves two key
aspects; the quantification of increased excitability within the dorsal horn neurons (via
direct or indirect measures); and the expansion of receptive fields within the dorsal horn
(observed as secondary hyperalgesia) (Woolf, 2011). Increased excitability of dorsal
horn neurons can be directly assessed in animal preparations through neural recordings
of dorsal horn neurons or through recordings of efferent motor neuron reflexes (Mendell
et al., 1965; Schouenborg et al., 1983; Wagman et al., 1969; Woolf, 2011). However,
direct spinal cord measurement through decerebrate or intact spinal preparations are
not feasible in humans, requiring indirect measures of spinal excitability to quantify CS.
Two notable techniques to indirectly assess dorsal horn excitability in humans are the
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nociceptive reflex (NR) (Lim et al., 2011; Sandrini et al., 2005) and contact heat evoked
potentials (CHEP) (Madsen et al., 2014; Madsen et al., 2012b).
The NR uses electromyography to assess muscle reflex responses to electrical
noxious stimuli delivered transcutaneously to peripheral nociceptive neurons or nerve
roots (i.e. sural nerve) (Sandrini et al., 2005; Willer, 1977). The NR threshold is reduced
following the experimental induction of CS (Biurrun Manresa et al., 2014; Gronroos et
al., 1993). Reductions in NR thresholds are also observed in pathologies with
underlying CS (Woolf, 2011), such as fibromyalgia ((mean±SD): 8.9±6.1 mA) (Banic et
al., 2004), whiplash (10.5±5.41 mA) (Banic et al., 2004), and low back pain ((median
(IQR)): 10.3 (7.3-14.7) mA) (Biurrun Manresa et al., 2013) compared to healthy controls
(16.2±3.7 mA) (Neziri et al., 2010a). The similarly reduced NR thresholds observed in
these chronic pain pathologies suggests the presence of CS (Lim et al., 2011).
However, these reduced NR thresholds assessed from the lower limb do not provide
information on the severity or progression of CS within its spectrum presentation, from
segmental sensitization to a widespread phenomenon (Arendt-Nielsen et al., 2018).
CHEPs have been used in both upper and lower limb paradigms to assess
changes in central excitability relating to CS (Jutzeler et al., 2016; Rosner et al., 2018).
CHEPs are measured via electroencephalogram (EEG) recordings following the
application of a heat thermode to a peripheral dermatome region (Jutzeler et al., 2016;
Kramer et al., 2013; Rosner et al., 2018). Increased pain responses to thermal stimuli,
shorter latencies of late CHEPs responses, and increased presence of ultra-late CHEPs
responses are observed following the experimental induction of CS via capsaicin
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(Madsen et al., 2014; Madsen et al., 2012a, 2012b). These short and long latencies
CHEPs outcomes are indicative of sensitized responses in Aδ fibers and C fibers
respectively (Madsen et al., 2012a). However, the expensive heat thermode and the
expertise required to employ EEG recordings is a limitation to the use of CHEPs. Some
authors use the CHEPs thermode for the subjective assessment of heat and heat pain
thresholds to infer perceptual changes in pain and regional difference in nociceptive
neuron responses to heat stimuli (Hansson et al., 2007; Rolke et al., 2006). While this
limits the need for EEG expertise, these perceptually based outcomes still require a
temperature-controlled thermode.
Aside from electrophysiological based indirect assessments of dorsal horn
excitability in humans, perceptual measures of secondary hyperalgesia have long been
used as evidence of CS (Cervero et al., 1996a; Sang et al., 1996). Mapping the
regions/boundaries of secondary hyperalgesia via pinprick or brushing is used to
represent dorsal horn receptive field expansion, observed in CS (Woolf, 2011).
Receptive field expansion is necessary to evoke painful responses from previously nonpainful stimuli in regions neighboring primary pathology (secondary hyperalgesia)
(Latremoliere et al., 2009). For instance, the presence of sensory allodynia to brush
strokes have been used to map out regions of secondary hyperalgesia, indicating the
presence of CS (Buonocore et al., 2016). More recently, the use of cold and heat
perception and pain thresholds, along with pinprick and brush stroke measures, have
been incorporated into a larger quantitative sensory testing battery to comprehensively
address overall changes in sensory perception that may relate to CS (Rolke et al.,
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2006). In essence, the presence of secondary hyperalgesia is assessed through either
brush allodynia or pinprick allodynia to confirm the successful induction of CS in
experimental models (Dirks et al., 2003; Srbely et al., 2010), or confirm the presence of
sensory allodynia in chronic pain pathologies (Pfau et al., 2009; Rolke et al., 2006). The
size of the area of secondary hyperalgesia has been positively correlated to the dose of
experimentally induce CS via capsaicin, further validating its use as a measure of CS
(Lamotte, 1992; Scanlon et al., 2006; Simone et al., 1989). These perceptual
techniques for assessing CS are clinically feasible and readily represent mechanisms of
CS development. However, the major limitation to these techniques is that they rely on
subjective assessments, with participant responses to cued stimuli, and do not directly
measure changes in nociceptive excitability within the dorsal horn of the spinal cord.

1.3.2.7 Segmental versus Widespread Sensitization
While cellular mechanisms of CS development within dorsal horn lamina are well
characterized, the mechanistic progression from segmental sensitization observed
following experimental induction models (Gronroos et al., 1993; Srbely et al., 2010) to
the widespread CS observed in clinical pathology (Banic et al., 2004; Staud et al., 2007)
is less clear. Various techniques are readily available to assess changes in sensory
function related to CS (Rolke et al., 2006). However, defining the magnitude and
progression of CS throughout the entire nociceptive system with these sensory tools
remains challenging. For example, regional changes in myofascial trigger point
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sensitivity were observed following the experimental induction of CS within neighboring
dermatomes, while trigger points sensitivity in remote segments did not change post
sensitization (Srbely et al., 2010). This is evidence of experimentally induced
sensitization within segmentally linked spinal segments. In contrast, other authors have
used increased temporal summation pain response in both hands and feet to
characterize widespread CS within fibromyalgia (Staud et al., 2007). Both of these
findings are evidence of CS, but the magnitude of CS and its progression throughout
the nociceptive system is poorly defined. The experimental induction of CS through
capsaicin revealed a dose-dependent relationship between capsaicin injection volume
and area of secondary hyperalgesia (Scanlon et al., 2006; Simone et al., 1989).
However, extrapolations of these findings to neurological measure of CS progression
are absent. Recent studies have validated methods to record CHEPs from multiple
upper and lower limb dermatomes, providing regional specificity to this measure of CS
(Jutzeler et al., 2016; Rosner et al., 2018). In contrast, the continued use of the NR
primarily at the lower limb (Sandrini et al., 2005) limits the ability of this technique to
adequately quantify the magnitude and regional spreading of CS. Future studies are
needed in this field to validate methods of segment specific CS assessments to improve
both the classification and understanding of CS progression in chronic pain pathologies.
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1.3.3 Capsaicin and the Experimental Induction of Central Sensitization
1.3.3.1 Overview
Advancements in the study of CS and its underlying neurophysiological
mechanisms have been predicated on the experimental induction of CS via various
noxious stimuli. Electrical, chemical, heat, and cold stimuli have been used to induce
persistent activation of peripheral nociceptive afferents, the first step in the initiation and
maintenance of CS (Basbaum et al., 2009; Latremoliere et al., 2009; Woolf, 2011). One
of the most common methods to experimentally induce CS in both animal and human
models is capsaicin, which is a noxious irritant naturally occurring in chili peppers
(O'Neill et al., 2012). Capsaicin directly binds to TRPV1 receptors of nociceptive
neurons, selectively activating nociceptive neurons in both unmyelinated C-fibers and
myelinated Aδ fibers (Kandel et al., 2000). Capsaicin has shown dose-dependency for
TRPV1 channel activation (Voets et al., 2004) and subsequent measures of CS such as
regions of secondary hyperalgesia (Simone et al., 1989). Capsaicin also interacts with
noxious and non-noxious heat in the development CS (Dirks et al., 2003), as TRPV1
receptors also function as noxious heat (>43°C) receptors (Kandel et al., 2000). The
following sections outline the mechanisms of capsaicin induced CS in detail.
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1.3.3.2 Anatomy & Cellular Mechanisms
Capsaicin is an alkaloid member of the vanilloid family of compounds, containing
a benzene ring and a long hydrophobic tail with a polar amide group (Hayman et al.,
2008). Capsaicin is hydrophobic, which leads to typical preparation in alcohol for use in
topical application (O'Neill et al., 2012). Capsaicin binds to TRPV1 receptors of
nociceptive neurons through an intracellular ligand-binding site. TRPV1 receptors have
a ligand-gated cation channel that responds primarily to capsaicin and noxious heat
(>43°C), and also respond to pH<5.2, endogenous lipids, and other inflammatory
mediators (Szallasi et al., 1999). TRPV1 channels open in response to these stimuli,
increasing the flow of Na+ and Ca2+ into the cell. The inward flow of Na+ and Ca2+ leads
to depolarization and propagation of action potentials along primary sensory afferents to
the spinal cord. TRPV1 channels are primarily present in C-fiber afferents, but have also
been observed in Aδ fibers (Kandel et al., 2000). Peripheral nociceptive neurons contain
numerous other TRP channels that respond to other noxious stimuli, such as TRPV8,
which responds to noxious cold (Kandel et al., 2000). The largest class of nociceptive
afferents are polymodal, as they contain multiple TRP channel subtypes and respond to
a variety of heat, cold, chemical, and mechanical stimuli (Kandel et al., 2000).
The importance of the TRPV1 receptor in the detection of capsaicin as well as
the development of mechanical and thermal allodynia has been validated through
TRPV1 knockout mice models (Caterina et al., 1997). Mice lacking TRPV1 receptors did
not respond to intradermal capsaicin injection in the hind-paw, and did not develop
thermal or mechanical allodynia (Caterina et al., 1997). Further studies of the TRPV1
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channels and their activation through capsaicin have been vital in determining the
mechanisms of CS development in animal models, as well as correlates in human
studies. Intradermal injections of capsaicin in rats (Baumann et al., 1991) and monkeys
(Sluka et al., 1997) lead to hypersensitivity in response to noxious and non-noxious
stimuli, evidence of CS. Further studies have confirmed intradermal capsaicin injections
in monkeys resulted in increased activity of dorsal horn neurons (Dougherty et al.,
1992), specifically through activation of NK1 receptors within the dorsal horn (Dougherty
et al., 1994). Similar findings in rats have also confirmed increased activity of dorsal
horn neurons following capsaicin injection into the hind-paw (Carstens, 1997). While
neuronal recordings of dorsal horn neurons are currently unavailable in human studies,
surrogate measures of nociceptive reflexes (Andersen et al., 1995; Biurrun Manresa et
al., 2014; Gronroos et al., 1993) and sensory measures of secondary hyperalgesia
(Dirks et al., 2003; Petersen et al., 1999) are evidence of induced CS following
capsaicin application.

1.3.3.3 Methods of Application
Capsaicin is applied in a variety of methods for the experimental induction of CS
in humans, including topical cream (Dirks et al., 2003; Petersen et al., 1999),
intradermal injection (Lamotte, 1992; Scanlon et al., 2006; Simone et al., 1989; Witting
et al., 2000), intramuscular injection (Biurrun Manresa et al., 2014; Neziri et al., 2009),
and visceral administrations in the gastrointestinal tract to study visceral pain (O'Neill et
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al., 2012). Topical creams of low doses (0.025% - 1%) have been used to transiently
induce CS in human models (O'Neill et al., 2012). Increased areas of secondary
hyperalgesia measured by pinprick and brush strokes (Dirks et al., 2003), reductions in
NR thresholds (Gronroos et al., 1993), increases in NR amplitudes (Andersen et al.,
1995), and reduced thresholds required to elicit temporal summation responses
(Arendt-Nielsen et al., 1996) have all been observed following topical capsaicin
application. Intradermal capsaicin injections in human models lead to secondary
hyperalgesia, confirmed by pinprick allodynia (Scanlon et al., 2006), brush allodynia
(Scanlon et al., 2006), and infrared thermography (Serra et al., 1998). Intradermal
capsaicin injections also expand NR receptive field size, a more recent outcome
measure of the NR to objectively assess CS (Neziri et al., 2009). Intramuscular
capsaicin injections result in reduced NR thresholds to single stimuli, expanded NR
receptive fields, and increased areas of secondary hyperalgesia (Biurrun Manresa et al.,
2014). Limited studies have assessed visceral pain following gastrointestinal
administration of capsaicin, however, the results are consistent with other capsaicin
models (O'Neill et al., 2012).
While capsaicin can be administered through multiple methods, a thorough
comparison of these methods in humans is lacking. Various doses of topical and
intradermal injection exist throughout previous studies (Culp et al., 1989; Simone et al.,
1989), and direct comparisons of methods of capsaicin application are limited (Witting et
al., 2000). There is evidence to suggest that intradermal injection of capsaicin induces a
more severe state of CS based on larger areas of secondary hyperalgesia compared to
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topical application (Scanlon et al., 2006; Simone et al., 1989; Srbely et al., 2010).
However, differences in the dose of injections and variation in the size of topical
capsaicin application area make quantitative comparisons between these methods of
capsaicin application difficult. Regardless of application method, the induction of CS via
capsaicin is confirmed through the assessment of secondary hyperalgesia surrounding
the primary site of capsaicin application (Dirks et al., 2003; Lamotte, 1992; Petersen et
al., 1999; Simone et al., 1989). Secondary hyperalgesia is indicative of increased
excitability within the dorsal horn of the spinal cord and an expansion of the receptive
field of nociceptive afferents (Latremoliere et al., 2009). Thus, measures of secondary
hyperalgesia remain one of the primary tools to detect and quantify CS.

1.3.3.4 Dose-Dependency
Capsaicin has a dose-dependent relationship with both TRPV1 channel
activation (Voets et al., 2004) and associated dorsal horn neuron excitability in animal
models (Wood et al., 1988). Whole cell patch-clamp experiments of TRPV1 receptors
revealed progressive increases in TRPV1 channel permeability / depolarization with
increases in capsaicin dose (Voets et al., 2004). Comparably, human studies have
shown dose-dependency between capsaicin application and measures of secondary
hyperalgesia (Lamotte, 1992; Scanlon et al., 2006; Simone et al., 1989). Moreover,
increased TRPV1 activity and persistent nociceptive afferent depolarization leads to the
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development of CS, observable though the development of secondary hyperalgesia in
humans (Basbaum et al., 2009).
Human studies of intradermal capsaicin injection have shown sensitized skin
regions to pinprick and brush allodynia depend on the dose of intradermal capsaicin
injection, with higher doses resulting in larger areas of secondary hyperalgesia
(Lamotte, 1992; Scanlon et al., 2006; Simone et al., 1989). Furthermore, assessments
involving infrared thermography have revealed both dose (Culp et al., 1989) and
temporal (Sumikura et al., 2003) effects of capsaicin on skin temperature within regions
of secondary hyperalgesia. Specifically, topical capsaicin revealed dose-dependent
effects on skin temperature and mechanical hyperalgesia with higher doses of topical
capsaicin producing lager areas of secondary hyperalgesia and larger relative increases
in skin temperature (Culp et al., 1989). Intradermal capsaicin injection revealed
temporal increases in skin temperature that were closely related to the expansion of
regions of secondary hyperalgesia mapped by both pinprick and brush allodynia
(Sumikura et al., 2003). The similarities in assessment outcomes between infrared
thermography and pinprick/brush allodynia suggests that infrared thermography may
provide a more objective measure of secondary hyperalgesia in human studies.
Overall, there is evidence to support the use of capsaicin as a standard method
to study CS development in humans. Capsaicin can be used to induce varying
severities of CS via dose-dependent mechanisms of TRPV1 channel activation in
animal models (Voets et al., 2004). These dose-dependent mechanisms of TRPV1
channel activation relate to subsequent CS development in humans, evidenced by
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expanding areas of secondary hyperalgesia (Culp et al., 1989; Scanlon et al., 2006;
Simone et al., 1989).

1.3.3.5 Interaction with Heat
The use of capsaicin to selectively target TRPV1 receptors of nociceptive
neurons provides a model to both induce and study CS. Interestingly, the interaction
with heat and capsaicin at the level of the TRPV1 receptor in human models provides
an additional avenue to study CS. TRPV1 channels respond to noxious heat, typically
above 43° C (Kandel et al., 2000). However, the binding of capsaicin to TRPV1
receptors amplifies the effect of heat on TRPV1 channel permeability (Voets et al.,
2004). Whole cell patch-clamp electrophysiology recordings revealed progressively
increased permeability at respective temperatures with increased doses of capsaicin
(Voets et al., 2004). Furthermore, non-noxious temperatures that typically result in little
to no TRPV1 channel activity revealed increased permeability in the presence of
capsaicin (Voets et al., 2004). This fundamental cellular research is the basis for a
commonly employed model for inducing CS in humans known as the heat-capsaicin
model.
The heat capsaicin model was first proposed by Petersen & Rowbotham (1999)
in an effort to induce and sustain a long-lasting state of CS that does not require an
invasive capsaicin injection (Petersen et al., 1999). The heat-capsaicin model involves
pre-heating the skin at 45°C for 5 minutes prior to the application of topical capsaicin
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(Petersen et al., 1999). Capsaicin is removed after 30 minutes, and 45°C heat is
reapplied for five-minute intervals in a procedure known as ‘re-kindling’ (Petersen et al.,
1999). Interval re-kindling is used to sustain a long lasting state of CS for up to 4 hours,
verified by brush and pinprick measurements of secondary hyperalgesia (Petersen et
al., 1999). In a follow-up study, authors concluded the initial pre-heating was not
essential to sustain a long period of induced CS (Dirks et al., 2003). This conclusion
was based on no significant differences in measures of secondary hyperalgesia
between capsaicin alone and skin pre-heating with capsaicin sessions (Dirks et al.,
2003). However, measures of secondary hyperalgesia in this study were limited to
assessments over 75 minutes after the initial application of capsaicin (Dirks et al.,
2003). This timing of secondary hyperalgesia assessment limited the quantification of
skin pre-heating’s effect on the early phase of CS development.
The interaction between capsaicin and heat was further observed in
electrophysiological studies of nociceptive reflex amplitudes (Andersen et al., 1995).
Nociceptive reflex amplitudes were increased only in conditions where the region of
topical capsaicin application received further heat stimuli during reflex recordings
(Andersen et al., 1995). However, numerous studies have since used topical capsaicin
with and without skin pre-heating in the experimental induction of CS (Huntley et al.,
2015; Maracle et al., 2017; Srbely et al., 2010). Further studies are needed to better
elucidate the cumulative effect of heat and topical capsaicin in the experimental
induction of CS in humans.
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1.3.4 The Nociceptive Reflex
1.3.4.1 Overview
The nociceptive reflex (NR) is an adaptable, polysynaptic response to a noxious
stimulus to move the affected body segment away from the source of injury/tissue
damage (Lim et al., 2011; Willer, 1977). The NR has been used in humans for over 40
years as an objective measure of nociceptive excitability (Willer, 1977). The NR is
typically recorded from the lower limb biceps femoris muscle, with noxious stimuli
delivered transcutaneously to the sural nerve (Lim et al., 2011; Sandrini et al., 2005;
Willer, 1977). Early NR studies were based on thresholds for reflex responses (Willer,
1977) and the size/amplitude of reflex responses at set stimulus intensities (Andersen et
al., 1995). More recently, techniques to assess temporal summation (Arendt-Nielsen et
al., 1994), the clinical correlate for wind-up (Herrero, 2000), and techniques to quantify
changes in receptive field size to an array of noxious stimuli (Andersen et al., 2001;
Neziri et al., 2009) have been used in the assessment of CS both experimentally (Neziri
et al., 2009; Neziri et al., 2010b) and clinically (Biurrun Manresa et al., 2014; Biurrun
Manresa et al., 2013). While advancements in the NR technique have improved its
measurement of CS development, limited studies have investigated the NR in the upper
limb (Sandrini et al., 2005). The following sections better outline these methodological
advancements of the NR technique in the assessment of CS and also discuss the
limitations and lack of investigations regarding the upper limb NR.
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1.3.4.2 Anatomy
The first use of the NR in humans is attributed to Kugelberg et al. (1960), who
observed specific patterns of organized muscle responses to different electrical noxious
stimuli locations throughout the lower limb. The next major contribution that lead to the
use of NR more widely in pain research, was by Willer (1977). Willer (1977) observed
the similarly between the threshold of NR responses and perceptual pain responses in
humans. The basis of the NR technique has remained similar to that initially used by
Willer (1977). Typical NR techniques involve muscle reflexes recorded from the biceps
femoris muscle in response to noxious electrical stimuli delivered transcutaneously to
the sural nerve trunk (Sandrini et al., 2005). Sural nerve stimulations produce RII (tactile
mediated) and RIII (nociceptive mediated) reflex responses, while skin stimulation within
the sural nerve’s receptive field typically only produce RIII responses (Willer, 1977). The
strong correlation between RIII reflex thresholds and perceptual pain thresholds in
humans was a major findings that propagated the prolonged use of the NR as an
“objective” measure of the nociceptive system in humans (Willer, 1977). RIII reflex
latency from sural nerve stimulation and biceps femoris muscle recording is between
100-125ms (Sandrini et al., 2005). This latency suggests RIII reflexes are mediated by
Aδ sensory afferents (Ertekin et al., 1975) and are polysynaptic in nature.
Interneuron connections within the NR pathway are the source of reflex
modulation through descending control, converging sensory inputs, and explain the
NR’s adaptability to limb position and stimulus location (Burke, 1999; Jankowska, 1992,
2001; Peterson et al., 2014). WDR neurons within lamina V of the dorsal horn are
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known to mediate the NR within animal models (Li et al., 2004; Schouenborg et al.,
1985). WDR neurons within lamina V provide an avenue for sensory integration
between both tactile and nociceptive inputs (Craig, 2003). Descending modulation of
NR in humans has been evidenced through diffuse noxious inhibitory control (DNIC) (Le
Bars et al., 1979a, 1979b). RIII reflex size was reduced following the application of
additional noxious stimuli in a region of the body distant from the receptive fields of the
RIII mediated afferents (Le Bars et al., 1979a, 1979b; Serrao et al., 2004). This
inhibition of RIII reflex size is evidence of DNICs inhibiting the NR (Le Bars et al.,
1979a, 1979b; Serrao et al., 2004). WDR neurons within lamina layer V are the likely
site of DNIC suppression of the NR (Sandrini et al., 2005). DNICs act on WDRs in the
dorsal horn through the medullary reticular formation (Roby-Brami et al., 1987; Willer et
al., 1999) in the brainstem along the spinorecticular pathways (De Broucker et al.,
1990). Therefore, while the NR is often described as an “objective” measure of
nociceptive excitability (Sandrini et al., 2005; Willer, 1977) it is naive to assume this
objectivity is based solely on spinal excitability. The convergence of interneurons within
lamina V of the dorsal horn of the spinal cord, along with descending modulation of
WDR neurons, results in both spinal and supraspinal influences on the NR as a
measure of nociceptive excitability in humans.
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1.3.4.3 Nociceptive Reflex Methods and Outcome Measures
Following the observed relationship between NR threshold and pain perception in
humans, the majority of studies have used similar techniques to those originally outlined
by Willer (1977). The most common use of the NR in human involves transcutaneous
sural nerve stimulation with NR responses recorded from the biceps femoris muscle of
the lower limb (Sandrini et al., 2005). Outcomes from this lower limb paradigm
traditionally included the NR threshold and the size/amplitude of NR responses
(Sandrini et al., 2005). Variation exists in the determination of NR threshold, which is
loosely defined as the lowest stimulus intensity to consistently elicit NR responses.
Willer (1977) originally used a method of limits to determine NR threshold, with four
series of increasing and decreasing stimulus intensities. More recent studies have
further classified and explored variations of this method of NR threshold assessment
(Gronroos et al., 1993; Rhudy et al., 2011a). Some NR threshold techniques include
modified staircases of 4 mA increases in the first ascending series, followed by 2 mA
decreases, and two additional series of 1 mA increases and decreases in stimulus
intensity (Rhudy et al., 2011a). Other authors have employed more unique methods,
with randomly delivered stimuli at various intensities where the intensity that elicits NR
responses 60% of the time is termed the NR threshold (Gronroos et al., 1993). Further
variation exists in the definition of the stimulus intensity that denotes NR threshold (Lim
et al., 2011). Anywhere from 50%-90% of observed responses have been used to
define the NR threshold (Lim et al., 2011). Brief methods of NR threshold assessment
using only a single ascending series of stimuli have been validated to reduce the time
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and the total number of noxious stimuli exposed to participants (Rhudy et al., 2011a).
Recently, more novel approaches to threshold assessment have been developed in an
effort to limit habituation to noxious stimulus exposure (Lichtner et al., 2015). This
method incorporates large decreases in stimulus intensity following positively identified
NR responses to minimize the total number of painful stimuli in NR threshold
assessments (Lichtner et al., 2015). Despite variation in the assessment of NR
thresholds, a method of limits with multiple series of increasing and decreasing stimulus
intensities remains the most common technique in NR threshold assessments (Sandrini
et al., 2005).
Early NR studies used the size of reflex responses, also described as NR
amplitude, as an outcome measure to assess nociceptive excitability in humans
(Andersen et al., 1995). Increased NR amplitudes have been observed following the
experimental induction of CS via topical capsaicin (Andersen et al., 1995). In a
subsequent study, this facilitation of NR amplitudes by capsaicin was mitigated by the
treatment of ketamine, a known NMDA inhibitor (Andersen et al., 1996). Thus, the
increases in NR amplitudes were facilitated though NMDA mediated changes in dorsal
horn excitability, a key step in CS development (Latremoliere et al., 2009). More
recently, NR amplitudes were used to investigate mechanisms of habituation in the NR
technique (von Dincklage et al., 2013). Habituation is commonly observed in the NR
and is characterized by reduced NR amplitudes or increased NR thresholds over time
with repeated noxious stimuli exposure (Sandrini et al., 2005). Numerous studies have
reported a causal link between NR habituation and the time between repeated noxious
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stimuli (Sandrini et al., 2005). von Dincklage (2013) assessed NR amplitudes at various
stimulus intensities relative to the NR threshold, and observed NR habituation was
dependent on both the time between consecutive stimuli and the intensity of stimuli
delivered (von Dincklage et al., 2013). Providing that noxious stimuli are delivered
above NR threshold with at least 10 seconds between consecutive stimuli, the majority
of NR amplitude is conserved (von Dincklage et al., 2013). Collectively, the use of NR
amplitude along with NR threshold provides another avenue to assess the excitability of
the nociceptive system in humans.
The development of a method to assess temporal summation via the NR was the
next major step in the NR technique made by Arendt-Nielsen et al. (1994). When
repeated noxious stimuli were delivered at 2 Hz, the NR amplitude showed summation
to repeated responses (Arendt-Nielsen et al., 1994). This summation response was
hypothesized to be the human correlate of wind-up observed in animal models (ArendtNielsen et al., 1994). Wind-up is the frequency dependent amplification of WDR
neurons in the dorsal horn that can be directly observed through neuron recordings in
the dorsal horn or via NR responses in animal models (Herrero, 2000). Following this
foundational work by Arendt-Nielsen et al. (1994), temporal summation outcomes have
been used as measures of nociceptive excitability in humans (Banic et al., 2004; Biurrun
Manresa et al., 2013; Neziri et al., 2010b). Temporal summation responses are
proposed to provide a better representation of the responsiveness of WDR neurons
within the dorsal horn of the spinal cord, a primary site the development of CS
(Latremoliere et al., 2009). While the NR threshold remains the most commonly
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observed outcome measure (Sandrini et al., 2005), more recent studies continue to
employ temporal summation response to more effectively examine nociceptive
excitability in humans (Banic et al., 2004; Biurrun Manresa et al., 2013; Neziri et al.,
2010b).
The most recent advancement of the NR technique in humans was the
development of a method to assess reflex receptive fields (RFF) (Andersen et al., 2004;
Andersen et al., 1999, 2001). Briefly, an array of 10-16 stimulating electrodes is placed
on the foot sole, with responses to noxious stimuli recorded from surface
electromyography (EMG) of the tibialis anterior muscle (Andersen et al., 2004; Neziri et
al., 2009). The relative size/amplitude of NR responses at each stimulus location are
used to create a RRF heat map, with key outcomes of the technique including RFF
area, volume, and peak location (Neziri et al., 2009). The expansion of RRF area was
observed in chronic pelvic pain patients (Neziri et al., 2010b), as well as patients with
musculoskeletal low back and neck pain (Biurrun Manresa et al., 2013). Furthermore,
RRF areas and volume were increased following the experimental induction of CS using
intramuscular capsaicin injection into the flexor digitorum brevis muscle of the foot in
healthy and spinal cord injury patients (Biurrun Manresa et al., 2014). This expansion of
RRF area in spinal cord injury patients further supports the notion that despite the
known descending influences on the NR (Sandrini et al., 2005), neither the development
of CS or its assessment by NR outcomes are dependent on descending modulation
from supraspinal centers.
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1.3.4.4 Applications of the Nociceptive Reflex in the Assessment of Central
Sensitization
Historically, NR outcomes have progressed from NR thresholds and amplitudes
in response to single stimuli (Andersen et al., 1995; Willer, 1977), to temporal
summation responses to multiple stimuli (Arendt-Nielsen et al., 1994), and finally to
RRF areas assessed via multiple stimulus locations (Biurrun Manresa et al., 2013;
Neziri et al., 2009). There has been a clear progression of complexity in stimulus
delivery and outcome measure calculation in the advancement of the NR technique. As
such, all of these outcomes have continued to demonstrate increased efficacy in CS
assessment in experimental pain models and in clinical populations.
The NR threshold remains the most commonly used NR outcome measure
(Sandrini et al., 2005). NR thresholds are reduced following the experimental induction
of CS through both topical capsaicin application (Gronroos et al., 1993) as well as
intramuscular capsaicin injection (Biurrun Manresa et al., 2014). NR thresholds are also
reduced in numerous chronic pain pathologies with expected underlying CS
contributions to their pain phenotype (Lim et al., 2011). These pathologies with reduced
NR thresholds include low back pain (Biurrun Manresa et al., 2013), fibromyalgia (Banic
et al., 2004; Desmeules et al., 2003), whiplash (Banic et al., 2004; Sterling, 2010),
chronic pelvic pain (Neziri et al., 2010b), knee osteoarthritis (Courtney et al., 2009;
Courtney et al., 2010), tension headache (Langemark et al., 1993), and cluster
headache (Sandrini et al., 2000; Sandrini et al., 2006).
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NR amplitude of reflex responses is less commonly used in the assessment of
CS compared to NR threshold. Limited NR amplitude studies have observed increases
in NR amplitude following capsaicin application (Andersen et al., 1995). Additionally, NR
amplitude facilitation via capsaicin is mitigated by ketamine treatment (Andersen et al.,
1996). These observations suggest that increased NR amplitudes following capsaicin
application are mediated by NMDA receptor mechanisms within the dorsal horn of the
spinal cord, supporting NR amplitude as a measure of CS.
NR temporal summation outcomes have been used in both experimental and
clinical studies in the assessment of CS. Similar to the NR threshold; the threshold for
temporal summation is reduced following the experimental induction of CS via capsaicin
(Andersen et al., 1996). Similar to NR amplitude, these capsaicin-mediated changes in
NR temporal summation threshold are mitigated by ketamine treatment (Andersen et
al., 1996). An expansion of these observations also found reductions the amplitude of
NR temporal summation under the administration of ketamine compared to placebo
(Guirimand et al., 2000). This finding further suggests the amplitude of temporal
summation responses is related to NMDA mediated mechanisms of nociceptive
excitability (Guirimand et al., 2000). Reduced NR temporal summation thresholds are
observed in populations with acute and chronic low back pain (Biurrun Manresa et al.,
2013), chronic neck pain (Biurrun Manresa et al., 2014), whiplash (Banic et al., 2004),
fibromyalgia (Banic et al., 2004), and chronic pelvic pain (Neziri et al., 2010b). All of
these conditions are associated with CS as an underlying mechanisms of their pain
phenotype (Woolf, 2011). Collectively, these findings support the use of NR temporal
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summation outcomes to assess CS, due the close association with NMDA receptor
mediated wind-up.
NR RRF outcomes are the most recent advancement in the NR technique, and
have quantified changes in CS both experimentally and clinically (Biurrun Manresa et
al., 2014; Neziri et al., 2010b). NR RRF areas and volumes were expanded following
the experimental induction of CS via capsaicin injection (Biurrun Manresa et al., 2014;
Neziri et al., 2009). NR RRFs were also further expanded in spinal cord injury
populations; suggesting descending inhibitory controls modulate these NR responses in
healthy populations (Biurrun Manresa et al., 2014). RRFs were expanded in clinical
populations of chronic low back pain, chronic neck pain (Biurrun Manresa et al., 2013),
and chronic pelvic pain (Neziri et al., 2010b). Thus, similar to other NR outcomes, RRFs
are a useful tool to quantify both experimental and clinical presentations of CS.

1.3.4.5 The Nociceptive Reflex in the Upper Limb
The NR has progressed significantly over the last 40 years, with the development
of novel methods to assess new and traditional outcomes (Jensen et al., 2015a; Jensen
et al., 2015b; Willer, 1977). With these advances in the NR technique, there remains the
continued ability to quantify changes in CS in both experimental and clinical models
(Banic et al., 2004; Biurrun Manresa et al., 2014; Biurrun Manresa et al., 2013;
Courtney et al., 2009; Desmeules et al., 2003). Despite these technical advancements,
the NR technique remains predominately administered in the lower limb (Sandrini et al.,
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2005). Limited studies have assessed the NR in the upper limb (Cambier et al., 1974;
Floeter et al., 1998; Peterson et al., 2014; Serrao et al., 2006; Serrao et al., 2012b).
None of these upper limb NR studies have confirmed the ability of the upper limb NR to
assess experimentally induced or clinically observed CS.
Early upper limb NR investigations confirmed similar patterns of RII (tactile) and
RIII (nociceptive) responses to noxious stimuli, with slightly shorter latencies in the
upper limb compared to the lower limb (Cambier et al., 1974). Limited upper limb NR
studies have verified multiple upper limb muscles respond to a single noxious stimulus
(Floeter et al., 1998; Peterson et al., 2014; Serrao et al., 2006). The position of the
upper limb and the position of the noxious stimulus influence the relative onset timing of
NR responses between upper limb muscles (Peterson et al., 2014). The assessment of
upper limb NR responses from multiple muscles adds complexity in the development of
a simple upper limb technique to assess CS. The use of the upper limb NR has
primarily involved addressing research questions pertaining to the effect of pain on
movement (Liebermann et al., 2009; Serrao et al., 2006; Serrao et al., 2012b). The
limited upper limb NR outcome measures typically include NR latencies (Cambier et al.,
1974; Peterson et al., 2014), relative amplitudes of NR responses from multiple muscles
(Peterson et al., 2014), and nociceptive silent periods (Floeter, 2003). Nociceptive silent
periods are observed reductions in EMG amplitude following noxious stimuli during a
sustained contraction (Floeter, 2003). However, despite the development of multiple
upper limb NR outcome measures, no studies have used the upper limb NR to assess
CS through experimental induction models or in clinical pathology. Furthermore, the
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most common lower limb NR outcomes commonly employed to assess CS, NR
threshold and NR temporal summation, have not been used in upper limb NR
paradigms.
The development of the upper limb NR technique may improve assessments of
CS within the cervical spine. Previous studies have reported reductions in the lower limb
NR threshold within cervical spine pathologies such as whiplash (Banic et al., 2004;
Smith et al., 2013, 2014; Smith et al., 2015; Sterling et al., 2010). These observed
reductions in lower limb NR thresholds were attributed to widespread states of CS
(Banic et al., 2004; Smith et al., 2013, 2014; Smith et al., 2015; Sterling et al., 2010).
This assessment of widespread CS is supported by similar reductions in lower limb NR
thresholds reported in numerous pathologies, such as low back pain, knee
osteoarthritis, and fibromyalgia (Lim et al., 2011). Additionally, lower limb NR thresholds
are reduced following the experimental induction of CS within segmentally linked spinal
segments (Biurrun Manresa et al., 2014; Gronroos et al., 1993). Together, these studies
provide evidence to support the use of the lower limb NR to assess CS through both
segmental mechanisms via experimental induction (Biurrun Manresa et al., 2014;
Gronroos et al., 1993), and through widespread states of CS observed in clinical
pathology (Lim et al., 2011). These findings fit within the theoretical framework of the
clinical presentation of CS as a spectrum, ranging from segmental sensitization to a
widespread phenomenon (Arendt-Nielsen et al., 2018). However, the lower limb NR
technique does not provide an avenue to investigate the development and progression
of CS within the cervical spine. The direct assessment of nociceptive excitability within
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cervical spine segments may improve our understanding of the development and
progression of CS within cervical spine pathologies. However, no previous studies have
validated the upper limb NR as a tool to assess changes in CS within the cervical spine.
The development of a standardized approach for quantifying the NR in the upper
limb is vital to improving the understanding of CS development within cervical spine
pathologies. However, no previous studies have incorporating the upper limb NR in the
assessment of CS. There exists a key gap in the literature in the development of the
upper limb NR to assess changes in CS.

1.3.5 Summary
CS is a state of amplification within the central nervous system, proliferated by
persistent nociceptive afferent input (Woolf, 2011). Unmyelinated C-fiber and
myelinated Aδ afferents release glutamate and SP into the dorsal horn of the spinal
cord, which results in NMDA receptor mediated changes in nociceptive excitability
(Basbaum et al., 2009; Latremoliere et al., 2009). The convergence of tactile and
nociceptive inputs into WDR neurons in lamina layer V contribute to the development of
secondary hyperalgesia, a key effect and indicator of CS (Basbaum et al., 2009).
These same pathways also experience a frequency dependent amplification known as
wind-up, which can lead to CS development but is not a requirement (Herrero, 2000).
The amplification of CS represents the pain phenotype observed in a variety of chronic
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pain conditions (Woolf, 2011, 2018), underlying the importance in studying its
mechanisms and development.
The persistent activation of nociceptive afferents through experimental models is
crucial in the study of CS. Capsaicin selectively targets TRPV1 receptors of nociceptive
afferents and has been used both in the discovery of CS mechanisms, and its
experimental induction in humans (O'Neill et al., 2012). Capsaicin induces states of CS
in a dose-dependent manner, where greater capsaicin doses evoke larger areas of
secondary hyperalgesia (Culp et al., 1989; Lamotte, 1992; Scanlon et al., 2006; Simone
et al., 1989). The known synergistic action of heat and capsaicin on the TRPV1
receptors (Voets et al., 2004) may provide additional avenues to further explore other
methods of amplifying the effect of capsaicin induced CS. However, this has yet to be
adequately investigated in human models.
The NR is a commonly employed objective measure of nociceptive excitability in
humans (Lim et al., 2011; Sandrini et al., 2005; Willer, 1977). Various NR outcome
measures have improved the assessment of CS, including: NR thresholds, NR
amplitudes, temporal summation as a correlate of wind-up, and NR RRFs. All of these
outcomes have been employed to quantify CS experimentally and clinically (Andersen
et al., 1996; Andersen et al., 1995; Biurrun Manresa et al., 2014; Gronroos et al., 1993;
Lim et al., 2011; Neziri et al., 2010b). However, the overwhelming majority of NR
paradigms are limited to lower limb assessments (Sandrini et al., 2005). No previous
studies have investigated the ability of the upper limb NR to detect changes in CS within
the cervical spine. The limited studies in the upper limb have not investigated the NR
48

outcomes most commonly employed in CS assessment (Cambier et al., 1974; Floeter et
al., 1998; Peterson et al., 2014; Serrao et al., 2006), such as NR threshold and temporal
summation outcomes.
The primary objective of this doctoral thesis was to develop a standardized
approach in the application of the upper limb NR technique to detect changes in CS
within cervical spine segments. This primary objective was addressed through a series
of studies, investigating the effect of experimentally induced CS on the upper limb NR
thresholds, NR amplitudes, and NR temporal summation outcomes.

1.4 Summary of thesis objectives and testable hypotheses
1.4.1 Study I: The effect of experimentally induced central sensitization on the
nociceptive reflex threshold in the upper limb
Objective: To assess whether the induction of CS within segments of the cervical
spine lead to changes in NR thresholds in muscles of the upper limb.

Hypothesis: NR thresholds of upper limb muscles will be reduced following the
experimental induction of CS in the C5-C6 spinal segment.
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1.4.2 Study II: Validation of the interval peak z-score as an automated measure of
nociceptive reflex responses in upper limb muscles
Objective: To determine the ability of the interval peak z-score to accurately
predict visually inspected NR responses from muscles of the upper limb.

Primary Hypothesis: Interval peak z-scores will accurately predict visually
inspected upper limb NR responses with an area under the receiver operator
characteristic curve above 0.90.

Secondary Hypothesis: Interval peak z-score cut-off points would be within the
range of those previously reported in the lower limb

1.4.3 Study III: The acute effect of skin pre-heating on capsaicin induced central
sensitization in humans
Objective: To investigate the potentiating influence of skin pre-heating on the
sensitizing effect of topical capsaicin.
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Hypothesis: Skin pre-heating combined with topical capsaicin will evoke larger
areas of secondary hyperalgesia when compared to topical capsaicin alone,
based on measures of brush allodynia and infrared thermography.

1.4.4 Study IV: The effect of experimentally induced central sensitization on
nociceptive reflex threshold and nociceptive reflex amplitude to single and
temporal summation stimuli in the upper limb
Objective: To assess the influence of experimentally induced CS, via capsaicin
with and without skin pre-heating, on the upper limb NR threshold, NR single
stimulus amplitude, and NR temporal summation amplitude.

Primary Hypothesis: The NR threshold will decrease, and both NR single
stimulus amplitude and NR temporal summation amplitude will increase following
the experimental induction of CS.

Secondary Hypothesis: The combination of capsaicin with skin pre-heating in the
experimental induction of CS will further decrease NR thresholds and further
increase in NR single stimulus and NR temporal summation amplitudes
compared to capsaicin alone.
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1.5 Importance and Potential Contribution of this Research:
CS is an important underlying neural adaptation that has been associated with a
number of very common clinical conditions associated with pathology of the cervical
spine including osteoarthritis (Courtney, 2015; Schaible, 2014), myofascial pain
syndrome (Srbely et al., 2010), fibromyalgia (Desmeules et al., 2003), headache
(Burstein et al., 2000; Sandrini et al., 2000) and whiplash (Banic et al., 2004; Curatolo et
al., 2001; Woolf, 2011). Developing a standardized approach that can reliably quantify
changes in CS will significantly contribute to future basic and clinical research studying
the mechanisms of CS in the pathophysiology and clinical manifestation of pathologies
associated with chronic pain within the cervical spine.

1.6 Statement of Research Ethics
All of the experiments documented in this thesis were conducted in accordance
with the ethical guidelines of the University of Guelph and adhered to the standards set
out by the Declaration of Helsinki (2013) for research involving human participants.
Ethical approval was obtained from the University of Guelph prior to data collection for
all studies (REB# 14DC002, REB# 16JN007).
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Chapter 2: Study 1 - The Effect of Experimentally Induced
Central Sensitization on the Nociceptive Reflex Threshold
in the Upper Limb
Lukas D. Linde, Leah R. Bent, James P. Dickey, Dinesh A. Kumbhare, & John Z. Srbely
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2.1 Introduction
Central sensitization (CS) is defined as increased responsiveness of nociceptive
neurons in the central nervous system to normal or sub-threshold afferent input (Loeser
et al., 2011). CS may present clinically as a spectral phenomenon, manifesting from
segmental sensitization and progressing to a generalized widespread condition (ArendtNielsen et al., 2018). CS is hypothesized to be the underlying neurological mechanism
driving common chronic pain phenotypes including osteoarthritis (Rice et al., 2015;
Schaible, 2014), myofascial pain syndrome (Srbely et al., 2010), fibromyalgia
(Desmeules et al., 2003), and whiplash (Banic et al., 2004; Curatolo et al., 2001; Woolf,
2011). Consequently, advancing techniques that can reliably quantify CS is vital to the
advancement of basic research and clinical practice in the field of chronic pain.
The nociceptive reflex (NR) is an adaptable, polysynaptic reflex response to
noxious stimuli that has been used as a measure of nociceptive excitability in humans
over the last 40 years (Sandrini et al., 2005; Willer, 1977). Lower limb NR thresholds
exhibit excellent within (intraclass correlation coefficient (ICC)=0.82) and between
(ICC=0.98) day reliability (Micalos et al., 2009). Reductions in lower limb NR thresholds
have been reported in clinical conditions associated with CS (Lim et al., 2011), including
fibromyalgia (Desmeules et al., 2003), osteoarthritis (Rice et al., 2015), and whiplash
(Banic et al., 2004; Biurrun Manresa et al., 2013). Previous studies have also reported
reductions in the NR threshold of neurosegmentally linked muscles of the lower limb
following experimentally induced CS, evoked by both topical capsaicin (Gronroos et al.,
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1993) and intramuscular capsaicin injection (Biurrun Manresa et al., 2014).
Despite the growing body of research employing the NR threshold in the lower
limb, very few studies have employed the NR in the upper limb. Those that have, report
adaptable NR responses in multiple upper limb muscles (Floeter et al., 1998; Peterson
et al., 2014), differences in NR responses between healthy and stroke populations
(Serrao et al., 2012b), and characterize the Aδ fiber mediated mechanisms of upper
limb NR latencies (Cambier et al., 1974) similar to those in the lower limb (Ertekin et al.,
1975). No studies to date, however, have investigated the response of upper limb NR
thresholds following experimentally induced CS.
The primary purpose of this study was to investigate the effect of experimentally
induced CS on the NR threshold in muscles of the upper limb in humans. We tested the
hypothesis that experimentally induced CS of the C5-C6 spinal segment leads to
reduced NR thresholds within muscles of the upper limb. This is the first study to
investigate the role of the upper limb NR threshold technique for detecting changes in
CS within the cervical spine segments. The findings from this study will inform future
research aiming to advance applications of the NR technique for assessing CS within
the cervical spine, in both clinical and experimental settings.
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2.2 Methods
2.2.1 Participants
Twenty (n=20) young, healthy university aged participants (22.8 ± 2.33 years, 9
males, 11 females) were randomly recruited from the local university community
through flyer advertisements (Table 2-1). A priori power analysis based on previously
reported NR threshold data (Gronroos et al., 1993) determined that a sample size of 14
participants provided 95% power to detect an effect size of 1.0 at an alpha of 0.05.
Participants completed a confidential health history questionnaire to confirm they had no
self-reported history of chronic pain, musculoskeletal, or neurological conditions.
Signed, informed consent was submitted by each participant prior to commencing the
study. All study procedures were conducted in accordance with the standards set out by
the Declaration of Helsinki (World Medical, 2013) for research involving human
participants.

2.2.2 Set-up and Equipment
Participants sat in an upright position with their right arm resting on an adjustable
armrest. The participant’s upper arm was positioned in line with their torso, elbow flexed
to approximately 110 degrees, wrist pronated, and hand open and resting comfortably
on an armrest. NRs were elicited using an electrical stimulus applied to the index finger
of the right hand, while NR responses were recorded using bi-polar surface
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electromyography (EMG). Raw EMG signals were amplified 500-1000 times, and
sampled digitally at 2000 Hz (Bortec Biomedical Ltd. Calgary, AB, Canada). Surface
electrodes (Ambu blue sensor, 34 mm polymer gel) were placed at standardized
locations (De Luca, 1997) with an inter-electrode distance of 20 mm along the midpoint
of muscle belly of the right long head of the biceps brachii (BI) (C5-C6), the lateral head
of the triceps brachii (TRI) (C7), the flexor carpi ulnaris (WF) (C8-T1), and the extensor
carpi radialis longus (WE) (C6-C7) muscles. Skin over each muscle belly was cleaned
with alcohol prior to electrode placement. The identification of motor points through
transcutaneous stimulation of the muscle belly was used to maintain consistent
electrode placement between sessions (De Luca, 1997). These muscles have been
previously investigated to assess the NR in upper limb (Floeter et al., 1998; Peterson et
al., 2014; Serrao et al., 2006; Serrao et al., 2012b) and include the prime muscles
involved in the withdrawal movement from the stimulus location on the right index finger
(Peterson et al., 2014).
Prior to testing, two sets of isometric maximal voluntary contractions (MVC) were
performed against manual resistance for each muscle. MVCs were completed in the
same posture as the testing session to maintain consistency of EMG electrode position.
MVC trials were collected over a span of seven seconds. Participants were asked to
ramp up to maximum and maintain contraction for three seconds. Five minutes of rest
were given between MVCs to allow for recovery between trials (De Luca, 1997).
Two surface EMG electrodes (Ambu blue sensor, 34 mm polymer gel) were used to
deliver the noxious electrical stimuli. Stimulating electrodes were placed with a 3 cm
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inter-electrode distance on the palmar aspect of the right index finger (Floeter et al.,
1998; Peterson et al., 2014). Additional electrode gel was applied beneath the
simulating electrodes to reduce impedance. A single electrical stimulation consisted of
five, 1 msec square wave pulses delivered at 200 Hz by a Grass square wave generator
(S48 Square Pulse Stimulator, Grass Technologies, Warwick RI, USA) in series with a
constant voltage (SIU-V Constant Voltage Isolation Unit, Grass Technologies, Warwick
RI, USA) and constant current stimulation unit (CCU1 Constant Current Unit, Grass
Technologies, Warwick RI, USA) (Andersen et al., 2001; Banic et al., 2004; Rhudy et
al., 2011a; Serrao et al., 2006; Serrao et al., 2012b). LabChart software (version 7) and
PowerLab 16/SP amplifier (AD Instruments Inc. Colorado CO, USA) were used for NR
data acquisition.

2.2.3 Experimental Procedures
Participants completed two, one-hour sessions, one control and one sensitized,
in random order, separated by a one-week washout period. The order of sessions was
determined via a coin flip. Following EMG set-up and MVCs, the detection threshold to
the electrical stimulus on the right index finger was determined for each participant. The
detection threshold was defined as the lowest detectable stimulus intensity after three
trials of increasing and decreasing stimuli (Andersen et al., 1995). Following the
establishment of the detection threshold, stimulations were delivered with a 12-20
second inter-stimulus delay at progressively increasing intensities of 2 mA (Peterson et
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al., 2014; Smith et al., 2013, 2014). A single stimulus (five, 1 msec square wave pulses
delivered at 200 Hz) was delivered for each 2 mA incremental intensity. Participants
reported their subjective pain rating on an 11-point numeric pain rating scale (NPRS)
from 0-10 following each electrical stimulus. The stimulus intensity was progressively
increased in 2 mA increments from detection threshold until participants could no longer
tolerate further increases in stimulus intensity (Peterson et al., 2014). Noxious
stimulations did not exceed a NPRS score of 7/10 to ensure participant safety (Sterling
et al., 2010). This progression of stimulations was repeated a total of six times during
each experimental session. The first progression of stimuli was implemented in order to
familiarize participants to the protocol. The second progression of stimuli was used as
the baseline trial.
Following collection of baseline NR responses, 10 ml of either capsaicin cream
(Zostrix HP 0.075%, Valeant, Canada) or sham cream (Lubriderm, Johnson & Johnson,
New Brunswick, New Jersey, U.S.) was applied to a 50 cm2 area (5 cm by 10 cm) of the
right lateral forearm supplied by C5-C6 segment (Srbely et al., 2010). We targeted the
C5-C6 dermatome owing to its common innervation to the noxious stimulus location
(index finger (C6-C8)) and myotomes of upper limb muscles investigated (C5-T1).
Participants and researchers were blinded to the type of cream applied in each session.
The order of cream application between sessions was randomly determined via coin
flip. The same procedure of determining detection threshold and subsequent electrical
stimulations of increasing intensity in 2 mA increments was repeated at 10, 20, 30, and
40 minutes after cream application.
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We employed brush allodynia following each set of electrical stimuli to confirm
the experimental induction of CS in the C5-C6 segment (Huntley et al., 2015; Maracle et
al., 2017; Srbely et al., 2010). Using a fine fiber sensory brush (MRC systems GmbH,
Heidelberg, Germany) light, short brushing strokes were applied to the skin beginning
distally at the wrist and slowly moving proximally towards the area of topical application.
Participants indicated the point at which they sensed an increase in mechanical
sensitivity to brush strokes, and this point was marked with a non-toxic marker (Huntley
et al., 2015; Maracle et al., 2017; Srbely et al., 2010). The linear distance (cm) from the
marked point to the inferior border of the topical capsaicin region was measured and
recorded as the brush allodynia score (Huntley et al., 2015; Maracle et al., 2017). In
order to assess the subjective perception to the topical cream, participants were also
asked to report their subjective pain rating with respect to the cream application region
using an 11-point NPRS from 0-10.

2.2.4 Data Analysis
All EMG data were analyzed using Matlab software (Version 2014b, MathWorks,
Natic MA, USA). Raw EMG data were trimmed to include 300 milliseconds of data
before and after each electrical stimulus for the WF, WE, BI, and TRI muscles. Raw
EMG signals were band-pass filtered at 50-500 Hz using a 2nd order Butterworth filter
and full wave rectified (Peterson et al., 2014; Serrao et al., 2006; Serrao et al., 2012b).
All EMG data were normalized to the peak rectified EMG value from MVC trials and
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expressed as a percentage of MVC (Peterson et al., 2014). NR responses were visually
identified from the rectified EMG activity in the 60-200 msec post-stimulus window
(Serrao et al., 2006; Serrao et al., 2012b), as tactile mediated responses are typically
observed within 35-55 msec after electrical stimulation in the upper limb (Cambier et al.,
1974). NR responses were defined as EMG responses that exceeded 3 standard
deviations (SD) of baseline mean EMG activity (Peterson et al., 2014) for at least 10
msec (Banic et al., 2004) (Figure 2-1). EMG baseline mean and SD were calculated
from the -65 to -5 msec pre-stimulus window (Rhudy et al., 2011a).
NR thresholds were determined for each muscle at baseline (time 0), and at 10,
20, 30, and 40 minutes after cream application. NR thresholds were defined as the
lowest stimulus intensity (mA) that elicited a NR response during each ascending series
of electrical stimuli (Rhudy et al., 2011a). If no NR response was observed during an
ascending series of electrical stimuli for an individual muscle for a given participant, that
data point was removed from further NR threshold analysis. These missing NR
responses were most commonly due to participants reporting that further increases in
stimulus intensity would surpass the NPRS cut-off of 7/10.
Brush allodynia scores were calculated as the linear distance between the point
at which participants identified change in mechanical sensitivity to brush strokes, and
the nearest border of the applied topical cream (Huntley et al., 2015; Maracle et al.,
2017; Srbely et al., 2010). No change in sensation was reported as a score of zero.
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2.2.5 Statistical Analysis
All statistical analyses were completed in R (R Core Team, 2018). We used
Shapiro-Wilk tests to assess a normal distribution for both NPRS and brush allodynia
outcomes. Both outcomes revealed non-normal distributions. Scores of zero were
recorded for all participants across all time points in the control session for both NPRS
and brush allodynia outcomes. Therefore, we used one-sample Wilcoxon signed-rank
tests to assess significant differences from 0 in the sensitized session at baseline (time
0) as well as at 10, 20, 30, and 40 minutes post cream application. A Bonferroni
correction for multiple comparisons resulted in a significance level of alpha<0.01 (0.05/5
comparisons) for all Wilcoxon signed-rank tests.
NR thresholds had randomly distributed missing data points in both control and
sensitized sessions. This was primarily due to the absence of a NR threshold below the
7/10 NPRS cut-off for electrical stimulus intensity. The number of participants included
in each comparison is reported in Figure 2-4. To account for this unbalanced design, we
used linear mixed models, which are recommended for repeated measures designs and
can accommodate missing data points (Bates et al., 2015). Differences between control
and sensitized sessions were assessed across time (baseline (0), 10, 20, 30, 40 min)
for NR thresholds for each muscle (WF, WE, BI, TRI). We performed our analysis under
the assumption of compound symmetry, which assumes homogeneity of variances
between comparisons, similar to a repeated measures analysis of variance design
(Magezi, 2015). Fixed effects of session (control, sensitized) and time (0, 10, 20, 30, 40
min) along with the session-by-time interaction were included in a random intercept
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model, which included random effects of subjects and crossed random effects of
session and time (Baayen et al., 2008). Significance of fixed effects were assessed by
F-tests with a Kenward-Roger approximation of degrees of freedom (Halekoh et al.,
2014). Significant fixed effects were further assessed using pairwise comparisons of
session at each time point, with a Bonferroni p-value adjustment for multiple
comparisons. Pairwise comparisons between control and sensitized sessions were
performed with or without the presence of a significant interaction as recommended for
two-way study designs (Wei et al., 2012). A significance level of alpha<0.05 was set for
all F-tests and Bonferroni corrected pairwise comparisons.
Linear mixed model assumptions of residual variance homogeneity between
groups and normal distribution of model residuals were confirmed through Levine tests
and Shapiro-Wilk tests respectively, with visual inspection of quantile-quantile plots
(Zuur et al., 2010). Violations of residual normality were observed for WF and TRI
thresholds. These data were log-transformed to adjust for right skewed distributions and
improvements in residual normality were confirmed through Shapiro-Wilk tests and
visual inspection of quantile-quantile plots. Log transformed data were backtransformed prior to pairwise comparisons.
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Figure 2-1: Representative rectified electromyography (EMG) tracing of nociceptive reflex response from
extensor carpi radialis longus muscle. a) -65 to -5 ms baseline window, b) stimulus artifact, c) 60-200 ms
response window post stimulus. Horizontal line that spans the plot area represents three standard
deviation threshold used to determine reflex response.

2.3 Results
2.3.1 Participant Compliance
Data from all 20 participants (9 males, 11 females) were analyzed; no
participants withdrew from the study.
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2.3.2 Brush Allodynia and NPRS Scores
Wilcoxon signed-rank tests revealed significantly increased brush allodynia
scores in the sensitized session at 10 min ((Mean±SEM) 0.45±0.15 cm, z = 2.81, p <
0.01), 20 min (1.17±0.29 cm, z = 3.59, p < 0.01), 30 min (2.01±0.31 cm, z = 3.94, p <
0.01), and 40 min (2.03±0.30 cm, z = 3.93, p < 0.01) post cream application (Figure
2-2). NPRS scores were also significantly increased in the sensitized session at 10 min
(2.70±0.42, z = 3.68, p < 0.01), 20 min (4.78±0.53, z = 3.93, p < 0.01), 30 min
(6.1±0.47, z = 3.93, p < 0.01), and 40 min (6.08±0.39, z = 3.93, p < 0.01) post cream
application (Figure 2-3). No differences were observed at baseline (time 0) between

Brush Allodynia Score (cm)

control and sensitized sessions for brush allodynia and NPRS scores (p > 0.01).
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Figure 2-2: Brush allodynia scores measured inferior to the cream application region compared between
control (light bars) and sensitized (dark bars) sessions at baseline (time 0), as well as, 10, 20, 30, and 40
minutes after cream application. Mean and standard error of the mean are shown. * Denotes significant
differences from zero based on one-sample Wilcoxon signed-rank test at an alpha <0.01 level of
significance following a Bonferroni correction for five comparisons.
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Figure 2-3: Numerical Pain Rating Scale (NPRS) scores compared between control (light bars) and
sensitized (dark bars) sessions at baseline (time 0), as well as, 10, 20, 30, and 40 minutes after cream
application. Mean and standard error of the mean are displayed. * Denotes significant differences from
zero based on one-sample Wilcoxon signed-rank test at an alpha <0.01 level of significance following a
Bonferroni correction for five comparisons.

2.3.3 Upper Limb NR Thresholds
A significant effect of session (F(1, 17.6) = 5.31, p < 0.05) was observed for WF
muscle NR thresholds, while there was no significant effect of time (F(4, 67.0) = 0.41, p =
0.798) or a session-by-time interaction effect (F(4, 66.9) = 0.81, p = 0.52). Pairwise
comparisons between sessions at each time point revealed significantly reduced WF
muscle NR thresholds in the sensitized session compared to control at 40 minutes post
cream intervention (p < 0.05, Cohen’s d = 0.76), with no significant differences between
sessions at any other time point (p > 0.05) (Figure 2-4).
We observed a significant session-by-time interaction effect (F(4, 52.0) = 2.81, p <
0.05) for the TRI muscle NR thresholds, with no significant main effects of session (F(1,
16.4)

= 0.63, p = 0.44) or time (F(4, 51.9) = 0.95, p = 0.45). Pairwise comparisons between
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sessions at each time point revealed significantly reduced TRI muscle NR thresholds in
the sensitized session compared to control at 40 minutes post cream intervention (p <
0.05, Cohen’s d = 0.78), with no significant differences between conditions at any other
time point (p > 0.05) (Figure 2-4).
For both the BI and WE muscle NR thresholds, we observed no significant main
effects of session (F(1, 15.1) = 0.24, p = 0.63; F(1, 17.9) = 1.36 , p = 0.26), time (F(4, 55.4) =
1.19, p = 0.33; F(4, 67.6) = 1.07, p = 0.38), or session-by-time interaction effects (F(4, 47.8)
= 0.77, p = 0.55; F(4, 66.7) = 0.60, p = 0.66), respectively (Figure 2-4).

Table 2-1: Participant Characteristics: Means and Standard Deviation (SD)

Participants
Age (years, Mean ± SD)
Height (cm, Mean ± SD)
Weight (kg, Mean ± SD)

N = 20 (9 Males)
22.8 ± 2.33
169.9 ± 7.18
64.15 ± 9.37
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Figure 2-4: Nociceptive reflex (NR) thresholds compared between control (light bars) and sensitized
(dark bars) sessions at baseline (0 minutes), as well as at 10, 20, 30 and 40 minutes after topical cream
intervention. NR thresholds compared for A) biceps brachii long head (BI), B) triceps brachii lateral head
(TRI), C) wrist extensor carpi radialis longus (WE), and D) wrist flexor carpi ulnaris (WF) muscles.
Numbers on bars represent the number of participants’ thresholds successfully recorded at each time
point in each session. Mean with standard error of the mean shown. * Denotes significant difference
between control and sensitized sessions at alpha < 0.05 level, with a Bonferroni correction for multiple
comparisons.
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2.4 Discussion
2.4.1 Main Findings
We are the first to investigate the effect of experimentally induced CS on NR
thresholds of the upper limb. Our findings support our hypothesis that experimentally
induced CS of the C5-C6 spinal segment leads to reduced NR thresholds in muscles of
the upper limb. We observed reduced NR thresholds in the WF and TRI muscles 40
minutes following the application of topical capsaicin when compared to placebo
controls. In contrast, no significant differences in NR thresholds were observed in the BI
or WE muscles after experimental sensitization of the C5-C6 spinal segment. These
collective observations suggest that experimentally induced CS of the C5-C6 spinal
segment may reduce selective upper limb muscles’ NR thresholds, although the
mechanisms are poorly understood.

2.4.2 Interpretation
A significant body of research employing the NR in the lower limb suggests that
experimental induction of CS within a specific spinal segment may preferentially reduce
the NR thresholds within neurosegmentally linked muscles (Biurrun Manresa et al.,
2014; Gronroos et al., 1993). Reductions in lower limb NR thresholds within
neurosegmentally linked muscles have been previously reported following topical
capsaicin application on the forefoot (Gronroos et al., 1993) and capsaicin injection into
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the foot sole (Biurrun Manresa et al., 2014). Gronroos (1993) applied topical capsaicin
(1% in 70% ethanol) to the foot dorsum (L5-S2) for 45 minutes and observed reduced
NR thresholds within the neurosegmentally linked biceps femoris muscle (L5-S2).
Biurrun Manresa (2014) similarly observed reduced NR thresholds of the
neurosegmentally linked tibialis anterior muscle (L4-S1) immediately after the
intramuscular injection of 10 ug of capsaicin into the foot sole (L5-S1) of both healthy
and spinal cord injury patients. Our current findings lie in contrast to those reported in
the lower limb as we did not observe similar reductions in the NR threshold postsensitization from muscles directly innervated by C5-C6 (BI, WE). We did, however,
observe decreases in NR thresholds of muscles (TRI, WF) innervated by
heterosegmental segments C7-T1. Given the capacity for nociceptive afferents to evoke
robust heterosegmental activation (Sorkin et al., 1999), our findings align with the
theoretical framework that neurosegmental mechanisms may drive, in part, the
modulation of NR thresholds post-sensitization. It does not, however, fully explain why
muscles directly innervated by the sensitized segment did not exhibit significant
threshold changes. Future research should further advance these observations by
exploring the effect of neurophysiologic determinants, such as dose and intensity of the
nociceptive stimuli, on these segmental and heterosegmental neuromuscular
responses.
Selective adaptation of the withdrawal motion strategy may provide an alternative
rationale for our observed selective reduction of NR thresholds in the TRI and WF
muscles. Previous studies have shown that the position of the upper limb as well as the
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location of noxious electrical stimulus used to evoke NR responses influence the
relative latencies and magnitudes of NR responses in the upper limb muscles
(Kugelberg et al., 1960; Peterson et al., 2014; Serrao et al., 2012b). These findings
were reconciled on the basis of differences in withdrawal strategies depending on arm
position and stimulus location. Our protocol involved stimulation of the palmar aspect of
the right index finger and it is possible that the selective activation of the WF and TRI
muscle groups represents the most efficient withdrawal motion strategy for this design.
Future studies should include recordings from the shoulder girdle muscles to provide
better insight into the withdrawal strategies used and, in particular, elucidating the
relative contribution of neurosegmental determinants versus functional withdrawal
strategies governing these withdrawal responses.
Our observed selective response of upper limb muscle NR thresholds may also
be due to pre-existing upper limb muscle synergies following noxious stimuli. Previous
studies have reported synergistic responses of upper limb muscles following evoked
cutaneous silent periods (Leis et al., 2000). Cutaneous silent periods are inhibitory
responses to noxious stimuli (Floeter, 2003), as opposed to excitatory responses
typically observed in the NR (Sandrini et al., 2005; Willer, 1977). Previous research has
shown that, following fingertip stimulation, there was a greater prevalence for cutaneous
silent periods in muscles involved in reaching and grasping, specifically intrinsic hand
muscles, wrist flexors, and elbow extensors (Leis et al., 2000). This synergistic
activation of wrist flexors and elbow extensors observed in cutaneous silent periods
(Leis et al., 2000) may offer a further explanation for our observed selective reduction of
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TRI and WF NR thresholds following experimentally induced CS. Future studies are
needed to better elucidate mechanisms of the selective NR threshold response,
whether through modulation of upper limb muscle synergies, heterosegmental effects,
or a combination of both.

2.4.3 Limitations
The findings of our study should be interpreted while considering the following
limitations. NR threshold assessments were limited to a single series of progressively
increasing noxious stimuli (Rhudy et al., 2007) to enable multiple NR threshold
assessments within 40 minutes following topical capsaicin application. Previous studies
have assessed NR thresholds in the lower limb through multiple series of ascending
and descending noxious stimuli (Andersen et al., 2001; Biurrun Manresa et al., 2014;
Jensen et al., 2015b; Rhudy et al., 2007), or through the delivery of various stimulus
intensities in a pseudo-random order (Gronroos et al., 1993). The condensed NR
threshold assessment protocol may have contributed to the observed missing data
points for NR thresholds in all muscles, and the fewer observed NR responses in the BI
and TRI muscles. The inconsistency in NR responses was most likely due to higher NR
thresholds in the BI and TRI muscles, limiting our ability to record NR responses above
the pain tolerance cut-off of 7/10 NPRS (Sterling et al., 2010). While the difficulty to
obtain reflex thresholds in all participants in the lower limb has been well documented
(Jensen et al., 2015b), future research is needed to determine novel methods of
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assessing NR thresholds in the upper limb while maintaining participant tolerance to
noxious stimulus intensity.
While both participants and researchers were double-blinded to the type of
cream (capsaicin or control), true blinding could not be achieved. Participants were
aware of the topical capsaicin intervention within 20 minutes of cream application, as
evidence by increased NPRS responses. While this could have introduced bias and
altered participant expectation between sessions, we confirmed that baseline NR
thresholds were not statistically different for any muscle investigated, suggesting similar
participant expectation towards noxious stimuli in both experimental conditions (French
et al., 2005).
We validated the induction of CS using brush allodynia scores within the region
of secondary hyperalgesia. Our results are in line with previous findings that showed
brush allodynia scores significantly increased following experimentally induced CS as
early as 10 minutes following topical capsaicin application (Huntley et al., 2015; Maracle
et al., 2017; Srbely et al., 2010). However, topical capsaicin evokes a mild, transient
state of CS compared to intramuscular capsaicin injections which targets deeper
somatic tissues that evoke greater magnitudes of pain and CS (Vernon, 2012; Witting et
al., 2000). The use of the milder topical capsaicin model may be responsible for our
observed selective reductions in upper limb NR thresholds. Future studies should
employ increased doses of capsaicin or different methods of CS induction to elaborate
on the association between CS and NR threshold adaptations in the upper limb.
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2.4.4 Conclusion
The NR threshold is a commonly employed objective outcome measure of the
excitability of the nociceptive system in the lower limb (Lim et al., 2011; Sandrini et al.,
2005). We are the first to investigate the ability of the NR threshold in the upper limb to
assess changes in excitability of the cervical spine segments following experimentally
induced CS in a healthy young population. Our findings suggest that the experimental
induction of CS evokes a selective reduction in the NR threshold in muscles of the
upper limb. This selective reduction may be due to functional withdrawal adaptations
relating to the location of noxious stimuli and arm position (Peterson et al., 2014),
facilitation of known upper limb muscle synergies in response to noxious stimuli (Leis et
al., 2000), heterosegmental effects of experimentally induced CS (Sorkin et al., 1999),
or some combination of these mechanisms. Future studies should investigate the dose
response relationship between upper limb NR thresholds and increasing pain intensity
models, such as intramuscular capsaicin, to better elucidate the relationship between
CS and neuromuscular responses. Advancing techniques to reliably quantify NR in the
upper limb is a critical priority in this field of research and clinical practice as it will
enable the reliable assessment of many common clinical conditions of the cervical spine
that are associated with CS, including whiplash (Banic et al., 2004). The findings of this
study provide insight into the relationship between CS and NR threshold in the upper
limb, and inform future research aiming to advance the NR technique for both clinical
and experimental applications.
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2.5 Bridge Summary
The primary finding of study one was the selective responsive of upper limb
muscle NR thresholds following topical capsaicin induced CS of the C5-C6 spinal
segment. We also reported additional findings (Appendix A) of differences in NR
thresholds between muscles at baseline. NR thresholds in the WF and WE muscles
were significantly lower than NR thresholds of the TRI and BI muscles (Appendix A), in
line with previous studies in the upper limb (Cambier et al., 1974). This finding provides
additional insight to explain our observed difficulty in measuring NR thresholds in the BI
and TRI muscles compared to WF and WE muscles. Furthermore, this additional finding
provides methodological insight for future upper limb NR investigations, as a preference
for investigation of the WF and WE muscles may be justified to limit participant
discomfort to noxious stimuli.
The primary findings from study one was the reduction in WF and TRI muscle NR
thresholds following the experimental induction of CS, while no differences were
observed in the BI and WR muscles. This selective reduction in upper limb muscle NR
thresholds may have been due to limitations of the NR threshold outcome measure. We
observed fewer responses in BI and TRI muscles compared to WF and WE muscles,
along with missing data in all muscles. This was attributed to NR thresholds occurring
above NPRS cutoffs for participants, which is an ongoing challenge in NR threshold
assessments in the lower limb (Curatolo et al., 2015). Improvements in the assessment
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of NR thresholds may mitigate missing data points and our observed difficulty in the
assessment of BI and TRI muscle NR thresholds. Additionally, the inclusion of other
measures of nociceptive excitability besides the NR threshold may improve the ability to
assess experimentally induced CS of the C5-C6 spinal segment. Previous studies in the
lower limb have used measures of temporal summation in the assessment of
nociceptive excitability (Banic et al., 2004; Biurrun Manresa et al., 2013; Neziri et al.,
2010b), due to its shared NMDA receptor mediated action with CS pathways (ArendtNielsen et al., 1994; Herrero, 2000). However, measures of temporal summation have
not been used in the upper limb NR. Prior to the inclusion of temporal summation
testing within the upper limb NR, a key methodological improvement in the upper limb
NR threshold technique is required.
NR temporal summation outcomes can be assessed through either threshold
assessments (Andersen et al., 1996; Banic et al., 2004) or magnitude assessments
(Guirimand et al., 2000). Assessments of NR magnitude require the assessment of NR
threshold in real time, and subsequent delivery of stimuli at intervals of that respective
NR threshold (von Dincklage et al., 2013). However, our methodology for NR threshold
calculation in study one was predicated on visual inspection of upper limb EMG data
post-hoc. The development of a more automated method for upper limb NR threshold
detection is required prior to a full investigation of upper limb NR temporal summation
measures. Previous studies in the lower limb have validated methods of automated NR
response detection (Rhudy et al., 2007), however, these methods have not been
validated in the upper limb.
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The purpose of study two was to validate an automated method of upper limb NR
response detection, known as the interval peak z-score. Findings from study two will
provide a key methodological improvement to enable investigation of upper limb NR
temporal summation magnitudes in response to capsaicin induced CS.
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3.1 Introduction
The nociceptive reflex (NR) is an adaptable, polysynaptic reflex response that
moves an affected body segment away from a noxious stimulus (Willer, 1977). The NR
is widely used as an objective assessment tool of the nociceptive system in humans
(Andersen et al., 2001; Biurrun Manresa et al., 2014; Desmeules et al., 2003; Jensen et
al., 2015b; Lim et al., 2011; Rhudy et al., 2007; Skljarevski et al., 2002; Sterling et al.,
2010; Willer, 1977). Reduced NR thresholds have been observed in numerous chronic
pain pathologies including osteoarthritis (Rice et al., 2015), fibromyalgia (Desmeules et
al., 2003), and whiplash (Banic et al., 2004; Curatolo et al., 2001). Central sensitization,
a common underlying mechanism of chronic pain development (Woolf, 2011), has also
been quantified through reduced NR thresholds (Biurrun Manresa et al., 2014; Gronroos
et al., 1993) and increased amplitudes of NR responses (Andersen et al., 1995). For
these reasons, improving clinical feasibility of the NR technique is vital to the continued
diagnosis and treatment of a variety of chronic pain conditions.
The NR technique relies on the analysis of muscle reflex responses to noxious
stimuli via electromyography (EMG) (Andersen et al., 2001; Biurrun Manresa et al.,
2014; Desmeules et al., 2003; Rhudy et al., 2007; Willer, 1977). Identification of NR
responses often requires visual inspection of processed EMG data (Andersen et al.,
2001; Desmeules et al., 2003; Willer, 1977), increasing data processing time and
limiting the clinical feasibility of the NR technique. To overcome this limitation, an
automated method for NR response detection known as the interval peak z-score
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(IPZS) has been used by multiple research groups (Jensen et al., 2015b; Rhudy et al.,
2007; Sterling et al., 2010). The IPZS is defined as the peak of integrated EMG activity
in the post-stimulus response window, minus the pre-stimulus baseline average, all
divided by the pre-stimulus baseline standard deviation (Rhudy et al., 2007). This
method provides instant NR response detection instead of relying on visual inspection
of processed EMG data post-hoc. This instant identification of NR responses provides
the ability to assess NR thresholds in a timely manner, which is necessary to assess
other NR outcome measures such as NR amplitudes or NR receptive fields (Biurrun
Manresa et al., 2014). The IPZS was validated in a lower limb NR paradigm with a 0.97
area under the receiver operator characteristic (ROC) curve, when IPZSs were
compared to visually inspected NR responses (Rhudy et al., 2007). Authors suggested
using an IPZS cut-off point above 10.23 would ensure accurate selection of NR
responses in the lower limb biceps femoris muscle (Rhudy et al., 2007). Previous
studies have used the 10.32 cut-off point (Rice et al., 2017; Smith et al., 2013, 2014),
while other studies have used variations ranging from 6.09 to 12 in the assessment of
NR responses in the lower limb (Biurrun Manresa et al., 2014; Jensen et al., 2015b;
Lichtner et al., 2015). While the IPZS improves the consistency and clinical feasibility of
the NR technique, it has only been used in lower limb NR studies (Jensen et al., 2015b;
Rhudy et al., 2007; Rice et al., 2017; Smith et al., 2013, 2014; Sterling et al., 2010). The
upper limb NR technique continues to rely on visual inspection of EMG data (Cambier et
al., 1974; Peterson et al., 2014; Serrao et al., 2006; Serrao et al., 2012a), limiting the
clinical feasibility to assess nociceptive excitability within cervical spine segments.
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The purpose of this study was to determine the ability of the IPZS to accurately
predict visually inspected NR responses from muscles of the upper limb. We
hypothesized that the IPZS would accurately predict visually inspected upper limb NR
responses with an area under the ROC curve above 0.90, based on previous lower limb
NR studies (Rhudy et al., 2007). We also hypothesized IPZS cut-off points would be
within the range of those previously reported in the lower limb (6.09-12) (Biurrun
Manresa et al., 2014; Jensen et al., 2015b; Lichtner et al., 2015). Findings from this
study will contribute to improved automation of the NR technique in the upper limb.
Advancing the upper limb NR technique may improve the assessment of central
sensitization within cervical spine pathologies such as whiplash.

3.2 Methods
3.2.1 Participants
A total of 20 young healthy participants (11 females, 22.8±2.3 years, 169.9±7.2
cm, 64.2±9.4 kg), with no self reported history of chronic pain, inflammation, or
neurological conditions were recruited from the local university community through flyer
advertisements. Participants did not undergo a physical assessment. All participants
supplied signed, informed consent prior to participation, and were free to withdraw at
any time. All procedures were conducted in accordance with the standards set out by
the Declaration of Helsinki (2013) for research involving human participants.
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3.2.2 Experimental Procedures
NRs were elicited on participants’ right arm. Participants were in a seated
position, with their right arm resting on an armrest, elbow at 110 degrees of flexion, and
hand pronated. A single noxious electrical stimulus consisted of five, 1 msec square
wave pulses output at 200 Hz (S48 Square Pulse Stimulator, Grass Technologies,
Warwick RI, USA) were delivered on the palmar aspect of the right index finger, through
two surface EMG electrodes (Ambu blue sensor, 34 mm polymer gel) (Peterson et al.,
2014). NR responses were recorded using bi-polar surface EMG from the triceps brachii
lateral head (TRI), biceps brachii long head (BI), extensor carpi radialis longus (WE),
and the flexor carpi ulnaris (WF) muscles. Electrical stimulus intensity was increased in
2 mA increments from the detection threshold until participants responded with a
numerical pain rating scale (NPRS) rating of 7/10 (Peterson et al., 2014; Sterling et al.,
2010). The time between noxious electrical stimuli was random, with 12-20 seconds
between stimuli. This progression of increasing electrical stimuli was repeated a total of
6 times throughout the experimental session, with 5-7 minutes of rest between each set
of stimulations. Participants completed both control and capsaicin induced central
sensitization sessions in a random order, with both sessions used for analysis in the
present study. In the sensitization session, 0.075% capsaicin (Zostrix HP 0.075%,
Valeant, Canada) was applied to the C5-C6 dermatome for 40 minutes, while NR
thresholds were assessed at 10-minute intervals following cream application. Details on
NR threshold differences between control and sensitized sessions are presented
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elsewhere (Linde, PhD Study 1). A total of 5,968 NR responses were collected across
the four muscles investigated (1,492 per muscle).

3.2.3 Data Analysis
All data analysis was completed in Matlab software (Version 2014b, Mathworks,
Natic MA, USA). Raw EMG data from 300 msec before and after each noxious stimulus
were band-pass filtered from 50-500 Hz, using a 2nd order Butterworth filter prior to full
wave rectification. Processed EMG signals were normalized to maximal voluntary
contractions (MVC), which were recorded for each participant at the beginning of each
experimental session (Peterson et al., 2014). MVCs were completed against manual
resistance in the same posture as the testing session to maintain consistency of EMG
electrode position. Participants were asked to ramp up to maximum and maintain
contraction for three seconds. MVCs were repeated once following five minutes of rest
(De Luca, 1997). NR responses were visually inspected and classified as a positive NR
response if rectified EMG activity was greater than three standard deviations above
baseline data (Peterson et al., 2014) for at least 10 msec (Banic et al., 2004) in the 60200 msec response window following each stimulus (Peterson et al., 2014; Serrao et
al., 2006; Serrao et al., 2012a). Two separate investigators visually inspected all NR
responses based on these criteria. Investigators agreed on 5,921 (99%) of the total
5,968 files, with 2045 positive NR responses identified. For ROC analysis, only files
where both raters agreed on the presence of a NR response were classified as true
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responses. NR responses where only one rater identified a positive NR response and
responses where both raters identified no NR response were both classified as no NR
response. IPZSs were calculated as the peak processed EMG value in the 60-200 msec
response window, minus mean processed EMG data 60 msec prior to stimulus, all
divided by the standard deviation of processed EMG data in the 60 msec window prestimulus (Rhudy et al., 2007).

3.2.4 Statistical Analysis
For each muscle, a receiver operator characteristic (ROC) curve was created
between the IPZSs and visually inspected data. ROC analysis used true NR responses
from visually inspected data to validate the predictive ability of the IPZS, based on area
under the ROC curve. Cut-off points were calculated for each muscle based on the
intersection between the sensitivity and specificity curves produced by the ROC
analysis (Rhudy et al., 2007). Cut-off points represent the IPZS magnitude required to
identify a NR response while conserving the most sensitivity and specificity based on
visually inspected data (Rhudy et al., 2007).

3.3 Results
All participants completed all study procedures. IPZSs significantly predicted
visually inspected data with areas under the ROC curve (Figure 3-1) of 0.990, 0.985,
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0.995, and 0.987 for the WF, WE, BI, and TRI muscles respectively (Table 3-1). Cut-off
points of 8.53, 9.07, 7.29, and 7.45 were calculated based on the intersection of
sensitivity and specificity plots from ROC analysis (Figure 3-2) for the WF, WE, BI, and
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Figure 3-1: Receiver operator characteristic (ROC) curves between the interval peak z-score (IPZS) and
visually inspected nociceptive reflex (NR) response data for A) flexor carpi ulnaris, B) extensor carpi
radialis longus, C) biceps brachii short head, and D) triceps brachii lateral head muscles. The Solid lines
are the ROC curves. The dotted lines represent random chance based on an area under the ROC curve
of 0.5.
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Figure 3-2: Sensitivity and specificity (y-axis) plotted with associated interval peak z-score (IPZS) values
(x-axis). Labeled cut-off point was determined by the intersection of the sensitivity and specificity lines for
the receiver operator characteristic (ROC) curve of IPZS and visually inspected nociceptive reflex (NR)
responses. A) flexor carpi ulnaris, B) extensor carpi radialis longus, C) biceps brachii short head, and D)
triceps brachii lateral head muscles.

86

Table 3-1: Area under the receiver operator characteristic (ROC) curve of the interval peak z-score
(IPZS) and visually inspected nociceptive reflex responses for the flexor carpi ulnaris (WF), extensor carpi
radialis longus (WE), biceps brachii short head (BI), and triceps brachii lateral head (TRI) muscles. Cut-off
points and associated Sensitivity (SE) and Specificity (SP) are given for each muscle.

Muscle

Area Under
the ROC
curve

95% Confidence
Interval

Cut-off
Points

SE & SP

WF

0.990

(0.987-0.993)

8.53

0.945

WE

0.985

(0.981-0.989)

9.07

0.929

BI

0.995

(0.993-0.997)

7.29

0.958

TRI

0.987

(0.981-0.992)

7.45

0.944

3.4 Discussion
3.4.1 Main Findings
Our main objective was to determine the ability of the IPZS to predict visually
inspected NR responses in upper limb muscles. We observed areas under the ROC
curve above 0.98 for all upper limb muscles investigated, supporting our hypothesis that
the IPZS accurately predicts visually inspected NR responses in the upper limb. We
also calculated IPZS cut-off points ranging from 7.29-9.07, similar to those previously
reported in the lower limb and further supporting our hypothesis. Our findings suggest
that the IPZS can be used to accurately assess NR responses in the upper limb,
improving the automation and clinical feasibility of the upper limb NR technique.
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3.4.2 Interpretation
Our observed areas under the ROC curves between visually inspected NR
responses and IPZS points are in line with previous work by Rhudy and France (2007),
who observed an area under the ROC curve of 0.97 (95% CI – 0.97-0.98) for the biceps
femoris muscle from lower limb NR responses. Our similarly observed large area under
the ROC curves validates the predictive ability of the IPZS to determine upper limb NR
responses. Cut-off points, the intersection of specificity and sensitivity plots, were
calculated specifically to each upper limb muscle investigated. Cut-off points are used to
automate the process of NR response detection (Rhudy et al., 2007). Numerous studies
in the lower limb have used the IPZS method to automate and standardize both NR
response detection and the associated calculation of NR thresholds (Biurrun Manresa et
al., 2014; Rice et al., 2015; Smith et al., 2013, 2014). The IPZS cut-off of 10.32 for the
biceps femoris muscle was originally validated Rhudy and France (2007). Our cut-off
points were slightly less than that reported by Rhudy and France (2007), ranging from
7.29-9.07 across upper limb muscles. However, IPZS cut-off points ranging from 6.0912 have been reported in the lower limb NR (Biurrun Manresa et al., 2014; Jensen et
al., 2015b; Lichtner et al., 2015). Our observed smaller cut-off points compared to
Rhudy and France (2007) may be due to potential differences in baseline EMG data in
upper limb muscles compared to the lower limb, or differences in the relative amplitude
of NR responses between upper and lower limbs. Muscles of the upper limb are smaller
and have better force control compared to the lower limb (Christou et al., 2003). The
combination of smaller muscles and improved force control in the upper limb (Christou
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et al., 2003) may have contributed to smaller NR response in the upper limb measured
via surface EMG. Consistency smaller NR responses would explain our observed
smaller IPZS cut-off points, despite similar predictive ability to lower limb studies based
on areas under the ROC curve (Rhudy et al., 2007).
Rhudy and France (2007) also indicated each lab group should determine their
own cut-off points, due to potential differences in equipment. We evoked NR responses
via transcutaneous stimulation of the palmar aspect of the index finger. Conversely,
Rhudy and France (2007) used transcutaneous stimulation of the sural nerve trunk, a
common stimulation site for eliciting NR responses in the lower limb (Sandrini et al.,
2005). NR thresholds in the lower limb are reduced when assessed via peripheral skin
stimulation of the foot sole compared to stimulation of the sural nerve trunk (Willer,
1977). However, it is unclear if the NR amplitudes, a key factor in the IPZS calculation,
would be substantially influenced by these differences in stimulation site. The IPZS
score is based on the amplitude of EMG responses relative to EMG baseline and
standard deviation (Rhudy et al., 2007). Excessive noise in baseline EMG could
contribute to reduced IPZS scores. However, we did not observe excess noise in
baseline EMG. Collectively, our observed lower cut-off points compared to previous
lower limb studies was most likely due to the smaller relative size of upper limb muscles
(Christou et al., 2003) and their associated NR response amplitudes compared to the
lower limb. Upper limb NR classification using similar equipment and methodology can
make use of our provided cut-off points, while researchers exploring other muscles or
utilizing different apparatus should confirm cut-off points for their respective labs.
89

3.4.3 Limitations
This study was limited to four muscles of the upper limb, and provided ROC
curve analysis with respective IPZS cut-off points for only those muscles, thus limiting
the generalizability of our findings across all upper limb muscles. Other muscles such as
the deltoid muscles have been previously investigated in NR responses of the upper
limb (Peterson et al., 2014; Serrao et al., 2006; Serrao et al., 2012a). Our methodology
of IPZS score validation through comparison to visually inspected data should be
expanded to these other upper limb muscles to determine their respective IPZS cut-off
points. Our sample size was limited to 20 young healthy participants, with 12 repetitions
of the NR threshold assessment split between two separate occasions. This resulted in
a total of 1,492 NR responses to analyze for each muscle. The only previous study to
compare the IPZS to visually inspected data used 2,756 data files recorded from the
lower limb (Rhudy et al., 2007). However, the method to determine NR thresholds used
in their lower limb investigation involved an up-down-up staircase procedure, which
would triple the number of NR responses for each assessment as compared to our
method. The similarity in areas under the ROC curves between our study and the work
of Rhudy & France (2007) validates the use of the IPZS as an objective measure of NR
response detection in the upper limb, despite these minor discrepancies in
methodology.
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3.4.4 Conclusion
We have validated the IPZS as a method to assess upper limb NR responses
without the need for visually inspecting EMG data. Areas under the ROC curves
between IPZS and visually inspected data were above 0.90 for all upper limb muscles
investigated. We have provided IPZS cut-off points for four upper limb muscles that
should be used in the assessment of the upper limb NR. The use of the IPZS method of
NR response detection in upper limb further enhances the clinical feasibility of the NR
technique in the objective assessment the nociceptive system and central sensitization.

3.5 Bridge Summary
The validation of the IPZS technique in the upper limb provides the ability to
assess NR thresholds in real time. This real time quantification of NR threshold is
needed to explore other NR outcomes, such as NR amplitudes and NR temporal
summation amplitude. These amplitude based NR outcomes require the delivery of
noxious stimuli at known multiples of the NR threshold. Thus, the validation of the IPZS
in the upper limb enables future studies to assess NR amplitudes and NR temporal
summation amplitudes. However, prior to the investigation of these other NR outcomes,
an additional incremental study aimed to address another limitation from study one.
Study one’s findings of the reduced NR thresholds only in the WF and TRI
muscles may have been limited by the method of experimentally induced CS. Reduced
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NR thresholds in study one were observed 40 minutes after topical capsaicin
application, despite the presence of secondary hyperalgesia as early as 10 minutes
following topical application. The delay in reduction in NR thresholds observed only 40
minutes after topical capsaicin may have been due to the mild method of topical
capsaicin application.
It is known that topical capsaicin induces a mild, transient state of CS, peaking
10-30 minutes following topical application (Huntley et al., 2015; Maracle et al., 2017;
Srbely et al., 2010). Furthermore, it is known that capsaicin acts synergistically with heat
on the TRPV1 receptors of nociceptive neurons (Voets et al., 2004). This synergistic
effect has been exemplified in lower limb NR studies, where increases in NR amplitude
are only observed with the additional application of noxious heat with capsaicin
(Andersen et al., 1995). Study one induced CS via topical capsaicin only, which may
explain the observed selective reductions in NR thresholds occurring only 40 minutes
after topical capsaicin application. While the selective reduction in NR thresholds may
have been due to heterosegmental mechanisms of induced CS (Sorkin et al., 1999), or
functional adaptations of known upper limb muscle synergies to noxious stimuli (Leis et
al., 2000), increasing the severity of experimentally induced CS may better elucidate
these mechanisms. Further increases in experimentally induced CS may lead to
reduced NR thresholds in all upper limb muscles, suggesting the selective reductions
observed in study one were likely due to the mild method of induced CS. Conversely, if
WF and TRI muscle NR thresholds are further reduced, with no changes in BI and WE
muscles, the likely mechanism for study one’s findings would be through known muscle
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synergies (Leis et al., 2000) / functional adaptations of the upper limb to noxious stimuli
(Peterson et al., 2014).
Amplifying the effect of topical capsaicin induced CS through the combination of
skin pre-heating with capsaicin may provide a greater severity of CS induction.
However, the only study that previously compared capsaicin and heat-capsaicin
methods of experimentally induced CS reported no difference between methods (Dirks
et al., 2003). This study was limited to assessments of regions of secondary
hyperalgesia 75 minutes after the initial application of capsaicin with/without heat (Dirks
et al., 2003). This prolonged timeline limited a comparison between methods of CS
induction during the peak response of topical capsaicin within the first 30 minutes of
application.
The purpose of study three was to investigate the synergistic effect skin preheating on capsaicin induced CS within the first 30 minutes of topical capsaicin
application. Findings from this study may provide a method to non-invasively amplify the
effect of topical capsaicin induced CS.
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Chapter 4: Study 3 - The Acute Effect of Skin Pre-heating on
Capsaicin Induced Central Sensitization in Humans
Lukas D. Linde & John Z Srbely.
Submitted to: Pain Practice

94

4.1 Introduction
Central sensitization (CS) is an increased responsiveness of nociceptive neurons
in the central nervous system to normal or sub-threshold afferent input (Loeser et al.,
2011). CS is caused by persistent nociceptive input into the dorsal horn of the spinal
cord (Woolf, 2011) and is linked to the pathophysiology of numerous chronic pain
conditions, including myofascial pain syndrome (Srbely et al., 2010), low back pain
(Biurrun Manresa et al., 2013), osteoarthritis (Courtney et al., 2009; Rice et al., 2015;
Schaible, 2014), chronic pelvic pain (Neziri et al., 2010b; Stratton et al., 2015),
fibromyalgia (Desmeules et al., 2003), and whiplash (Banic et al., 2004; Curatolo et al.,
2001; Woolf, 2011). Despite the growing body of literature linking CS to a broad profile
of clinical pathologies, the physiologic role of CS in their pathophysiology is still poorly
understood. For this reason, advancing non-invasive experimental models that reliably
induce CS is essential to future basic research investigating the role of CS in the
pathophysiology of chronic pain.
Mechanisms of CS development in humans have been studied using various
models of experimentally induced CS including noxious heat (Pedersen et al., 1998),
electrical stimuli (Biurrun Manresa et al., 2010; Pfau et al., 2011), and chemical irritants
(Carstens, 1997; Caterina et al., 1997; Woolf, 2011). One of the most common
experimentally employed techniques for CS induction is topical capsaicin, which
selectively activates TRPV1 receptors on small unmyelinated and small myelinated
nociceptive afferents (O'Neill et al., 2012). Persistent TRPV1 receptor activation leads to
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a transient state of CS, characterized by well-demarcated regions of secondary
hyperalgesia circumscribing the capsaicin application site (Dirks et al., 2003; O'Neill et
al., 2012). Previous animal studies have suggested that heat may have synergistic
effects on TRPV1 receptor activation with capsaicin (Voets et al., 2004), leading some
authors to include skin pre-heating (Dirks et al., 2003; Petersen et al., 1999; Srbely et
al., 2010) or the co-application of heat and capsaicin (Andersen et al., 1996; Andersen
et al., 1995) in order to potentiate the sensitizing effect of topical capsaicin in humans.
Despite the increasing use of heat in conjunction with capsaicin, its potentiating effect
on capsaicin induced CS is still poorly resolved.
Only one study has previously investigated the effect of skin pre-heating on the
experimental induction of CS in humans via topical capsaicin and concluded that no
potentiating effect exists (Dirks et al., 2003). However, that particular study measured
the area of secondary hyperalgesia 75 minutes after topical capsaicin application. In
contrast, previous studies in our lab suggest that the sensitizing effect of topical
capsaicin may peak within 10 to 30 minutes post-application (Huntley et al., 2015;
Srbely et al., 2010); accordingly, the short-term synergistic effect of skin pre-heating on
topical capsaicin is yet unresolved.
The overall purpose of this study was to investigate whether skin pre-heating has
a short-term potentiating effect on topical capsaicin induced CS in humans. We tested
the hypothesis that heating of the skin prior to topical capsaicin application evokes
larger areas of secondary hyperalgesia within 30-minutes post-application, when
compared to topical capsaicin alone. This is an important unresolved question, the
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findings of which will inform future applications of the heat-capsaicin technique for the
experimental induction of CS in humans. Given the increasing association of CS with a
broad profile of chronic pain pathologies (Woolf, 2011), advancing effective, reliable,
and non-invasive experimental techniques to study the mechanisms of CS is a timely
priority in the field of chronic pain.

4.2 Methods
4.2.1 Participants
Twenty (20) university-aged students (21-27 years, 12 females, 8 males) were
recruited via email and poster advertisements to participate in this placebo-controlled
cross-over intervention study (Table 4-1). A priori power analysis, based on previously
reported brush allodynia assessments of secondary hyperalgesia post topical capsaicin
(Srbely et al., 2010), determined that a sample size of 16 participants provided 95%
power to detect an effect size of 1.0 at an alpha of 0.05. Participants completed a health
history questionnaire prior to participation and were excluded if they self-reported any
history of chronic pain, neurological and/or musculoskeletal abnormalities. Participants
were excluded if they self-reported taking any prescription / non-prescription
medications. Participants provided informed written consent and were free to withdraw
at any time. All study procedures were approved by the local university research ethics
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board and were conducted according to the Declaration of Helsinki Code of Ethics for
experiments involving humans (World Medical, 2013).

4.2.2 Experimental Procedures
Participants completed three, 1-hour sessions each separated by a 1-week
washout period. Sessions were completed in a random order, determined via a random
number generator (Microsoft Excel, 2013). The participants and the researcher who
carried out all experimental procedures were blinded to session order. However, due to
the burning sensation of capsaicin in two of three sessions, true blinding was not
achievable. The randomized order of sessions was used to partially mitigate any
potential participant expectations due to the inability to achieve true blinding.
Participants were seated comfortably with their right forearm resting on a table.
The topical cream application site was marked off as a 50 cm2 (10 cm x 5 cm) region at
the midpoint of the dorsal forearm, using a non-toxic marker. Three, 2 cm X 5 cm
regions of interest (ROI) were outlined both proximal and distal to the cream application
site (Figure 4-1).
We employed brush allodynia to assess for regions of secondary hyperalgesia
both proximal and distal to the cream application site. A fine haired brush (MRC
Systems, Heidelberg, Germany) was used to apply light, short brush strokes to the skin,
beginning distally at the dorsal wrist region and moving proximally towards the lower
border of the cream application site; similarly, we began brushing proximally at the
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lateral aspect of the shoulder and moved distally towards the upper border of the cream
application site. Participants had their eyes closed during brush allodynia testing.
Participants were asked to report the point where they subjectively experienced a
change in sensation from mechanical brushing to a light tingling or hyperesthesia, and
this point was marked with a non-toxic marker. The linear distance from this point to the
nearest border of the cream application site was measured and the proximal and distal
distances were summed and reported as the total brush allodynia score (Srbely et al.,
2010).
Despite the widespread use of brush allodynia, the number of brush strokes,
brushing speed, and size of sensory brush can all influence the subjective experience in
brush allodynia assessments (Samuelsson et al., 2005). Additionally, recent
comparisons of manual and automated methods of brush allodynia assessment
demonstrated poorer reliability with manual brush allodynia assessments (du Jardin et
al., 2013). Consequently, we chose to include skin temperature as an additional
outcome measure to confirm the experimental induction of CS on the basis that
increased skin temperature has been previously reported within regions of secondary
hyperalgesia, as measured using infrared thermography (Boudreau et al., 2009; Culp et
al., 1989; Serra et al., 1998; Sumikura et al., 2003). We used a FLIR infrared camera
(FLIR t440), set at a 45 cm distance from the participants’ arm (Nielsen et al., 2013), to
capture skin temperature from all ROIs surrounding the cream application site.
Following baseline measures, the topical intervention was applied to the skin of
the dorsal forearm in the 50 cm2 cream application site (Figure 4-1). Each session
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(heat-capsaicin, capsaicin, control) differed only in the intervention applied to the
forearm and the order of sessions was randomized via a random number generator
(Microsoft Excel, 2013). In the control (CON) session, 10 ml of a non-sensitizing
placebo cream (Lubriderm, Johnson & Johnson, New Brunswick, New Jersey, U.S.)
with a similar texture and color as topical capsaicin was applied to the skin within the
cream application region (Figure 4-1). In the capsaicin (CAP) session, 10 ml of topical
capsaicin cream (Zostrix HP 0.075%, Valeant, Canada) was applied to the skin within
the cream application site (Figure 4-1). In the heat-capsaicin session (CAP+HEAT),
participants received 10 minutes of skin pre-heating in the cream application region
(Figure 4-1) prior to 10 ml of topical capsaicin application. Skin pre-heating was
conducted by applying moist towels, maintained at 40°C in a temperature controlled
water bath (Huntley et al., 2015; Srbely et al., 2010). Towels were replaced every
minute during the 10 minutes of skin pre-heating, to maintain a consistent 40°C applied
temperature on the cream application site (Figure 4-1).
Infrared thermography and brush allodynia scores were recorded at baseline
(prior to skin pre-heating in the CAP+HEAT session), and at 10, 20, and 30 minutes
following cream application. The cream was removed after the 30 minutes of application
in all sessions, following the recording of all outcome measures. An 11-point (0-10)
numeric pain rating scale (NPRS) was recorded at each time point to quantify the pain
sensation of the cream interventions. NPRS scores were also recorded at baseline, 10,
20, and 30 minutes post cream application.
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Figure 4-1: Dorsal forearm regions of interest (ROI). 50 cm area at the midpoint of the forearm was the
topical intervention site, control (CON), capsaicin (CAP) or capsaicin with heat (CAP+HEAT) sessions. An
additional six ROI, 2 cm wide, were used in the assessment of skin temperature via infrared
thermography.

4.2.3 Data Analysis
We calculated the brush allodynia score as the sum of the distal and proximal
distances (cm) from the cream application site where participants noted an increase in
mechanical sensitivity to brush strokes (Srbely et al., 2010).
Average skin temperature values were calculated within each ROI (Figure 4-1) at
each time point using the proprietary FLIR software (Version 2.1, FLIR Software Tools)
and were normalized to baseline values. Skin temperatures from analogous distal and
proximal ROI (0-2 cm, 2-4 cm, 4-6 cm) were pooled for analysis. This lead to three
distinct regions used for comparison: the 0-2 cm region immediately adjacent to the
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cream application site, the intermediate 2-4 cm region, and the distant 4-6 cm region
(Figure 4-1).

4.2.4 Statistical Analysis
All statistical analyses were completed in R (R Core Team, 2018). Shapiro-Wilk
tests were used to assess a normal distribution for brush allodynia, NPRS, and skin
temperature data. Skin temperatures in all three ROIs were confirmed to have a normal
distribution. Brush allodynia and NPRS scores were not normally distributed. For skin
temperatures, we used Mauchly’s test to confirm the assumptions of sphericity for
repeated measures ANOVA. Skin temperature data revealed significant violations of
sphericity in all ROI. Therefore, we used linear mixed models to assess skin
temperature data via the lme4 package in R (Bates et al., 2015). Fixed effects of
session (CON, CAP, CAP+HEAT) and time (10 min, 20 min, 30 min) along with the
session-by-time interaction were included in a random intercept model, which included
random effects of subjects and crossed random effects of session and time (Baayen et
al., 2008). Significance of fixed effects were assessed by F-tests with a Kenward-Roger
approximation of degrees of freedom (Halekoh et al., 2014). Significant fixed effects
were further assessed by pairwise comparisons of session at each time point, with a
Bonferroni p-value adjustment for multiple comparisons. A significance level of
alpha<0.05 was set for all F-tests and Bonferroni corrected post-hoc tests.
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Brush allodynia and NPRS scores were assessed using a rank-based nonparametric test in the ld.f2 function from the nparLD package, which reports Wald-type
test statistics for main and interaction effects (Noguchi et al., 2012). The ld.f2 function
within the nparLD package is recommended for within-within study designs (Feys,
2016). Significant main and interaction effects were assessed post-hoc using Wilcoxon
signed-rank tests, with a Bonferroni correction for multiple comparisons. A significance
level of alpha <0.05 was used for all statistical analysis.

4.3 Results
4.3.1 Participant Compliance
All participants (N=20) completed all study sessions and no data was removed
from analysis.

Table 4-1: Participant Characteristics: Means ± Standard Deviation.

Participants
Age (years, Mean ± SD)
Height (cm, Mean ± SD)
Weight (kg, Mean ± SD)

N = 20 (8 Males)
24.2 ± 1.7
173.4 ± 11.2
72.1 ± 15.4

103

4.3.2 NPRS Scores
Significant main effects of session (Wald=121.9, df=2, p<0.001), time
(Wald=96.03, df=2, p<0.001), and session-by-time interaction (Wald=106.1, df=4,
p<0.001) were observed for NPRS scores. Wilcoxon signed-rank tests with a Bonferroni
correction for multiple comparisons revealed significantly greater NPRS scores in the
both CAP and CAP+HEAT sessions compared to CON at all time points (p<0.05).
NPRS scores in the CAP+HEAT session were also significantly greater than the CAP
session at 10 and 20 minutes (p<0.05), with a trend towards significance at 30 minutes

Numerical Pain Rating Scale (0-10)

(p<0.1) (Figure 4-2).
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Figure 4-2: Numerical Pain Rating Scale (NPRS) scores (0-10) for control (CON), capsaicin (CAP), and
capsaicin with skin pre-heating (CAP+HEAT) sessions. NPRS scores were normalized to baseline, and
compared at 10, 20, and 30 minutes after cream application. † Denotes significant differences from CON,
and ‡ denotes significant difference from both CON and CAP, both at the alpha <0.05 level.
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4.3.3 Brush Allodynia Scores
Significant main effects of session (Wald=84.77, df=2, p<0.001), time
(Wald=89.07, df=2, p<0.001) and session-by-time interaction (Wald=98.89, df=4,
p<0.001) were observed for brush allodynia scores. Wilcoxon signed-rank tests with a
Bonferroni correction for multiple comparisons revealed significantly increased brush
allodynia scores in the CAP session compared to CON at 30 minutes ((Mean±SEM):
2.08±0.45 cm) (p<0.05), with a trend towards a significant difference at 20 minutes
(0.73±0.26 cm) (p<0.1). Brush allodynia scores were significantly increased in the
CAP+HEAT session compared to both CON and CAP sessions at 20 minutes
(1.95±0.45 cm) and 30 minutes (3.70±0.46 cm) (p<0.05) (Figure 4-3).

4.3.4 Skin Temperature
Significant main effects of session (F(2,38)=2253, p<0.001), time (F(2,38)=45.25,
p<0.001), and significant session-by-time interaction (F(4,74)=552.3, p<0.001) were
observed for skin temperatures in the 0-2cm ROI. Bonferroni post hoc comparisons
revealed significantly greater skin temperatures in both the CAP and CAP+HEAT
sessions versus CON within the 0-2 cm ROI at all time points (p<0.001). Skin
temperatures in the 0-2 cm ROI were also significantly greater in the CAP+HEAT
session compared to CAP session at all time points (p<0.001) (Figure 4-3).
Significant main effects of session (F(2,38)=4.58, p<0.01), time (F(2,38)=16.47 ,
p<0.001), and session-by-time interaction (F(4,74)=4.36, p<0.001) were also observed for
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skin temperatures in the 2-4 cm ROI. Bonferroni post hoc comparisons revealed
significantly greater skin temperatures for the CAP+HEAT session compared to CON at
20 minutes and 30 minutes after cream application (p<0.05). No significant differences
in skin temperature within the 2-4 cm ROI were observed between CAP and
CAP+HEAT sessions or CAP and CON sessions at any time point (p>0.05) (Figure
4-3).
Skin temperatures in the 4-6 cm ROI revealed a significant main effect of time
(F(2,38)=22.10, p<0.001), a trend towards a significant session-by-time interaction
(F(4,74)=2.13, p=0.08), and no significant effect of condition (F(2,38)=1.85, p=0.17).
Bonferroni post hoc comparisons between sessions revealed no significant differences
between CON, CAP, or CAP+HEAT sessions at any time point (p>0.05). Bonferroni
post hoc comparison between time points (collapsed across sessions) revealed
significantly reduced skin temperatures at 20 minutes compared to 10 minutes
(p<0.001), with a further significant reduction in skin temperatures at 30 minutes
compared to both 20 and 10 minutes (p<0.001) (Figure 4-3).
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Figure 4-3: Brush allodynia (BA) scores (cm) and skin temperature (% of baseline) for control (CON),
capsaicin (CAP), and capsaicin with skin pre-heating (CAP+HEAT) sessions. A) Brush allodynia score is
the summation of proximal and distal measures of secondary hyperalgesia. Brush allodynia and skin
temperature were normalized to baseline, and compared at 10, 20, and 30 minutes after cream
application. Skin temperature comparisons were divided into 3 main regions surrounding the cream
application site, B) 0-2 cm ROI, C) 2-4 cm ROI, and D) 4-6 cm ROI. † Denotes significant differences from
CON, and ‡ denotes significant difference from both CON and CAP, both at the alpha <0.05 level. *
Denotes a significant difference from 10 minutes across all sessions, while # denotes a significant
difference from 20 minutes across all sessions, both at the alpha <0.05 level.
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4.4 Discussion
4.4.1 Main Findings
Our findings support our hypothesis that the heat-capsaicin technique evokes
larger areas of secondary hyperalgesia within the first 30 minutes post capsaicin
application, compared to topical capsaicin alone. The area of secondary hyperalgesia
significantly increased in the CAP+HEAT versus CAP session at 20 and 30 minutes
post topical capsaicin application when measured using brush allodynia. Similarly,
significantly increased skin temperatures were recorded within the first ROI (0-2 cm) in
the CAP+HEAT versus CAP session at all time points (10, 20, 30 minutes) postapplication. This 0-2 cm ROI overlaps with the area of secondary hyperalgesia
demarcated by brush allodynia (CAP: 2.08±0.45 cm, CAP+HEAT: 3.70±0.46 cm),
further supporting our hypothesis that pre-heating potentiates the sensitizing effect of
topical capsaicin within 30 minutes of application.
We also observed significance increases in skin temperature in the 2-4 cm ROI
in the CAP+HEAT session compared to CON, with no differences in the CAP session.
This finding further supports our hypothesis that skin pre-heating potentiates the
sensitizing effect of topical capsaicin, as only the CAP+HEAT session resulted in
increased temperatures beyond the 0-2 cm ROI. Additionally, we observed no
significance differences for skin temperature between sessions in the 4-6 cm ROI. The
4-6 cm ROI was beyond regions of secondary hyperalgesia, assessed via brush
allodynia. Our finding of no significant differences between sessions in the 4-6 cm
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suggests topical capsaicin with and without heat did not influence skin temperature
beyond the regions of secondary hyperalgesia, assessed via brush allodynia.
Collectively, our findings indicate that pre-heating potentiates the sensitizing effect of
topical capsaicin within 30 minutes of application.

4.4.2 Interpretation
Only one prior study has investigated the synergistic effect of heat on topical
capsaicin in humans (Dirks et al., 2003). In contrast to our findings, they observed no
differences in the area of secondary hyperalgesia between heat-capsaicin, capsaicin
alone, and heat alone (Dirks et al., 2003). Differences in methodology, however, may
explain the apparent divergence in findings from our study, as Dirks (2003) did not
assess for regions of secondary hyperalgesia until 75 minutes post-capsaicin
application (Dirks et al., 2003). Previous data from our lab, however, suggests that
topical capsaicin evokes a transient state of sensitization peaking within a 20-30 minute
window post application (Huntley et al., 2015; Maracle et al., 2017; Srbely et al., 2010).
Accordingly, the peak effects of topical capsaicin may have been mitigated by the time
Dirks (2003) tested for secondary hyperalgesia, explaining their observation (Dirks et
al., 2003). Future research employing topical capsaicin, both with and without preheating, should be sensitive to these time-dependent effects of capsaicin when
designing study methodologies.
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Our methodology is distinct from previous heat-capsaicin protocols, which have
typically employed noxious 45°C pre-heating stimuli (Dirks et al., 2003; Petersen et al.,
1999; Srbely et al., 2010). TRPV1 receptors are known to respond to noxious heat
above 43°C (Kandel et al., 2000). For this reason, we specifically employed pre-heating
temperatures of 40°C to mitigate additional noxious input from the pre-heating phase;
this design enabled us to exclusively target the synergistic effects of non-noxious heat
on topical capsaicin. Our findings align with previous cellular studies that demonstrate
increased TRPV1 channel permeability to non-noxious temperatures in the presence of
capsaicin (Voets et al., 2004), and offer additional evidence for the use of non-noxious
heat to amplify the sensitizing effect of topical capsaicin. Future research should
elucidate the specific mechanisms by which non-noxious pre-heat stimuli may
potentiate the sensitizing effects of capsaicin.
We employed infrared thermography in our study to validate skin temperature
changes within regions of secondary hyperalgesia. Regions of secondary hyperalgesia
are formed via dorsal root reflex (DRR) mechanisms subsequent to the induction of CS
within the spinal cord (Lin et al., 1999). DRRs, in turn, mediate the antidromic release of
vasoactive neuropeptides, such as substance P and calcitonin gene related peptide
(CGRP) via neurogenic inflammation (Szolcsányi, 1996). Substance P and CGRP are
powerful proinflammatory peptides that lead to significant inflammation and vasodilation,
resulting in increased skin temperature within regions of secondary hyperalgesia
(Elenkov et al., 2002).
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Skin temperature changes within the region of secondary hyperalgesia have
been previously employed to quantitatively validate capsaicin induced CS (Boudreau et
al., 2009; Culp et al., 1989; Serra et al., 1998; Sumikura et al., 2003). Sumikura (2003),
reported temporal increases in sensory measures of secondary hyperalgesia (brush and
punctate) and increases in skin temperature (via thermography) within regions of
secondary hyperalgesia of the forearm following capsaicin injection. Boudreau (2009)
similarly observed increased skin temperatures in areas of the face (secondary
hyperalgesia) following capsaicin application to the glabrous lips and tongue. Our
findings of increased skin temperature within regions of secondary hyperalgesia (0-2 cm
ROI) align with our brush allodynia findings to validate the experimental induction of CS.
Furthermore, the statistically significant increase of skin temperature in the CAP+HEAT
session compared to CAP offers additional support to our primary hypothesis, that skin
pre-heating potentiates the sensitizing effects of topical capsaicin within the first 30
minutes after topical application. Additionally, the skin pre-heating employed in the
CAP+HEAT session was only applied to the cream application region. This suggests the
increased skin temperatures in regions of secondary hyperalgesia (0-2 cm ROI) were
likely due to increased blood flow/vasodilation following capsaicin application (Lin et al.,
1999). The further increases in skin temperature in the CAP+HEAT session compared
to CAP is indicative of an amplification of this mechanisms through non-noxious skin
pre-heating.
We observed no significance differences for skin temperature between
CAP+HEAT and CAP sessions in the 2-4 cm ROI, which bordered the region of
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secondary hyperalgesia quantified via brush allodynia. We did, however, observe
significant increases in skin temperature in the CAP+HEAT session compared to CON
at 20 and 30 minutes following topical capsaicin application, with no significant
differences between CAP and CON sessions. These increased skin temperatures in the
CAP+HEAT session in the 2-4 cm ROI may suggest further expansion of regions of
secondary hyperalgesia via the synergistic effect of heat and capsaicin. Although these
data offer additional support for the synergistic effect of heat and topical capsaicin,
future studies should investigate whether this trend in skin temperature increases within
the 2-4 cm ROI reaches statistical significance beyond 30 minutes.
Additionally, no differences in skin temperature between CAP+HEAT and CAP
sessions were observed at any time point in the most distant skin temperature ROI (4-6
cm), which was beyond the region of secondary hyperalgesia assessed using brush
allodynia. Interestingly, we observed reduced skin temperatures over time across all
sessions within the 4-6 cm ROI, which may likely have been due to ambient room
temperatures, as placebo controls experienced the greatest reductions. Collectively,
these observations offer support for our hypothesis that applying heat prior to topical
capsaicin potentiates the sensitizing effect of capsaicin within the first 30 minutes of
capsaicin application.
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4.4.3 Limitations
Our findings should be interpreted in light of the following limitations. We limited
our analysis to a young, healthy adult population. Our specific aim was to investigate
the synergistic mechanisms of pre-heating on topical capsaicin; accordingly, we aimed
to study this phenomenon in a young, healthy cohort as close to the natural healthy
state of nervous system. Future studies should expand on this line of research by
studying the effects pre-heating on capsaicin induced CS in older adult and/or clinical
populations, to better understand these mechanisms in a clinical and/or pathological
setting.
Our findings are also limited to regional changes in CS within the dermatomes
supplied by cervical spine segments; future studies should confirm our findings in the
lower limb. Furthermore, although we introduced a more objective outcome of skin
temperature in this study, it remains an indirect measure of CS. Future studies should
employ neurophysiological techniques, such as nociceptive reflexes (Andersen et al.,
1995; Gronroos et al., 1993; Sandrini et al., 2005) or contact heat evoked potentials
(Madsen et al., 2012a), as another quantitative measure of CS.
Both our study and that of Dirks (2003) quantified changes in CS using measures
of the area of secondary hyperalgesia. Although the expansion of receptive fields and
development of regions of secondary hyperalgesia is a well-known physiologic
manifestation of CS, the relationship between the area of secondary hyperalgesia and
magnitude of induced CS is still unknown. Previous evidence suggests a dose113

dependent relationship between both intradermal injection (Simone et al., 1989) and
topical (Culp et al., 1989) applications of capsaicin with regions of secondary
hyperalgesia. A number of potential factors, however, could impact the area of
secondary hyperalgesia, including regional anatomic differences in receptive field sizes
of small unmyelinated fibres and/or descending pain inhibitory mechanisms (Le Bars et
al., 1979a, 1979b), which may play an important role in regulating DRR responses and
subsequent neurogenic inflammatory responses. Future research should resolve
whether a systematic association exists between the magnitudes of CS and area of
secondary hyperalgesia, as well as investigating other objective gold-standard
biomarkers of CS. Advancement in the field of chronic pain and CS, both within
experimental and clinical settings, is contingent upon the capacity to accurately and
reliability measure changes in CS, making this a timely priority in the field of chronic
pain.

4.4.4 Conclusion
CS is being linked to a progressively increasing number of clinical conditions
(Arendt-Nielsen et al., 2018; Woolf, 2011); however, its role in their pathophysiology is
still unclear. Experimental induction of CS in humans is an important tool by which
researchers can study the mechanisms of CS in the pathophysiology of conditions
associated with chronic pain. Topical capsaicin is one of the most commonly employed
techniques of experimental induction of CS, owing to its non-invasiveness and ease of
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application. Our findings are the first to demonstrate that pre-heating the skin prior to
topical application of capsaicin potentiates its sensitization effects within 30 minutes of
application. The findings of this study contribute to the field by demonstrating that the
synergistic effects of pre-heating and topical capsaicin are time dependent, and
therefore important considerations for study design. These findings significantly
advance this area of research by demonstrating that pre-heating potentiates the effects
of topical capsaicin, thereby introducing a potential avenue for non-invasively
investigating dose-response relationships of CS. Advancing non-invasive experimental
techniques of inducing CS will enable researchers to elucidate the underlying
mechanisms of CS, and its role in the pathophysiology of clinical conditions associated
with chronic musculoskeletal pain.

4.5 Bridge Summary
Study three confirmed the synergistic effect of heat and topical capsaicin at 20
and 30 minutes following topical capsaicin application. This was evidenced through
increases in the size of regions of secondary hyperalgesia, measured by brush
allodynia and skin temperature, in the heat-capsaicin session compared to capsaicin
alone. Using capsaicin with and without skin pre-heating may provide a method to noninvasively investigate the effect of varying levels of CS on upper limb NR outcomes.
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The use of the heat-capsaicin method of experimentally induced CS may
adequately address a key limitation from study one. The mild method of CS induction
via capsaicin alone in study one may have contributed to selective reduction in upper
limb NR thresholds only 40 minutes after topical capsaicin application. Employing
capsaicin with skin pre-heating may provide larger reductions in upper limb NR
threshold or temporal differences in observed reductions compared to study one’s
finding with capsaicin alone. However, the NR threshold as a primary outcome measure
may be limited it its quantification of nociceptive excitability related to CS development.
Early studies verified the relationship between the lower limb NR threshold and pain
perception (Willer, 1977), leading to its use as an objective measure of nociceptive
excitability (Lim et al., 2011). More recently, NR responses to temporal summation
stimuli have been used to assess underlying mechanisms of CS development (ArendtNielsen et al., 1994; Herrero, 2000). Previous studies in the lower limb NR have used
measures of temporal summation in the assessment of nociceptive excitability (Banic et
al., 2004; Biurrun Manresa et al., 2013; Neziri et al., 2010b), due to the shared NMDA
receptor mechanisms between CS development and temporal summation responses
(Arendt-Nielsen et al., 1994; Herrero, 2000). However, measures of temporal
summation have not been used in the upper limb NR.
Study four set out to investigate the effect of capsaicin induced CS on the upper
limb NR threshold, NR amplitude, and NR temporal summation amplitudes. The IPZS,
verified in study two, was vital to provide the assessments of NR thresholds in real time
to enable assessment of NR amplitudes and NR temporal summation amplitudes. The
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incorporation of both capsaicin and heat-capsaicin methods of CS induction, verified in
study three, provided a non-invasive method to investigate the effect of the varying
levels of CS on upper limb NR outcomes. Findings from study four will further address
the overall aims of this thesis, by providing insight into the ability of the upper limb NR to
detect experimentally induced CS.
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Chapter 5: Study 4 - The Effect of Experimentally Induced
Central Sensitization on Nociceptive Reflex Threshold and
Nociceptive Reflex Amplitude to Single and Temporal
Summation Stimuli in the Upper Limb
Lukas D. Linde & John Z. Srbely
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5.1 Introduction
Central sensitization (CS) is an amplification mechanism within the central
nervous system underlying the pathophysiology of numerous chronic pain pathologies
(Arendt-Nielsen et al., 2018; Latremoliere et al., 2009; Woolf, 2011, 2018). CS often
presents clinically as a spectrum, ranging from ipsilateral sensitization of a single spinal
segment to a widespread state of increased excitability throughout the entire
nociceptive system (Arendt-Nielsen et al., 2018). The development of clinically feasible
objective assessments of CS within its spectrum of clinical presentation is vital to
understanding the pathophysiology of chronic pain development in humans.
The nociceptive reflex (NR) has been used as an objective assessment of
nociceptive excitability in humans over the last 40 years (Lim et al., 2011; Skljarevski et
al., 2002; Willer, 1977). Reductions in the lower limb NR threshold have been observed
in numerous chronic pain conditions such as osteoarthritis (Rice et al., 2015),
fibromyalgia (Desmeules et al., 2003), and low back pain (Biurrun Manresa et al., 2013),
as well as in models of experimentally induced CS via topical (Gronroos et al., 1993)
and intradermal injection (Biurrun Manresa et al., 2014) of capsaicin. Increased NR
amplitudes have also been reported following capsaicin induced CS in the lower limb
(Andersen et al., 1995). These increased NR amplitudes following capsaicin induced
CS were mitigated by the NMDA receptor antagonist ketamine (Andersen et al., 1996),
implicating the association between NR amplitude and NMDA receptor mediated
mechanisms of CS development (Latremoliere et al., 2009).
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NR responses to a series of noxious stimuli have also been used to assess
nociceptive excitability in humans (Arendt-Nielsen et al., 1994). The progressively
increased response of NR amplitudes to a series of noxious stimuli is termed ‘temporal
summation’ (Arendt-Nielsen et al., 1994), and is the clinical correlate to wind-up
(Herrero, 2000). Wind-up is a frequency dependent amplification of nociceptive
afferents from repeated noxious stimuli exposure, mediated by NMDA receptors in the
dorsal horn of the spinal cord (Herrero, 2000). NMDA receptors play a key role in the
development of CS (Basbaum et al., 2009; Latremoliere et al., 2009). Therefore, due to
the shared NMDA receptor mediated mechanisms between NR responses to temporal
summation and CS development (Arendt-Nielsen et al., 1994; Herrero, 2000;
Latremoliere et al., 2009), NR responses to temporal summation stimuli have been
implemented in the assessment of CS in humans (Banic et al., 2004; Biurrun Manresa
et al., 2013; Neziri et al., 2010a; Neziri et al., 2010b).
Despite the prominent use of the lower limb NR threshold, NR amplitude, and NR
temporal summation outcomes in the assessment of CS (Lim et al., 2011; Sandrini et
al., 2005), very few studies have employed the NR technique in the upper limb
(Cambier et al., 1974; Floeter et al., 1998; Peterson et al., 2014). Only one previous
study has assessed changes in upper limb NR thresholds following the experimental
induction of CS (Linde, PhD Study 1). No studies have investigated NR amplitudes or
NR temporal summation outcomes in the upper limb for the assessment of
experimentally induced CS. Given the shared NMDA receptor mediated mechanisms of
NR responses to temporal summation stimuli and CS development (Arendt-Nielsen et
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al., 1994; Herrero, 2000), the use of upper limb NR temporal summation outcomes may
improve the assessment of CS within the cervical spine.
Our purpose was to assess the influence of experimentally induced CS on the
upper limb NR threshold and NR amplitudes to single and temporal summation stimuli.
We expected upper limb NR thresholds would decrease and NR amplitudes to single
and temporal summation stimuli would increase following the experimental induction of
CS via topical capsaicin. Findings from this study will provide insight into the use of
temporal summation stimuli in the upper limb NR technique in the assessment of CS.
Advancing techniques to quantify CS within the cervical spine is essential to the
continued investigation of the underlying neurological mechanism of numerous chronic
pain pathologies.

5.2 Methods
5.2.1 Participants
A total of 24 young, healthy university aged individuals (23.8±2.2 years,
171.1±7.4 cm, 69.4±12.6 kg, 13 females, 11 males) were randomly recruited from the
local university community through the use of poster and email advertisements. A priori
power analysis based on previous data from lower limb NR thresholds (Gronroos et al.,
1993), upper limb NR thresholds (Linde, PhD Study 1), and lower limb NR amplitudes
(Andersen et al., 1995) determined that a sample size of 22 participants was required to
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detect an effect size of 0.75 at an alpha level of 0.05. Participants completed a selfreported health history questionnaire and were excluded from study participation if they
reported a history of chronic pain, musculoskeletal, or neurological conditions. Signed,
informed consent was provided by participations prior to study commencement. All
study procedures were conducted in accordance with the standards set out by the
Declaration of Helsinki (2013) for research involving human participants.

5.2.2 Set-up and Equipment
Participants were seated in an upright position with their right forearm and hand
supported on an adjustable armrest. The right upper arm was positioned in line with
each participant’s torso, while their elbow was flexed to approximately 110 degrees with
their wrist pronated, and their hand open and resting on the adjustable armrest.
Electrical stimuli were applied to the right index finger, while NR responses were
recorded from the flexor carpi ulnaris (WF) and extensor carpi radialis longus (WE)
muscles using bi-polar surface electromyography (EMG) (Bortec Biomedical Ltd.
Calgary, AB, Canada). Raw EMG signals were amplified 500-1000 times, and digitally
sampled at 2000 Hz. The skin over each muscle belly was cleaned with rubbing alcohol
prior to surface electrode placement. Surface electrodes (Ambu blue sensor, 34 mm
polymer gel) were placed at standardized locations, confirmed with motor point
identification, with an inter-electrode distance of 20 mm along the midpoint of muscle
belly for both WF and WE muscles (De Luca, 1997). We recorded from the WF and WE
muscles only as we have previously determined that these muscles have lower NR
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thresholds compared to other upper limb muscles, such as the biceps brachii or the
triceps brachii (Linde, PhD Study 1). These lower NR thresholds for the WE and WF
muscles improves participant tolerance to the noxious stimulus intensity, as lower
stimuli are required to elicit NR responses.
Following EMG set up, two sets of isometric maximal voluntary contractions
(MVC) were performed against manual resistance for each muscle. EMG data were
normalized to MVCs within each testing session to allow for comparisons between
participants and across sessions. MVCs were completed in the same posture as the
testing session to maintain consistency of EMG electrode position. Participants were
asked to ramp up to maximum and maintain a maximal contraction for three seconds.
Five minutes of rest were given between MVCs to allow for recovery between trials (De
Luca, 1997).
Two stimulating electrodes (Ambu blue sensor, 34 mm polymer gel) were placed
with a 3 cm inter-electrode distance on the palmar aspect of the right index finger
(Floeter et al., 1998; Peterson et al., 2014). A single electrical stimulation consisted of
five, 1 msec square wave pulses delivered at 200 Hz by a Digitimer stimulator (DS7AH,
Hertfordshire, UK) (Andersen et al., 2001; Banic et al., 2004; Rhudy et al., 2011a;
Serrao et al., 2006; Serrao et al., 2012b). For temporal summation stimuli, 5 of these
single stimuli (five, 1 msec pulses delivered at 200Hz) were delivered at 2 Hz (Figure
5-2). LabChart software (version 7) and PowerLab 16/SP amplifier (AD Instruments Inc.
Colorado CO, USA) were used for EMG data acquisition.
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5.2.3 Experimental Procedures
Participants completed three, two-hour randomized sessions, with each session
separated by a one-week washout period. Sessions were completed in a random order,
determined via a random number generator (Microsoft Excel, 2013). Following EMG
setup and MVCs, NR thresholds were assessed for both WE and WF muscles. NR
thresholds were assessed through two series of increasing and decreasing noxious
stimuli. Stimulus intensity was initially set at 1 mA, and progressively increased in 2 mA
increments (Peterson et al., 2014) until either NR responses were visually observed in
the WE and WF muscles or participants reported further increases were not tolerable
beyond a predetermined numerical pain rating scale (NPRS) limit of 7/10 (Sterling et al.,
2010). Subsequently, stimulus intensity was reduced in 2 mA increments until NR
responses were no longer visible. The time between noxious stimuli was between 12-20
seconds in order to limit participant expectation and limit habituation from exposure to
repeated noxious stimuli (Sandrini et al., 2005; von Dincklage et al., 2013). This series
of ascending and descending noxious stimuli was repeated, resulting in a total of two
ascending and descending series of noxious stimuli in 2 mA increments. The lowest
stimulus intensity in the two ascending and two descending series of stimuli to elicit a
peak interval z-score value above 9 (Linde, PhD Study 2) was recorded and the mean
of these four values was defined/identified as the NR threshold.
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Following the establishment of NR thresholds, single noxious stimuli and
temporal summation stimuli were delivered to participants. Single stimuli consisted of
five, 1 msec square waves delivered at 200 Hz. Temporal summation stimuli consisted
of five single stimuli (five, 1 msec square waves delivered at 200 Hz) stimuli delivered at
2 Hz (Arendt-Nielsen et al., 1994; Neziri et al., 2010a). The intensity for single stimuli
was set at 1.2X NR threshold, while the intensity for temporal summation stimuli was set
at 1.0X NR threshold. Stimulus intensity for temporal summation stimuli was lower than
single stimuli due to increased pain responses to temporal summation stimuli and noted
lower temporal summation NR thresholds compared to single stimuli NR thresholds
(Neziri et al., 2010a). Single stimuli and temporal summation stimuli were repeated
three times for each muscle investigated, resulting in a total of 12 (6 single, 6 temporal)
sets of noxious stimuli delivered to participants. Single and temporal summation stimuli
were delivered in a random order, with 12-20 seconds between stimuli to limit
participant expectation, similar to NR threshold identification.
The establishment of NR thresholds for the WE and WF muscles along with the
subsequent delivery of both single and temporal summation stimuli was completed a
total of six times during each experimental session. First, these procedures were
completed to familiarize participants to noxious stimuli and confirm their tolerance to NR
threshold assessment and the subsequent single and temporal summation stimuli.
Following familiarization, NR threshold, single stimuli, and temporal summation stimuli
procedures were repeated and recorded as the baseline time-point for the respective
experimental session.
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Following baseline NR assessments, participants received one of three
interventions, control cream (CON) (Lubriderm, Johnson & Johnson, New Brunswick,
New Jersey, U.S), capsaicin cream (CAP) (Zostrix HP 0.075%, Valeant, Canada), and
capsaicin cream following 10 minutes of skin pre-heating (CAP+HEAT). Previous
studies in our lab have verified the synergistic effect of heat and capsaicin in the
experimental induction of CS (Linde, PhD Chapter 4). We used this method of capsaicin
with and without skin pre-heating to further assess the influence of this synergistic effect
on upper limb NR outcomes. Participants and investigators were blinded to the
experimental session order, however, due to the nature of both the interventions and
the crossover study design, true blinding was not achievable. Each cream was applied
to a 50 cm2 area (5 cm by 10 cm) of the right lateral forearm supplied by the C5-C6
dermatome (Srbely et al., 2010). For the CAP+HEAT session, skin pre-heating was
conducted by applying moist towels, maintained at 40°C in a temperature controlled
water bath (Huntley et al., 2015; Srbely et al., 2010). Towels were replaced every
minute during the 10 minutes of skin pre-heating to maintain a consistent 40°C applied
temperature on the cream application region. Following the cream application, NR
thresholds along with subsequent single and temporal summation stimulations were
repeated four times at 15-minute intervals.
Dynamic brush allodynia testing was used to confirm the experimental induction
of CS in the C5-C6 spinal segment. Brush allodynia is a commonly employed sensory
testing technique that is used to confirm the experimental induction of CS (Buonocore et
al., 2016; Huntley et al., 2015; Maracle et al., 2017; Srbely et al., 2010). Allodynia was
126

tested by means of gentle brush strokes within the regions of secondary hyperalgesia
surrounding the cream application region. We used a fine sensory brush (MRC systems
GmbH, Heidelberg, Germany) to apply light, short brushing strokes to the skin
beginning at the wrist and moving proximally towards the area of cream application,
then starting at the upper arm and moving distally towards the area of cream
application. Participants verbally indicated any alterations to mechanical sensitivity to
brush strokes, both proximal and distal to the cream application region. The point at
which participants sensed a change in mechanical sensitivity was marked with a nontoxic marker and the linear distance (cm) from the marked location to the cream region
was recorded. The sum of the proximal and distal distances was used as the brush
allodynia score. If participants noted no change in sensation, a score of 0 cm was
recorded. Participants’ eyes were closed during brush allodynia testing. We also used
an 11-point (0-10) NPRS score to record participant perceived pain to the cream
application region. Brush allodynia and NPRS scores were reported at baseline and at
15-minute intervals following cream application in each session.

5.2.4 Data Analysis
All EMG data were analyzed using Matlab software (Version 2014b, MathWorks,
Natic MA, USA). Raw EMG data were trimmed to include 300 ms of data before and
after each electrical stimulus for WF and WE muscles. Raw EMG signals were bandpass filtered at 50-500 Hz using a 2nd order Butterworth filter and full wave rectified
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(Peterson et al., 2014; Serrao et al., 2006; Serrao et al., 2012b). All EMG data were
normalized to the peak rectified EMG value from MVC trials and expressed as a
percentage of MVC (Peterson et al., 2014).
Both single stimulus and temporal summation NR response amplitudes were
expressed as d-scores, where d=[(rectified EMG in the 60-200 msec post stimulus
response window – mean of 60 msec pre-stimulus window EMG)/ standard deviation of
both the 60 msec pre-stimulus window and 60-200 msec post stimulus response
window EMG] (Rhudy et al., 2018). For temporal summation responses, we summed
the d-score responses from each of the five noxious stimuli within each temporal
summation stimulus (five stimuli delivered at 2 Hz) to quantify the total temporal
summation response (Figure 5-2). For single and temporal summation amplitudes, the
average of the three repeated trials was used for each muscle at each time-point.
Brush allodynia scores were the summation of the distal and proximal distances
(cm) from the cream application site where participants noted an increase in mechanical
sensitivity to brush strokes (Srbely et al., 2010).

5.2.5 Statistical Analysis
All statistical analyses were completed in R (R Core Team, 2018). Shapiro-Wilk
tests were used to determine whether brush allodynia and NPRS data were normally
distributed. Both brush allodynia and NPRS scores were not normally distributed. Brush
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allodynia and NPRS scores were compared between sessions (CON, CAP,
CAP+HEAT) over time (baseline, 15 min, 30 min, 45 min, 60 min) using a rank-based
non-parametric test in the ld.f2 function from the nparLD package (Noguchi et al., 2012).
The ld.f2 function reports Wald-type test statistics for main and interaction effects
(Noguchi et al., 2012) and is recommended for within-within study designs (Feys, 2016).
Significant main and interaction effects were further assessed post hoc using Wilcoxon
signed-rank tests, with a Bonferroni correction for multiple comparisons.
NR thresholds, single stimulus amplitudes, and temporal summation amplitudes
for both WF and WE muscles had randomly distributed missing data points in all
experimental sessions. This was primarily caused by an inability to detect NR
thresholds due to participant intolerance to noxious stimuli intensity in both muscles
across all time points, resulting in missing data. A linear mixed model approach was
used to account for this unbalanced design, which is recommended to accommodate
missing data points in repeated measures study designs (Bates et al., 2015). Linear
mixed model assumptions of residual variance homogeneity between groups and
normal distribution of model residuals were confirmed using Levine tests and ShapiroWilk tests, along with visual inspection of quantile-quantile plots (Zuur et al., 2010).
Differences between experimental sessions were assessed over time for NR
thresholds, NR single stimulus amplitudes, and NR temporal summation amplitudes for
both WF and WE muscles. We performed our linear mixed model analysis under the
assumption of compound symmetry, which assumes homogenous variance between
comparisons, similar to a repeated measures ANOVA design (Magezi, 2015). Fixed
129

effects of session (CON, CAP, CAP+HEAT) and time (baseline, 15 min, 30 min, 45 min,
60 min) along with the session-by-time interaction were included in a random intercept
model, which included random effects of subjects and crossed random effects of
session and time (Baayen et al., 2008). Significance of fixed effects were assessed by
F-tests, with a Kenward-Roger approximation of degrees of freedom (Halekoh et al.,
2014). Significant main and interaction effects were further assessed by pairwise
comparisons with a Bonferroni p-value adjustment for multiple comparisons. A
significance level of alpha<0.05 was set for all F-tests and Bonferroni post-hoc tests.
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Figure 5-1: Representative rectified electromyography (EMG) tracing of single nociceptive reflex
response from extensor carpi radialis longus muscle. a) -65 to -5 ms baseline window, b) stimulus artifact,
c) 60-200 ms response window post stimulus. Horizontal line that spans the plot area represents three
standard deviation criteria to determine reflex response.
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Figure 5-2: Representative rectified electromyography (EMG) tracing of remporal summation nociceptive
reflex response from extensor carpi radialis longus muscle. Arrows denote 5 stimulations delivered at 2
Hz, starting at time 0. Rectified EMG responses can be seen to substantial increase following the fourth
and fifth stimuli compared to the first three stimuli.

5.3 Results
5.3.1 Participant Compliance
20 of 24 participants completed all study procedures. Four participants withdrew
from the study following familiarization in the first session, as the noxious stimuli
intensity required to elicit consistent NR responses was too painful to continue.
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5.3.2 Brush Allodynia Scores
Brush allodynia scores revealed a significant main effect of both session
(Wald=225.3, df=2, p<0.001) and time (Wald=684.8, df=4, p<0.001), with a significant
session-by-time interaction (Wald=3274, df=8, p<0.001). Wilcoxon signed-rank tests
with a Bonferroni correction for multiple comparisons revealed significantly greater
brush allodynia scores in both CAP and CAP+HEAT sessions compared to CON at all
time points following cream intervention (p<0.05). Brush allodynia scores in the
CAP+HEAT session were also significantly greater than the CAP session at 15 minutes
and 60 minutes following cream intervention (p<0.05), with a trend towards a significant
increase at 30 minutes (p<0.1) (Figure 5-3).

5.3.3 NPRS Scores
NPRS scores revealed a significant main effect of both session (Wald=290.9,
df=2, p<0.001) and time (Wald=637.9, df=4, p<0.001), with a significant session-by-time
interaction (Wald=924.0, df=8, p<0.001). Wilcoxon signed-rank tests with a Bonferroni
correction for multiple comparisons revealed significantly greater NPRS scores in both
CAP and CAP+HEAT sessions compared to CON at all time points following cream
intervention (p<0.05). VAS scores in the CAP+HEAT session were also significantly
increased compared to the CAP session at 45 and 60 minutes following cream
intervention (p<0.05), a trend towards a significant increase at 30 minutes (p<0.1)
(Figure 5-3).
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Figure 5-3: Brush allodynia (left) and numerical pain rating scale (NPRS) (right) scores at baseline, and
15-minute intervals following cream intervention in control (white bars), capsaicin (grey bars), and
capsaicin with skin pre-heating (dark bars) sessions. † Denotes significant difference from control, while ‡
denotes a significant difference from both control and capsaicin sessions, both at alpha<0.05.

5.3.4 NR Thresholds
NR thresholds in both the WF and WE muscles revealed significant main effects
of time (F(4, 64.6) = 34.81, p<0.001; F(4, 72.6) = 29.29, p<0.001), with no effect of session
(F(2, 35.9) = 0.17, p=0.84; F(2, 37.2) = 0.32, p=0.73), or a session-by-time interaction
(F(8,121.1) = 1.13, p=0.35; F(8,133.28) = 0.87, p=0.55). NR threshold were collapsed across
condition to allow for post-hoc comparisons between time points, with a Bonferroni
correction for multiple comparisons. Post-hoc tests for both WF and WE NR thresholds
revealed significant increases in NR thresholds over time, with significant increases in
NR thresholds compared to the preceding time point (p<0.05), with the exception of no
significant differences between the 30 and 45-minute time points (p=0.99) (Figure 5-4).
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Figure 5-4: Nociceptive reflex (NR) thresholds in the wrist flexors (left) and wrist extensor (right) muscles
at baseline, and 15-minute intervals following cream intervention in control (white bars), capsaicin (grey
bars), and capsaicin with skin pre-heating (dark bars) sessions. * Denotes a significant main effect of
time, with a significant difference compared to baseline across all conditions at alpha <0.05.

5.3.5 NR Single Stimulus Amplitudes
NR single stimulus amplitudes for the WE muscle revealed a significant main
effect of time (F(4,57.97) = 4.51, p<0.01), with no effect of session (F(2,28.42) = 0.12,
p=0.88), or a session-by-time interaction (F(8,104.75) = 0.62, p=0.76). Post-hoc
comparisons between time points were collapsed across condition, with a Bonferroni
correction for multiple comparisons. Post-hoc tests revealed a significant reduction in
WE single stimulus amplitudes at 30 and 45 minutes following cream intervention
compared to baseline (p<0.05), with no other differences between amplitudes at any
time point (Figure 3). NR single stimulus amplitudes for the WF muscle revealed no
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significant effects of session (F(2,31.68) = 0.39, p=0.68), time (F(4,51.93) = 1.27, p=0.29), or
a session-by-time (F(8,91.78) = 1.63, p=0.13) interaction (Figure 5-5).
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Figure 5-5: Nociceptive reflex (NR) single stimulus amplitudes (d-score) at baseline, and 15-minute
intervals following cream intervention in control (white bars), capsaicin (grey bars), and capsaicin with
skin pre-heating (dark bars) sessions. * Denotes a significant main effect of time, with a significant
difference compared to baseline across all conditions at alpha <0.05.

5.3.6 NR Temporal Summation Amplitudes
NR temporal summation amplitudes revealed no significant main or interaction
effects for the WF (session: F(2,32.17) = 0.04, p=0.97 , time: F(4,54.84) = 0.32, p=0.86 ,
session-by-time: F(8,101.13) = 1.07, p=0.39) or WE (session: F(2, 34.85) = 0.10, p=0.90, time:
F(4,64.35) = 0.65, p=0.63, session-by-time: F(8, 106.17) = 0.76, p=0.64) muscles (Figure 5-6).
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Figure 5-6: Nociceptive reflex (NR) temporal summation (TS) summed amplitudes (d-score) at baseline,
and 15-minute intervals following cream intervention in control (white bars), capsaicin (grey bars), and
capsaicin with skin pre-heating (dark bars) sessions.

5.4 Discussion
5.4.1 Main Findings
We are the first to investigate the effect of capsaicin induced CS on NR
thresholds, NR single stimulus amplitudes, and NR temporal summation amplitudes in
the upper limb. Our findings did not support our hypothesis that upper limb NR
thresholds would decrease and NR temporal summation amplitudes would increases
following the experimental induction of CS via capsaicin. We observed no significant
differences between CON, CAP, and CAP+HEAT sessions for NR thresholds or NR
temporal summation amplitudes of the upper limb WE and WF muscles. Similarly, we
observed no significant differences between experimental sessions for NR single
stimulus amplitudes of upper limb WE and WF muscles. These collective observations
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suggest that the experimental induction of CS via capsaicin of the C5-C6 spinal
segment does not significantly reduce upper limb WF and WE muscle NR thresholds or
significantly increase NR amplitudes to both single stimuli and temporal summation
stimuli.

5.4.2 Interpretation
Our finding of no significant difference in WF and WE muscle NR thresholds
between control and sensitized sessions is in contrast to previous research from our lab
(Linde, PhD Study 1). We previously reported reduced NR thresholds in the WF muscle
40 minutes after the experimental induction of CS via topical capsaicin (Linde, PhD
Study 1). In the present study, we also employed a skin pre-heating with capsaicin
session to amplify the effect of experimentally inducted CS (Linde, PhD Study 3), and
still observed no differences in NR threshold between CAP, CAP+HEAT and CON
sessions. Methodological differences in NR threshold assessment between studies may
partially explain our findings. Our previous study that reported reduced NR thresholds
following capsaicin application only used a single ascending series of electrical stimuli in
2 mA increments (Linde, PhD Study 1). In the present study, we assessed NR
thresholds using two staircases of increasing and decreasing electrical stimuli in 2 mA
increments. This led to substantially more exposure to noxious stimuli during NR
threshold assessment in the present study. This increased exposure to noxious stimuli
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in NR threshold assessments may explain our lack of significant differences between
capsaicin and control sessions due to habituation to repeated noxious stimuli exposure.
Increased NR thresholds over time are indicative of habituation to repeated
exposure to noxious stimuli (Floeter et al., 1998; von Dincklage et al., 2013), indicating
progressively increased noxious stimulus intensities are required to assess NR
thresholds in each session over time. We observed a significant main effect of time for
NR thresholds of both the WE and WF muscles, as well as for NR single stimulus
amplitudes of the WE muscle. Post-hoc tests for NR thresholds in both WF and WE
muscles revealed progressive increases in NR thresholds over time in all experimental
sessions. Similarly, reduced WE muscle NR single stimulus amplitudes at 30 and 45
minutes in all sessions are indicative of habituation to repeated noxious stimuli
exposure.
Habituation to repeated noxious stimuli exposure has been previously observed
in both upper and lower limb NR paradigms (Floeter et al., 1998; von Dincklage et al.,
2013). von Dincklage (2013) ascertained that the degree of habituation of NR single
stimulus amplitudes was dependent on both the stimulus intensity relative the NR
threshold as well as the time between repeated stimuli. For example, stimulus
intensities at 1.0X NR threshold with an inter-stimulus interval of 10 seconds produced
an average of 20% habituation compared to initial reflex size (von Dincklage et al.,
2013). We maintained inter-stimulus intervals of at least 12 seconds, and still observed
45-61% habituation in NR thresholds across all experimental sessions, far greater than
previously reported in the lower limb (von Dincklage et al., 2013). Consequently,
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methodological guidelines to avoid habituation based on the lower limb NR may not be
adequate for repeated noxious stimuli exposure in upper limb NR studies.
Our observed habituation to repeated noxious stimuli exposure in the upper limb
NR threshold is supported by one previous study that observed habituation in response
to upper limb cutaneous withdrawal reflexes (Floeter et al., 1998). Floeter (1998)
reported nearly 100% habituation in the upper limb WE muscle cutaneous withdrawal
reflex amplitudes following the delivery of 10 stimulus trials with 3-minutes between
stimuli. Our findings align with Floeter (1998), and together suggests that the upper limb
NR exhibits more severe habituation to repeated noxious stimuli compared to values
previously reported in the lower limb NR (von Dincklage et al., 2013). Future studies
implementing the upper limb NR should develop novel methods of NR threshold
assessment, as well as develop a stimulus delivery protocol for NR temporal summation
stimuli to accommodate the severe habituation we observed in the upper limb NR.
Also in opposition to our hypothesis, we observed no significant differences in
NR amplitude to temporal summation stimuli. Interestingly, we observed no effect of
time for NR temporal summation amplitude, in contrast to NR thresholds NR single
stimulus amplitudes. This suggests NR temporal summation amplitudes did not show
significant evidence of habituation in response to repeated noxious stimuli exposure.
This lack of habituation for NR temporal summation amplitudes may suggest different
underlying physiological mechanisms contributing to habituation in single versus
temporal summation stimuli. It is possible that the method of NR temporal summation
assessment, via a series of repeated noxious stimuli (Arendt-Nielsen et al., 1994), is
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less susceptible to habituation compared to single stimuli assessments of NR
amplitude. Future studies should investigate the potential underlying mechanisms
amongst our observed differences in habituation between NR single stimulus
amplitudes and NR temporal summation amplitudes.
We validated the experimental induction of CS through the assessment of brush
allodynia scores, which have been previously used to verify regions of secondary
hyperalgesia following the experimental induction of CS (Buonocore et al., 2016;
Huntley et al., 2015; Maracle et al., 2017; Srbely et al., 2010). Our brush allodynia
scores are in line with previous studies that used a similar brush allodynia technique
(Huntley et al., 2015; Maracle et al., 2017; Srbely et al., 2010), supporting our
successful induction of CS in both CAP and CAP+HEAT sessions. We also observed a
synergistic effect of pairing capsaicin with skin pre-heating, as evidenced by larger
brush allodynia and NPRS scores in the CAP+HEAT session compared to CAP.
However, this significant increase in the CAP+HEAT session compared to CAP for
brush allodynia scores was only observed 15 minutes and 60 minutes after capsaicin
application. This is in contrast to previous studies, which reported differences in brush
allodynia scores between capsaicin with and without pre-heating at 20 and 30 minutes
after cream application (Linde, PhD Study 3). In the present study, we similarly
observed a synergistic effect of capsaicin and heat at 15 minutes after capsaicin
application. However, our observed trend towards a significant difference between
CAP+HEAT and CAP sessions at 30 minutes post capsaicin application is in contrast to
previous work in our lab (Linde, PhD Study 3). This discrepancy at 30 minutes may be
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due to the known variability within the manual brush allodynia technique (du Jardin et
al., 2013; Samuelsson et al., 2005). Future studies should employ more objective
measures in the assessment of regions of secondary hyperalgesia, such as infrared
thermography (Linde, PhD Study 3), to both confirm the successful induction of CS and
better quantify the relationship between regions of secondary hyperalgesia and
neurophysiological measures of CS.

5.4.3 Limitations
Our findings should be interpreted in light of the following limitations. First, our
findings are limited to young, healthy participants. We investigated our hypotheses in a
young, healthy cohort to limit the influence of previous/current chronic pain pathology on
the experimental induction of CS via capsaicin. While our participants completed a
health-history questionnaire, they received no formal clinical assessment by a
physician, thus we cannot definitely rule out sub-clinical pathology that may have
contributed to their pain phenotype.
Second, we recruited participants in line with our sample size calculation,
however, the level of subject dropout and missing data points throughout NR outcomes
limits our findings. Missing data points and participant dropout were primarily due to
participant intolerance to the intensity of noxious stimuli required to elicit NR responses.
Our observed habituation of NR thresholds exacerbated the issue of participant
intolerance over time. This is likely due to a previously reported dissociation between
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mechanisms of NR threshold habituation and pain threshold habituation (Rhudy et al.,
2011b; Terkelsen et al., 2004), resulting in increasing participant painful sensations with
habituating NR thresholds. While we accommodated for missing data points using a
linear mixed model statistical design, future studies should be cautioned in both the
level of participant dropout, and the potential difficulty in maintaining participant
tolerance over time with repeated noxious stimuli exposure, due to NR threshold
habituation. This emphasizes an ongoing need in both the upper and lower limb NR
techniques to develop methods to limit habituation to noxious stimuli during NR
threshold assessments and in the delivery of single and temporal summation stimuli.
Third, no differences were observed in NR outcomes following the experimental
induction of CS, which may have been due to our mild method of CS induction. While
our brush allodynia scores support the successful experimental induction of CS in both
CAP and CAP+HEAT sessions, this method of induction remains comparatively mild
relative to capsaicin injection, or CS experienced in chronic pain pathology. We used
skin pre-heating to synergistically amplify the activation of TRPV1 receptors (Voets et
al., 2004), and confirmed a larger area of secondary hyperalgesia via brush allodynia.
However, we were unsuccessful in producing statistically significant changes in any NR
outcomes between experimental sessions. The observed habituation to repeated
noxious stimuli likely contributed to further variability in assessed differences between
sessions; however, we acknowledge our mild method of CS induction may have also
contributed to a lack of significant differences in NR outcomes between experimental
sessions.
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5.4.4 Conclusion
The primary purpose of this study was to investigate the effect of capsaicin
induced CS on the upper limb NR threshold, NR amplitude, and NR temporal
summation amplitudes. While the experimental induction of CS in both CAP and
CAP+HEAT sessions was successful, there was no observed effect on any NR
outcomes. This was most notably due to very severe levels of habituation to repeated
noxious stimuli exposure, with NR thresholds increasing up to 61% from baseline at 60
minutes after cream application in all sessions. Our findings support an ongoing need to
continue developing methods that limit habituation to repeated noxious stimuli exposure
in the assessment of nociceptive excitability and CS via the upper limb NR.
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Chapter 6: General Discussion
6.1 Summary of Study Findings
The overall aim of this thesis was to develop a standardized approach for
applying the upper limb nociceptive reflex (NR) to detect central sensitization (CS)
within cervical spine segments. This thesis comprised of four studies to address this
aim. The overall findings reflect several advancements and contributions to the field,
including methodological considerations for the application of the NR technique in the
upper limb, as well as improvements in objective methodology to automate the
identification of NR responses during NR assessments. Furthermore, this thesis
contributes novel insights into the implementation of a non-invasive method of
experimentally inducing CS using topical capsaicin with and without skin pre-heating in
humans.

6.1.1 Study 1 Findings Overview
The first study set out to assess the effect of capsaicin induced CS on the NR
threshold in muscles of the upper limb. It was hypothesized that experimentally induced
CS of the C5-C6 segment would lead to decreased NR thresholds in all muscles of the
upper limb. The findings from the first study support our hypothesis that experimentally
induced CS leads to reduced NR thresholds in muscles of the upper limb. NR
thresholds were reduced 40 minutes after capsaicin application in the wrist flexor carpi
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ulnaris (WF) and triceps brachii lateral head (TRI) muscles. In contrast, no differences in
NR thresholds were observed in biceps brachii long head (BI) or wrist extensor carpi
radialis (WE) muscles. These findings suggest that experimentally induced CS at the
C5-C6 segment leads to a selective reduction of NR thresholds in the upper limb.
Previous research in the lower limb suggests that reduced NR thresholds in
response to experimentally induced CS are likely mediated via neurosegmental
mechanisms (Biurrun Manresa et al., 2014; Gronroos et al., 1993). Following
experimental induction of CS within the C5-C6 spinal segment, it was expected all
upper limb muscles would exhibit reduced NR thresholds due to heterosegmental
overlap (Sorkin et al., 1999) between the noxious stimulus site (C6-C8), the region of
applied capsaicin (C5-C6), and the muscles investigated (C5-T1). However, only NR
thresholds in the WF and TRI muscles (C7-T1) exhibited reduced NR thresholds,
indicating the segmental overlap between capsaicin induced CS and muscle
innervations does not explain the observed selective reductions in NR thresholds in
study one.
Alternatively, a functional shift in the overall withdrawal response of the upper
limb may better explain the selective response of upper limb NR thresholds to capsaicin
induced CS. The upper limb NR is known to depend on limb position and noxious
stimuli location (Peterson et al., 2014). The selective decreases in NR thresholds within
the WF and TRI muscles only, may therefore represent an optimal withdrawal strategy
based on the position of the upper limb and location of the noxious stimuli on the right
index finger in study one. Furthermore, upper limb muscles have been previously shown
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to synergistically respond to noxious stimuli via cutaneous silent periods (Leis et al.,
2000), which are characterized by inhibitory responses to noxious stimuli (Floeter,
2003). Functional withdrawal strategies are also characterized by reciprocal inhibition of
antagonist muscles (Eckert et al., 2013), which we observed following the experimental
induction of CS. These inhibitory mechanisms may have played a role in the lack of
change in the NR thresholds in the BI and WE muscles following the experimental
induction of CS. Future research should advance this line of questioning by recording
from the shoulder girdle to better resolve these functional strategies and inform future
applications of the upper limb NR.
Another important finding from study one was the significant differences in
baseline NR thresholds between muscles groups (Appendix A). NR thresholds of the BI
and TRI muscles were significantly higher than NR thresholds for WE and WF muscles.
This finding aligned with the limited previous upper limb studies that also reported
inability and/or difficulty in measured NR responses from TRI and BI muscles relative to
WF and WE (Floeter et al., 1998). Higher NR threshold in the TRI and BI muscles may
explain the challenges encountered in eliciting NR responses in these muscles for some
participants during study one, as this would necessitate stimulus intensities above the
pre-determined NPRS cut-off of 7/10. These findings contribute additional insight into
methodological considerations for the upper limb NR technique, as the TRI and BI
muscles typically require higher intensities of noxious stimuli to evoke NR responses,
potentially compromising participant safety and tolerance to noxious stimuli. The issue
of participant intolerance to noxious stimuli in NR threshold assessment is well
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documented in the lower limb (Banic et al., 2004; Jensen et al., 2015a; Sterling et al.,
2008). Recent studies in the lower limb NR have developed novel method of NR
threshold assessment to improve participant tolerance to noxious stimuli (Jensen et al.,
2015a; Lichtner et al., 2015). Future studies should investigate the efficacy of these
novel approaches to NR threshold assessment in the upper limb.
Collectively, the findings from study one demonstrate that NR thresholds are
selectively decreased in the upper limb muscles after the induction of CS. This is an
important consideration when designing studies employing the upper limb NR, as the
choice of muscle may be an important determinant of reliability, safety, and participant
tolerance. Future studies should advance this line of research by investigating both
neurophysiological and functional determinants of these findings.

6.1.2 Rationale for Study 2
NR response detection in study one was determined by visual inspection of EMG
data. Investigators identified responses that exceeded three standard deviations of
baseline EMG activity for at least 10 msec in the 60-200 msec post stimulus window.
This identification was performed visually post-hoc, following all data collection. To
assess NR amplitudes to single and temporal summation stimuli it was necessary to
assess upper limb NR thresholds in real time, as these stimulations parameters are
delivered at multiples of the NR threshold. An automated method of NR response
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detection would allow for nearly instantaneous determination of NR thresholds in real
time, however no such method has been previously verified in the upper limb NR.
Previous studies have validated the use of the interval peak z-score (IPZS), as a
method to assess NR responses in real time in the lower limb (Rhudy et al., 2007). The
IPZS represents a normalized measure of reflex amplitude, and previous authors have
published a series of IPZS cutoff points specific to each muscle studied in the lower limb
(Biurrun Manresa et al., 2014; Jensen et al., 2015a; Lichtner et al., 2015; Rhudy et al.,
2007). For example, Rhudy and France (2007) originally reported a z-score of 10.32 for
the biceps femoris, while other research groups have reported their own cut-offs ranging
from 6.09 to 12 (Biurrun Manresa et al., 2014; Jensen et al., 2015a; Lichtner et al.,
2015). No one to date has similarly validated the IPZS as a method to assess upper
limb NR responses or developed reliable cut-off points for upper limb muscles.
Therefore, the second study set out to verify the ability of the IPZS to accurately predict
upper limb NR responses and to determine standardized IPZS cut-off points for four
muscles (WF, WE, BI, TRI) in the upper limb.

6.1.3 Study 2 Findings Overview
The interval peak z-score (IPZS) method has been previously validated as an
automated technique for identifying NR response in the lower limb (Rhudy et al., 2007).
The second study set out to verify the ability for IPZS to similarly be used to objectively
identify NR responses in the upper limb in real time, and further determine appropriate
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IPZS cut-offs for upper limb muscles. It was hypothesized that the IPZS would
accurately predict visually inspected upper limb NR responses.
Receiver operator characteristic (ROC) curve analysis was used to validate IPZS
of NR responses compared to visually inspected NR data from study one. Areas under
the ROC curve fell above 0.98 for all muscles of the upper limb (WE, WF, BI, TRI) and
IPZS cutoff points ranged from 7.29-9.07. Researchers and clinicians can use these
cut-off points to automate the identification of NR responses in respective upper limb
muscles. This automation removes the need for timely visual inspection of NR
responses in the assessment of NR thresholds in the upper limb.
Our IPZS cut-off points were slightly lower than some of the previously reported
cutoffs in the lower limb (Biurrun Manresa et al., 2014; Jensen et al., 2015a; Rhudy et
al., 2007). Differences in our cutoffs from those reported by the lower limb may be due
to differences in the sizes of muscles commonly investigated in the upper limb versus
lower limb NR. Muscles of the upper limb are smaller and have better force control
compared to the lower limb (Christou et al., 2003), indicative a preference for fine motor
control (Kandel et al., 2000). The combination of smaller muscles and improved force
control in the upper limb (Christou et al., 2003) likely contributed to smaller NR
response in the upper limb measured via surface EMG. The tendency for smaller NR
responses in the upper limb explains the smaller standardized IPZS cut-offs calculated
in study two compared to those in the previously reported in the lower limb (Rhudy et
al., 2007).
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Study two contributed novel insight into the application of the IPZS technique in
the upper limb by reporting standardized IPZS cut-offs for each of four muscles in the
upper limb (WF, WE, BI, TRI) and provided evidence for the predictive ability of the
IPZS technique to identify NR responses in the upper limb. This study advances the
field by demonstrating the IPZS can be used for the objective and automated
identification of NR responses in the upper limb.

6.1.4 Rationale for Study 3
Despite observing reduced upper limb NR thresholds post-sensitization in study
one, these findings were limited to only two (WF, TRI) of four muscles investigated, and
these differences were not observed until 40 minutes after capsaicin application. While
this selective reduction in upper limb NR thresholds may have been due to functional
organization of upper limb NR in response to noxious stimuli (Eckert et al., 2013; Leis et
al., 2000; Peterson et al., 2014), an additional explanation for these findings could be
the fact that a mild form of experimentally induced CS (topical capsaicin) was employed
in study one.
The theoretical framework for the use of experimentally induced CS rests on a
foundational assumption that the NR threshold response to changes in CS (Biurrun
Manresa et al., 2014; Gronroos et al., 1993) is proportionate to the degree of induced
CS (Culp et al., 1989; Simone et al., 1989), thereby enhancing its diagnostic value in
experimental and clinical settings. Based on this rationale, a method was needed to
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reliably increase the amplitude of experimentally induced CS via topical capsaicin as a
way of further demonstrating the relationship between experimentally induced CS and
NR thresholds in the upper limb.
Previous research has employed heat-capsaicin technique whereby the skin is
pre-heated prior to applying topical capsaicin, in an effort to potentiate the sensitizing
effect of topical capsaicin (Andersen et al., 1995; Petersen et al., 1999). Although both
heat-capsaicin and capsaicin alone have been used by various groups (Dirks et al.,
2003; Gronroos et al., 1993; Huntley et al., 2015; Maracle et al., 2017; Srbely et al.,
2010), the potentiating effect of pre-heating the skin on the sensitizing effect of topical
capsaicin within its known peak response window of 10-30 minutes post application
(Huntley et al., 2015; Maracle et al., 2017; Srbely et al., 2010) has not yet been studied.

6.1.5 Study 3 Findings Overview
Study three set out to compare the sensitizing effect of heat-capsaicin technique
versus topical capsaicin alone within the first 30 minutes of topical application. It was
hypothesized that the skin pre-heating would amplify the effect of experimentally
induced CS, as measured by regions of secondary hyperalgesia, compared to capsaicin
alone.
Study three demonstrated that pre-heating the skin prior to application of topical
capsaicin enhanced the effect of experimentally induced CS within 30 minutes following
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topical capsaicin application. We observed significantly increased areas of secondary
hyperalgesia in the heat-capsaicin group when compared with topical capsaicin alone.
In addition, skin temperature within the region of secondary hyperalgesia was
significantly increased in the heat-capsaicin group versus topical capsaicin alone. These
findings provide strong evidence for a potentiating effect of skin preheating, prior to the
application of topical capsaicin.
Study three contributes important methodological insight into the use of topical
capsaicin as a tool for studying mechanisms of CS in humans. In contrast to Dirks
(2003) who did not report any effect of pre-heating on topical capsaicin at 75 minutes
post application, we observed a robust potentiating effect of skin pre-heating on the
sensitizing effect of topical capsaicin within 30 minutes of application. This has
important implications to the experimental application of the heat-capsaicin model, as
future study designs should acknowledge these time-dependent effects. Furthermore,
elucidating the physiologic mechanisms of CS is predicated, in part, on resolving the
dose-response effects of CS. The findings of this study suggest that skin preheating
may be an effective and non-invasive approach to potentiating the sensitizing effects of
topical capsaicin.

6.1.6 Rationale for Study 4
Study one’s main finding was the reduction of upper limb NR thresholds in the
WF and TRI muscles, but not in the BI and WE muscles, following experimentally
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induced CS. Functional adaptations based on upper limb position, the influence of
known synergistic inhibitory mechanisms of upper limb muscles in response to noxious
stimuli, and the mild method of capsaicin used to experimentally induce CS may have
all contributed to this finding. A further alternative explanation may be due to a lack of
sensitivity of the upper limb NR threshold to detect changes in experimentally induced
CS. While the NR threshold in the lower limb has long been used as a measure of CS,
both experimentally and clinically, more recent studies have incorporated measures of
temporal summation in assessments of nociceptive excitability. Temporal summation is
the neurophysiological or perceptual outcome assessed in humans that represents the
underlying cellular mechanism known as wind-up; the frequency-dependent increases
in the excitability of nociceptive neurons to repeated noxious stimuli (Herrero, 2000).
The expression of wind-up and CS, although considered distinct phenomena, share
common mechanisms predicated on activity of the NMDA receptors (Arendt-Nielsen et
al., 1994; Herrero, 2000; Woolf et al., 1991); thus, enhanced wind-up of a neuron can
lead to a persistent state of excitability (CS). For these reasons, temporal summation
measures of the NR have been employed in both experimental (Andersen et al., 1996;
Andersen et al., 1995) and clinical models of CS (Banic et al., 2004; Biurrun Manresa et
al., 2013; Neziri et al., 2010b). However, no studies have used measures of temporal
summation in the upper limb NR, a primary aim of this thesis. Given the dependence on
NMDA receptor mediated processes for both temporal summation responses and the
development of CS, the use of temporal summation outcomes within the upper limb NR
would provide further support that measured increases in nociceptive excitability are
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mediated through the same pathways as CS development (Arendt-Nielsen et al., 1994;
Herrero, 2000).

6.1.7 Study 4 Overview of Findings
Study four set out to evaluate the ability of upper limb NR thresholds, NR single
stimulus amplitudes, and NR temporal summation amplitudes to detect changes in
experimentally induced CS. Expanding on our findings from all three previous studies,
only the WE and WF muscles were included due to higher NR thresholds in BI and TRI
muscles observed in study one. This limited the potential for participant discomfort in
the less tolerable temporal summation stimuli. The ability to determine NR thresholds in
real time was provided by IPZS cut-offs, validated in study two, and was essential in the
assessment of NR single stimulus amplitudes and NR temporal summation amplitudes
at multiples of NR thresholds. Finally, we used both capsaicin alone and capsaicin with
skin pre-heating methods of experimental CS induction, following findings from study
three, in an effort to assess the effect of both methods of experimental CS induction on
the upper limb NR outcomes. It was hypothesized that NR thresholds would decrease
and both NR single stimulus and temporal summation amplitudes would increase after
the experimental induction of CS. It was further hypothesized that these changes in NR
outcomes would be greater in the heat-capsaicin session compared to capsaicin alone.
Findings from study four revealed significant increases in brush allodynia scores
in both heat-capsaicin and capsaicin groups when compared to placebo controls,
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suggesting that CS was evoked in both heat-capsaicin and capsaicin sessions.
Significant differences between heat-capsaicin and capsaicin alone sessions were only
observed at 15 minutes and 60 minutes after topical application, with a trend towards a
significant increase at 30 minutes. Conversely, in study three significant differences
between capsaicin only and capsaicin with skin pre-heating sessions were observed 20
and 30 minutes post-application. This contrast in statistically significant differences
between capsaicin only and capsaicin with skin pre-heating sessions at 30 minutes post
capsaicin application between studies three and four may have been due to increased
variability in brush allodynia scores in study four compared to study three. The added
presence of EMG electrodes on the WF and WE muscles in study four limited the areas
to assess brush allodynia in response to capsaicin application. This limited area to
assess brush allodynia likely led to variations in brush stroke speed and length, which
are known to influence brush allodynia scores (Samuelsson et al., 2005). Despite this
added variability in brush allodynia scores, study four still reported significant increases
in brush allodynia at 15 minutes and 60 minutes in the capsaicin with skin pre-heating
session compared to capsaicin alone. However, while CS was successfully induced in
both capsaicin only and capsaicin with skin pre-heating sessions, no statistical
differences were observed in NR outcomes (thresholds, single stimulus amplitudes and
temporal summation amplitudes) between heat-capsaicin, capsaicin alone, or placebo
control sessions.
Interestingly, NR thresholds demonstrated progressive increases over time
across all experimental conditions, consistent with a habituation response. This was an
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unexpected finding which could be explained by the increased number of stimulations
participants were exposed to during this protocol compared to study one, owing to
additional NR amplitude responses to both three single and three temporal summation
stimuli recorded following each NR threshold assessment. The potential for habituation
to repeated noxious stimulus exposure was controlled through previous study
suggestions of maintaining a time between repeated noxious stimuli exposure of 12-20
seconds (Sandrini et al., 2005). Furthermore, the time between consecutive NR
assessments was expanded to 15 minutes in comparisons to 10 minutes between
assessments employed in study one. However, previous studies that derived these
methodological recommendations to limit habituation were based on lower limb NR
assessments (Sandrini et al., 2005; von Dincklage et al., 2013). Only one study in the
upper limb has previously shown evidence of NR habituation to repeated noxious stimuli
exposure (Floeter et al., 1998). Floeter (1998) reported nearly 80% habituation in the
upper limb WE muscle cutaneous withdrawal reflex amplitudes following the delivery of
10 stimulus trials with 3-minutes between stimuli. The habituation response of a 61%
increased in NR thresholds observed in study four align with Floeter (1998), and
together suggests that the upper limb NR exhibits more severe habituation to repeated
noxious stimuli compared to values previously reported in the lower limb NR (Sandrini et
al., 2005; von Dincklage et al., 2013). This habituation response likely had a significant
impact on the lack of differences observed in NR outcomes between experimental
sessions, as the increased number of noxious stimuli could have induced local and/or
descending inhibitory influences on the target spinal segment over time (Bajaj et al.,
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2005).
Overall, findings from study four suggest that experimentally evoked CS using
topical capsaicin model does not modulate upper limb NR outcomes, including NR
thresholds and NR amplitude to both single and temporal summation stimulations.
However, significant habituation responses were observed in the upper limb NR
threshold, which were attributed to combining NR threshold and reflex amplitude
assessments in the same session. This is an important methodological consideration
when applying the NR threshold protocol in the upper limb and underscores the need to
continue developing novel methods of upper limb NR assessments to limit the effects of
habituation to repeated noxious stimuli. Future upper limb NR studies could explore
novel paradigms recently validated in the lower limb NR (Lichtner et al., 2015) to limit
the effects of habituation in the assessment of NR thresholds and NR temporal
summation.

6.1.8 Summarizing Paragraph
Overall, the four studies included in this thesis provided methodological
considerations for the use of the upper limb NR in the assessment of CS. Study one
provided evidence of selective responsiveness of the upper limb NR thresholds
following the experimental induction of CS via topical capsaicin. Study one also
provided insight into differences in NR thresholds between upper limb muscle groups,
with lower NR thresholds in the WE and WF muscles compared to BI and TRI muscles.
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This finding allows future studies to select muscles most appropriate with respect to
participant tolerance to noxious stimuli sensations. Study two validated an automated
method of NR response detection, improving clinical feasibility and consistency of the
upper limb technique by removing the reliance on visual inspection of EMG data. This
enables the determination of upper limb NR thresholds in real time. Study three
confirmed the synergistic effect of heat and topical capsaicin in the experimental
induction of CS in the first 30 minutes of capsaicin exposure, providing a non-invasive
method to manipulate the size of the region of secondary hyperalgesia in the
experimental induction of CS. Future studies can use this method of capsaicin with and
without skin pre-heating to non-invasively amplify the effect of experimentally induced
CS in humans. Study four set out to expand on the findings of study one with the
inclusion of NR amplitudes to single and temporal summation stimuli, while
incorporating findings from studies two and three. However, the inclusion of more stimuli
in NR threshold assessments and the inclusion of additional stimuli to assess NR
amplitudes to single and temporal summation stimuli evoked significant habituation in
the upper limb NR threshold. Study four contributed methodological insight into the use
of multiple NR outcomes in the upper limb. This finding was evidence of a higher
susceptibility to habituation from repeated noxious stimuli exposure in the upper limb
compared to previous lower limb studies. Future research is needed to better account
for upper limb NR habituation to repeated noxious stimuli, through improvements in both
NR threshold and NR temporal summation assessments. A first step in this direction
would be a comparison of NR threshold assessment methods used in studies one and
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four, to determine if the extension of the NR threshold assessment in study four resulted
in habituation.
Findings from this thesis provide recommendations for future researchers aimed
at using the upper limb NR technique. First, the WF and WE muscles should be used in
NR threshold assessments to limit participant intolerance to noxious stimuli. Second,
the IPZS can be used to automate NR response detection and provide NR threshold
assessments in real time. Third, researchers should verify upper limb NR thresholds
throughout experimental sessions, as we observed significant habituation over time
when including NR amplitude to single and temporal summation stimuli. Finally, future
studies are needed to better elucidate mechanisms of NR threshold habituation in the
upper limb. Recommendations from previous lower limb literature are not adequate to
limit the effects of habituation in the upper limb NR threshold. Additionally, future studies
should use the capsaicin with and without skin pre-heating method developed in this
thesis to non-invasively investigate dose-dependent effects of experimentally induced
CS on upper limb NR outcomes.

6.2 Limitations
The overall findings of this thesis should be interpreted in light of the following
limitations.
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6.2.1 Study Cohorts
All studies were conducted in a young healthy population, to investigate the
ability of the upper limb NR to assess experimentally induced CS under healthy
conditions of the nervous system, free of any age relate comorbidities. The
determination of ‘healthy’ was based on self-reported health-history, which did not
include a clinical examination. This suggests a possibility for the presence of subclinical
pathologies within the otherwise young, healthy population that volunteered for these
studies. To account for the possibility of undetected subclinical pathology, all studies
incorporated a repeated measures design, with participants acting as their own controls.
Additionally, baseline measures of NR thresholds in both studies one and four were not
statistically difference between experimental sessions at baseline. This suggests
potential undetected subclinical pathology within the otherwise healthy cohort was
relatively consistent throughout experimental sessions in both studies one and four.
The development of upper limb NR technique and its ability to assess
experimentally induced CS within a young healthy population represents the first step
towards its use in improved CS assessment in chronic pain pathologies. Future studies
can use the methods and findings provided by the studies within this thesis to continue
to develop the upper limb NR technique, and advance its use in the assessment of CS
in the cervical spine.
Both males and females participated in all studies. There is some evidence to
suggest sex related differences with the NR (Sandrini et al., 2005). Women are reported
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to have lower NR thresholds than men (France et al., 1999; Mylius et al., 2005), and
women are also reported to have lower NR thresholds to temporal summation stimuli
compared to men (Serrao et al., 2004). However, a more recent study with a sample
size of 148 females and 152 males concluded there was no influence of sex on
normative values of NR thresholds or NR temporal summation thresholds in the lower
limb (Neziri et al., 2010a). Based on this more recent finding, male and female
participants were included together in analysis for all studies. The influence of sex on
the upper limb NR is a potential future research avenue, however, recent studies in the
lower limb may indicate little influence of sex on NR outcomes (Neziri et al., 2010a).

6.2.2 Limitations of NR Threshold Technique
While the NR threshold is commonly used in the field of pain research to study
mechanisms of nociception in both experimental and clinical populations, several
limitations exist to this technique that should be acknowledged.
Foremost, there is currently no accepted standard definition of the NR threshold.
Recent reviews (Sandrini et al., 2005; Skljarevski et al., 2002) indicate the NR threshold
should be defined as the stimulus intensity required to elicit consistent responses at a
rate anywhere between 60-90% over 20 stimuli in a modified staircase of stimuli, first
outlined by Willer (1977). However, various methods are used by different research
groups, with more regimented staircase procedures (French et al., 2005; Rhudy et al.,
2007), modified staircases to limit habituation (Lichtner et al., 2015) condensed
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staircase protocols (Neziri et al., 2010a; Rhudy et al., 2011a; Terkelsen et al., 2004),
random delivery of stimulus intensities (Gronroos et al., 1993), and even the
incorporation of measures of conduction velocity and EMG cross talk to improve
specificity of NR response detection (Jensen et al., 2013). Other factors contributing to
the variability in NR responses are commonly associated with the technical acquisition
of high quality EMG signals, including electrode design and quality, skin preparation
techniques, and participant morphology including muscle size and subcutaneous
adipose. For this reason, several authors have suggested criteria that employ withinsubject EMG changes (Edwards et al., 2001; France et al., 2005; France et al., 2002;
Rhudy et al., 2005). This variation from EMG parameters was addressed in NR
methodology for studies one, two, and four by the use of motor point identification to
ensure consistent EMG electrode positioning between days as well as the use of
maximal voluntary contractions to normalize EMG activity within participants and
between sessions (De Luca, 1997).
Variation in NR thresholds between participants may have contributed to the
findings of no significant differences between experimental sessions in study four, and
the selective reduction in NR thresholds observed in study one. NR thresholds were not
normalized to baseline NR assessments; however, there were no significant difference
in baseline NR thresholds between sessions in either study one or four. Additionally, NR
thresholds are commonly presented in ‘raw’ mA values (Banic et al., 2004; Desmeules
et al., 2003; Edwards et al., 2007; Neziri et al., 2010a). The raw mA upper limb NR
thresholds reported within this thesis enable ease of comparison to those previously
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reported in the lower limb (Lim et al., 2011; Sandrini et al., 2005). Familiarization trials
were included in all sessions to ensure equal participant expectation and anxiety
towards incoming noxious stimuli (French et al., 2005). Furthermore, participants were
required to report their subject pain experience to each noxious stimulus, prompting
equal levels of attention to incoming noxious stimuli. However, the use of progressively
increasing and decreasing noxious stimuli may have been predictable, influencing
participant expectations to incoming stimuli. Recently, NR latencies were shown to be
reduced during conditions of awareness of incoming painful stimuli compared to
unaware conditions (Liebermann et al., 2009). While participants were not aware of the
exact timing of incoming noxious stimuli, the use of traditional ascending and
descending staircases of noxious stimuli may have influenced participant expectation,
and contributed to variation in NR threshold assessments.

6.2.3 Limitations of the Capsaicin Induced CS Model
The synergistic effect of heat and capsaicin in the experimental induction of CS
within 30 minutes of topical application was validated in study three. Regions of
secondary hyperalgesia, assessed by brush allodynia and skin temperature, were
confirmed to be larger in the heat-capsaicin session compared to capsaicin alone.
Furthermore, skin temperatures in the heat-capsaicin session were higher within the
same region of secondary hyperalgesia than capsaicin alone, also supporting the
synergistic effect of heat and capsaicin.
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These findings, however, were not replicated within the first 30 minutes of topical
capsaicin application in study four. Findings from study four reported a synergistic effect
of heat and capsaicin 15 and 60 minutes after the experimental induction of CS, with a
trend towards a significant increase at 30 minutes. The lack of statistically significance
differences between capsaicin alone and heat-capsaicin sessions at 30 minutes post
topical capsaicin application is in contrast to findings in study three. The presence of
EMG electrodes on the forearm and upper arm likely influenced these assessments of
secondary hyperalgesia. Study four required adhesive EMG electrodes secured to the
skin over muscles bellies of the WF and WE muscles, with an additional ground
electrode placed on the wrist. In contrast, study three participants were only exposed to
capsaicin with and without heat on their right forearm. This key difference in both the
available area to assess for secondary hyperalgesia, and the influence of the presence
of EMG electrodes on the skin near these regions may partially explain differences in
brush allodynia scores between studies three and four in the comparisons between
capsaicin only and capsaicin with skin pre-heating sessions.

6.2.4 Variability of Brush Allodynia
Brush allodynia measures are influenced by brush stroke speed, brush stroke
length, and brush size (Samuelsson et al., 2005). Furthermore, automated methods of
brush allodynia assessment are known to have greater reliability compared to traditional
manual methods of assessment (du Jardin et al., 2013). Subtle variations in brush
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strokes length and speed could have also contributed additional variability to brush
allodynia scores in study four, compared to study three. This increased variability may
have also contributed to the lack of significance between capsaicin only and heatcapsaicin sessions at 30 minutes in study four compared to the significant differences
observed between sessions in study three. Collectively, these findings support the
continued need to develop and employ automated methods of brush allodynia
assessment in an effort to limit within and between participant variability. Furthermore,
these findings support the use of objective measures of secondary hyperalgesia, such
as infrared thermography presented in study three. Future studies should compare
objective measures of secondary hyperalgesia to more automated measures of brush
allodynia in an effort to provide the most accurate and consistent measures of
secondary hyperalgesia in the assessment of experimentally induced CS.

6.2.5 Topical Capsaicin as a Mild Sensitization Model
The experimental induction of CS was limited to the use of topical capsaicin in
study one, and followed up with the inclusion of heat-capsaicin in studies three and four.
Topical capsaicin induces a transient state of CS, however, there is evidence to suggest
it may be milder in comparison to capsaicin injection (Vernon, 2012; Witting et al.,
2000), or other methods of CS induction such as nerve growth factor (NGF) injections
(Sorensen et al., 2018). Previous studies suggest that topical capsaicin may peak within
the 10-30 minute window following topical application (Maracle et al., 2017; Srbely et
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al., 2010), with prolonged states of CS maintained via periodic re-heating of the cream
application region (Dirks et al., 2003; Petersen et al., 1999). Additionally, capsaicin
injection induced dose-dependent states of secondary hyperalgesia, with larger doses
of CS resulting in larger areas of secondary hyperalgesia (Lamotte, 1992; Scanlon et
al., 2006; Simone et al., 1989). These dose-dependent capsaicin induced states of CS
are transient, and typically subside within hours (O'Neill et al., 2012). In contrast, the
recently developed NGF model provides states of low-grade pain and muscle sensitivity
lasting for up to week, which may provide a better model for the assessment of
persistent CS and chronic pain development (Sorensen et al., 2018).
Previous research in the Srbely lab supports the notion that topical capsaicin
sensitization model evokes transient states of CS that lead to robust neurosegmental
physiologic responses. Srbely (2010) demonstrated that experimentally induced CS
within the C5-C6 segment evoked decreases in pressure pain threshold within
neurosegmentally-linked myotomes. Similarly, experimentally inducing sensitization
within the C3-C5 spinal segments via topical capsaicin evoked decreases in autonomic
(skin temperature) responses within contralateral homologous neurosegmentally linked
dermatomes (Srbely, 2017). Additionally, findings from study one of this thesis reported
reduced NR thresholds in the WF and TRI muscles of the upper limb following the
experimental induction of CS. These findings support the application of topical capsaicin
as a safe and effective experimental tool for inducing transient states of CS in humans.
In contrast to those studies, however, study four did not produce any significant
effects of capsaicin-induced sensitization on NR outcomes. Contrary to the hypothesis,
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experimentally induced CS via topical capsaicin alone, and/or heat-capsaicin models
did not modulate NR threshold and/or NR amplitude to both single and temporal
summation stimuli in study four. The most likely explanation for this finding, which was
contradictory to study one, was the significant level of habituation observed in NR
thresholds across all experimental sessions. The progressive increases in NR
thresholds due to habituation provided another source of within/between participant
variability over time, limiting the ability to detect differences between control and
sensitized sessions. Alternatively, findings from study four could be interpreted as the
method of CS induction being too mild to evoke significant difference in NR threshold.
However, despite topical capsaicin being a mild method of CS induction, both findings
from study one of this thesis along with previous lower limb studies dispute this
interpretation.
Previous studies have provided significant evidence that topical capsaicin,
although mild, is effective in inducing transient states of CS that are quantifiable by
neurophysiological outcomes. For example, Andersen (1995) observed facilitation of
lower limb NR amplitudes when applying an additional heat or tactile stimuli in
conjunction with topical capsaicin. Similarly, Gronroos (1993) reported reductions of the
lower NR thresholds after application of topical capsaicin to the distal region of the sural
and/or saphenous nerve (Gronroos et al., 1993). Animal studies have concluded that
topical capsaicin can evoke inhibitory reflexes to visceral smooth muscle via activation
of sympathetic fibers to the organ (Maggi et al., 1987), supporting the notion topical
capsaicin is sufficient to induce quantifiable changes in neurophysiological outcomes.
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However, study four did not similarly produce changes in NR outcomes following CS
induction via capsaicin, most likely due to significant levels of habituation to repeated
noxious stimuli exposure. Collectively, topical capsaicin provides a non-invasive method
to experimentally induce CS in human models. Future studies should continue to use
non-invasive methods of experimentally induce CS, such as topical capsaicin with and
without skin pre-heating, to enable the study of mechanisms of CS development and its
assessment through the upper limb NR in humans.

6.3 Methodological Challenges
6.3.1 NR Threshold Assessments
A key difference between studies one and four was in the methodology used for
NR thresholds assessments. In study one, NR thresholds were assessed through one
ascending series of noxious stimuli in 2 mA increments from detection threshold. This
condensed protocol was used to enable multiple NR assessments during the noted
peak response of topical capsaicin application during the 10-30 minute window post
application (Huntley et al., 2015; Maracle et al., 2017; Srbely et al., 2010) and was
previously validated against more traditional methods of limits NR threshold
assessments in the lower limb (Rhudy et al., 2011a). Some authors have criticized the
use of condensed threshold assessment protocols, suggesting such simplified methods
may have reduced accuracy and are only useful in detecting large differences (Levitt,
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1971; Lichtner et al., 2015; Linschoten et al., 2001). The use of this condensed protocol
was further justified by the large effect of topical capsaicin on lower limb NR thresholds
previously reported by Gronroos (1993). The drawback to this approach, however, was
that study one NR threshold data exhibited random missing data points, necessitating
the use of linear mixed models for statistical analysis (Bates et al., 2015; Pinheiro et al.,
2000). The condensed protocol used only one stimulus at each 2 mA increasing
intensity, which limited the ability to confirm NR thresholds and overcome potential
missing data points through repeated increasing and decreasing staircases of noxious
stimuli. In contrast, traditional NR assessments with multiple increasing and decreasing
series of noxious stimuli provide additional opportunities to confirm NR threshold
through an increased total in the noxious stimuli delivered in NR assessments. In an
effort to circumvent the issue of missing data points observed in the condensed NR
assessment protocol in study one, a more traditional approach in which two ascending
and descending series of noxious stimuli was used for NR threshold assessments in
study four. Although this change in protocol led to noticeable improvements in the
number of NR thresholds recorded compared to study one, it led to significant increases
in NR threshold (habituation) across conditions, over time.

6.3.2 NR Habituation
Habituation was observed in study four, evidenced by a significant main effect of
time for NR thresholds in both WF and WE muscles. In contrast, there was no
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habituation in NR thresholds for the same muscles in study one. Major methodological
differences between studies one and four are the most likely explanation for this
observed difference in NR thresholds over time. Study four included additional series of
ascending and descending stimuli in NR threshold assessments. Furthermore, in
addition to NR thresholds, NR amplitude measures were also investigated in study four
through the delivery of single and temporal summation stimuli at 1.2X and 1.0X the NR
threshold following each NR threshold assessment. Using this combined protocol,
participants were exposed to up to four times the number of electrical stimuli in study
four compared to study one. While the time between NR threshold assessments was
increased to every 15 minutes in study four (versus 10 minutes in study one) to account
for the increased stimulation, significant habituation was observed over time in all
experimental sessions.
Habituation to repeated noxious stimuli exposure is well document in lower limb
NR studies (Sandrini et al., 2005; von Dincklage et al., 2013), with additional supporting
evidence in the upper limb (Floeter et al., 1998). Habituation to NR single stimulus
amplitudes is dependent on the time between repeated noxious stimuli and the stimulus
intensity (von Dincklage et al., 2013). For example, 50 stimuli delivered at 1.0X NR
threshold with 10 seconds between repeated stimuli results in an average of ~20%
habituation of NR amplitude in the lower limb (von Dincklage et al., 2013). Increasing
the intensity of the 50 stimuli to 1.5X NR threshold with the same 10 seconds between
stimuli reduced habituation to an average of ~10% of lower limb NR amplitudes (von
Dincklage et al., 2013). Furthermore, no habituation is observed at inter-stimulus
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intervals of 25 seconds or more (Fuhrer, 1976). Given these parameters, the findings of
no habituation in study one aligns with these previous studies in the lower limb, while
study four lies in contrast.
Stimulus intensities for single stimuli in study four were set at 1.2X NR threshold,
with 12-20 seconds between stimuli. These parameters should have limited the effects
of habituation based on previous lower limb studies (Sandrini et al., 2005; von
Dincklage et al., 2013). However, there was an observed clear habituation over time,
with up to 61% increases in NR threshold in study four. This accumulation occurred
over the course of an hour, with 4 sets of 6 single and 6 temporal summation stimuli
delivered every 15 minutes at 1.0X and 1.2X NR threshold respectively. This increased
habituation in the upper limb NR resulted from fewer stimulations with greater interstimulus intervals compared to previous studies in the lower limb (Sandrini et al., 2005;
von Dincklage et al., 2013). The observed habituation of NR thresholds in study four,
despite incorporating recommendations from previous literature to mitigate habituation,
was likely due to differences in mechanisms of habituation between upper and lower
limbs.
The NR threshold habituation observed in study four was in line with the only
previous upper limb study to report habituation (Floeter et al., 1998). Approximately
40% habituation in EMG amplitude for the extensor carpi radialis muscle and nearly
80% habituation in the flexor carpi radialis muscle has been previously reported
following 10 stimuli delivered at 3 minute intervals in the upper limb (Floeter et al.,
1998). However, direct comparisons to these levels of habituation are difficult, as
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stimulus intensity was set at six times perceptual thresholds as opposed to multiples of
NR threshold (Floeter et al., 1998). While NR thresholds typically occur between 4-6
times the perceptual thresholds (Floeter et al., 1998; Willer, 1977), further differences in
methodology of noxious stimuli delivery between study four and previous work by
Floeter (1998) limits direct comparisons to findings of upper limb NR threshold
habituation in study four.
Attempts have been made to address and mitigate the effects of habituation in
the lower limb NR. For example, a recent lower limb NR study reported similar NR
thresholds from a method involving 4 mA decreases in noxious stimuli intensity
(Lichtner et al., 2015) versus 2 mA used in study four. The use of larger decrements in
stimuli, when compared to traditional NR threshold assessments of equal increments of
ascending and descending stimuli, produced similar NR thresholds with fewer total
painful stimuli (Lichtner et al., 2015). More importantly, this modified technique of NR
threshold assessment was more resilient to habituation versus traditional NR threshold
assessments (Lichtner et al., 2015). Future studies should employ similar methods in
the upper limb NR to limit the potentially significant effects of habituation observed in
study four. More research is needed in this area to better understand the mechanisms
of habituation in the upper limb NR and inform future NR protocols.
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6.4 Significant Contributions
6.4.1 Applications of the NR Technique in the Upper Limb
This thesis has contributed novel insight into methodological considerations of
the upper limb NR technique for the assessment of CS. Study one was the first to
demonstrate that the upper limb NR threshold is reduced following the experimental
induction of CS, however, this reduction was selectively observed in only two (WF, TRI)
of four muscles studied. This is an important finding because it highlights the need for
further research into the underlying mechanisms of the NR in the upper limb and, as
such, informs future applications of the NR technique for assessing CS in the cervical
spine. In particular, one of the most important questions arising from the findings of
study one pertains to understanding the mechanisms of our observed reduction in WF
and TRI muscle NR thresholds following capsaicin induced CS, while there were no
significant difference for NR thresholds of WE and BI muscles. Future studies are
needed to understand the mechanisms of this selective reduction. Avenues of future
research include determining if it is the position of the upper limb that dictates the
response to capsaicin (i.e. functional mechanisms) or if the sensitized spinal segments
determine the muscles in which NR thresholds are reduced (neurosegmental
mechanisms). Determining these mechanisms of upper limb NR threshold responses to
experimentally induced CS will inform technical considerations such as target muscles
and stimulus location in the upper limb NR technique.
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Study two aimed to contribute to the experimental and clinical feasibility of the
NR technique by advancing an objective and automated method of detecting EMG
responses in the upper arm. The use of an objective and automated method of
determining NR responses in real-time was validated in study two, thereby overcoming
the cumbersome need to visually inspect EMG signals for NR responses during the
assessment of NR thresholds. While this method had been previously validated in the
lower limb (Rhudy et al., 2007), study two is the first to validate its use in the upper limb
NR, by reporting specific IPZS cutoff thresholds for muscles in the upper limb (WE, WF,
TRI, BI). These findings enable investigators to easily detect NR responses in the upper
limb during data collection, and enhance the objectivity and consistency of NR
assessment by addressing potential human bias and/or error in the visual detection of
NR responses. Recent studies in the lower limb have used fully automated
equipment/programs to detect NR thresholds predicated on the IPZS technique (Jensen
et al., 2015a). The validation of IPZS cut-offs in the upper limb provided by study two
will enable the development of similarly automated methods of upper limb NR threshold
assessment.
Study four introduced novel data suggesting that habituation in the upper limb is
an important consideration when designing and interpreting the findings of upper limb
NR paradigms. While the main objective of study four was to investigate NR temporal
summation in the upper limb, significant habituation was observed in all experimental
sessions. Further studies are needed to understand optimal technical and data
acquisition parameters for upper limb NR testing, as well as the underlying physiologic
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mechanisms that mitigate the habituation response to repeated noxious stimuli in the
upper limb NR. This is important as these have significant influence on the reliability of
this technique in assessing changes in CS.

6.4.2 Heat-Capsaicin Model for the Potentiation of Topical Capsaicin in the
experimental induction of CS
Advancing reliable, effective and non-invasive approaches to experimentally
inducing CS in humans is a foundational priority towards the advancement of research
in the pain sciences.
Study three contributed novel understanding of the temporal characteristics of
CS induced by topical capsaicin. Study three findings demonstrated that pre-heating the
skin prior to application of topical capsaicin potentiates the sensitizing effect of topical
capsaicin within 30 minutes of application.
Previous studies have used topical capsaicin with and without skin pre-heating
with the aim to similarly induce transient states of CS (Dirks et al., 2003; Huntley et al.,
2015; Maracle et al., 2017; Srbely et al., 2010). Only one previous study has directly
compared topical capsaicin alone to capsaicin with skin pre-heating and reported no
differences in the area of secondary hyperalgesia between methods. However, that
study only assessed secondary hyperalgesia at 75 minutes after the topical application
to capsaicin (Dirks et al., 2003). Previous research from the Srbely lab suggests that the
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peak sensitizing effect of topically applied capsaicin lies between 10-30 minutes
following application (Srbely et al., 2010). Study three validated the synergistic effect of
skin pre-heating with topical capsaicin within the first 30 minutes of topical application,
using both brush allodynia and skin temperature measures. This is important
contribution as study three’s findings confirm that pre-heating can augment the effects
of capsaicin within the first 30 minutes after application, enabling a non-invasive method
of amplifying the effect of topical capsaicin. Future research can build on these findings
to implement this simple and non-invasive technique to explore dose-response
mechanisms of CS development.

6.4.3 Why does the Quantification of CS Matter?
CS is the underlying neurophysiological adaptation that contributes to the pain
phenotype observed in a spectrum of in chronic pain pathologies (Woolf, 2011). The
prevalence of chronic pain in Canada is 18.9% (Schopflocher et al., 2011), with
estimated direct health care costs over $6 billion per year, and additional indirect costs
due to lost productivity approaching $37 billion per year (Choiniere et al., 2010; Lynch,
2011). These staggering numbers underscore the urgent need to advance our
understanding of the mechanisms of CS development in the pathophysiology of chronic
pain, so as to inform future treatment and preventative strategies.
The objective assessment of CS is essential to future research and clinical
assessment of patients in the long-term management of chronic pain (Arendt-Nielsen et
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al., 2018; Woolf, 2011, 2018). The implementation of objective measures to accurately
and reliably quantify neural excitability and CS is the rate-limiting step to accelerating
advancements in our understanding of the underlying mechanisms of CS and its role in
the pathophysiology of chronic pain. The NR has been employed as an objective
measure of the nociceptive system (Willer, 1977) and is used as a reliable measure of
CS (Micalos et al., 2009) in both experimental (Andersen et al., 1996; Andersen et al.,
1995; Biurrun Manresa et al., 2014; Gronroos et al., 1993) and clinical settings (Lim et
al., 2011). The findings of this thesis contributed to the application of the NR technique
in the upper limb and laid the methodological basis to develop a more robust method of
CS assessment in humans. This improved diagnostic ability of the NR technique would
enable both scientists and clinicians too apply this towards the advancement of the
basic and clinical pain sciences.

6.5 Future Directions
The findings from this thesis provide multiple immediate directions for future
research investigating the upper limb NR technique. Study one reported reduced NR
thresholds in the WF and TRI muscles following capsaicin induced CS, while no
significant differences were found in the BI and WE muscle NR thresholds. Future
studies are needed to better elucidate the mechanisms for this selective reduction in
upper limb NR thresholds. The upper limb NR is known to depend on both the position
of the upper limb and position of noxious stimuli (Peterson et al., 2014). Repeating
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study one while manipulating the position of the upper limb may elucidate whether the
observed selective reduction in upper limb NR thresholds was due to functional
adaptations to upper limb posture or due to segmental effects of sensitized spinal
segments. Conversely, the position of the upper limb could be maintained while the
location / dermatome region of the applied capsaicin could be adjusted. Results from
this study may further provide evidence to support a position dependence of the upper
limb NR threshold in response to capsaicin versus a segmental effect of capsaicin on
upper limb NR thresholds via sensitized cervical spine segments.
The findings from study four provided interesting methodological insight into the
upper limb NR technique that leads to multiple avenues of future investigation. First, the
habituation of NR thresholds in the WE and WF muscles in response to repeated
noxious stimuli was an unexpected finding. Methodological differences between studies
one and four explain these findings. Specifically, the addition of more stimuli in NR
assessments along with the inclusion of NR amplitude assessments to single and
temporal stimuli resulted in substantially more noxious stimuli delivered to participants.
This increase in noxious stimuli exposure resulted in habituation of NR thresholds over
time in all experimental sessions.
First, a follow up study is needed to tweeze out whether it was the increased
stimuli in the NR threshold assessment alone, or the additional NR amplitude to single
and temporal summation stimuli that caused the habituation. Repeating study four’s
control session without NR amplitude stimulations could determine whether NR
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threshold assessments alone were responsible for the observed habituation over time in
study four.
Second, previous studies in the lower limb have reported that habituation is
dependent on stimulus intensity and inter-stimulus intervals (von Dincklage et al., 2013).
Despite accounting for these known relationships in study four’s design, significant
habituation was still observed. Therefore, a study similar to that by von Dincklage et al.
(2013) should determine the relationships between stimulus intensity and inter-stimulus
interval for the upper limb NR. Based on findings from study four, it is likely the upper
limb requires longer inter-stimulus intervals to limit the effects of habituation to repeated
noxious stimuli exposure.
Finally, after improving the understanding of the mechanisms of habituation in
the upper limb NR, the original research question from study four remains outstanding.
Future studies should re-evaluate the ability of the upper limb NR threshold and NR
amplitude to single and temporal summation stimuli to assess CS, induced by capsaicin
and capsaicin with skin pre-heating. Improved methods of NR threshold assessment
and accounting for habituation to repeated noxious stimuli may provide an improved
understanding of the ability of the upper limb NR to detect varying intensities of
experimentally induced CS.
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6.6 Conclusions
CS is the underlying neurophysiological adaptation that contributes to the pain
phenotype in chronic pain pathologies (Woolf, 2011). CS may present clinically as a
spectral phenomenon, manifesting from segmental sensitization and progressing to a
generalized widespread condition (Arendt-Nielsen et al., 2018). The NR has been used
in the assessment of CS in humans in both experimental and clinical paradigms (Lim et
al., 2011; Sandrini et al., 2005). The NR has been studied predominantly in the lower
limb to date, with limited research using the upper limb. Advancing the NR technique in
the upper limb is timely and urgent to enable the study of underlying neurophysiologic
mechanisms and clinical assessment of common conditions associated with the cervical
spine including osteoarthritis (Arendt-Nielsen et al., 2010) and whiplash (Van
Oosterwijck et al., 2013). Additionally, the inclusion of NR assessments in both the
upper and lower limbs may provide further insight into mechanisms of CS development
within is spectral presentation from segmental to widespread sensitization.
The primary objective of this thesis was to investigate the ability of the upper limb
NR to quantitatively assess changes in experimentally induced CS within the cervical
spine segments. In doing so, this thesis contributed novel insights into the upper limb
NR technique that inform future research into the advancement of this technique. The
upper limb NR can be used as a measure of CS in humans. The main findings of this
thesis have provided early methodological insight into the upper limb NR technique, and
outlined various avenues of future research needed to advance its eventual use in
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clinical practice. The quantification of CS in humans is vital to the assessment and
treatment of chronic pain (Arendt-Nielsen et al., 2018; Woolf, 2018). Given the growing
prevalence of chronic pain in Canada’s aging demographic (Schopflocher et al., 2011),
the continued development of methods of CS assessment is a key priority towards
improving clinical applications of chronic pain assessment and management, with an
ultimate goal to enhancing the lives of Canadians living with chronic pain.
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APPENDICES
Appendix A: Supplementary findings – Study I
Brief Description and Rationale:
The primary objective of study one was to investigate the ability of the upper limb
nociceptive reflex (NR) threshold to measure changes in experimentally induced CS of
the C5-C6 spinal segment. The main finding was a selective reduction in NR thresholds
of the triceps brachii lateral head (TRI) and wrist flexor carpi ulnaris (WF) muscles, and
no change in NR thresholds in the biceps brachii long head (BI) and wrist extensor carpi
radialis longus (WE) muscles. Additionally, NR thresholds between upper limb muscles
were compared to further investigate previously observed difficulty in assessment of
upper arm versus lower arm muscles (Floeter et al., 1998). The latencies of NR
responses were also calculated to confirm underlying Aδ fiber mediated mechanisms of
NR responses in the upper limb (Cambier et al., 1974; Ertekin et al., 1975). These
supplementary outcomes and their findings are presented within this appendix.

Data Analysis:
NR thresholds were determined for each muscle at baseline (time 0), and at 10,
20, 30, and 40 min after cream application. NR thresholds were defined as the lowest
stimulus intensity (mA) that elicited a NR response during each ascending series of
electrical stimuli (Rhudy et al., 2011a). If no NR response was observed during an
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ascending staircase of electrical stimuli for an individual muscle for a given participant,
that data point was removed from further NR threshold analysis. NR thresholds were
compared between all four muscles for both control and sensitized sessions at the precream baseline time point.
NR latencies were calculated from all positively identified NR responses. We
calculated NR latencies to confirm consistency Aδ fiber mediated NR responses, and to
confirm no contamination from tactile mediated response, which typically occur 35-55
ms after electrical stimulation in the upper limb (Cambier et al., 1974). NR response
onset was the first data point three standard deviations above pre-stimulus baseline
during a positively identified NR response. The NR latency was the difference between
the time of the NR response onset and the beginning of the noxious stimulus. During
each ascending series of electrical stimulus, the latency from all positive responses was
averaged for each muscle and used in subsequent analysis. Average NR latencies were
compared between sensitized and control sessions at baseline (time 0), and at 10, 20,
30, and 40 minutes after cream application.

Statistical Analysis:
All statistical analyses were completed in R (R Core Team, 2018). To evaluate
differences in NR thresholds between muscles, we used a random intercept linear
mixed model (Baayen et al., 2008), with fixed effects of muscle (BI, TRI, WE, WF) and
session (control, sensitized), along with Kenward-Roger degrees of freedom estimation
method for F statistics of fixed and interaction effects (Halekoh et al., 2014). Significant
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fixed and interaction effects were further assessed by pairwise comparisons with a
Bonferroni p-value adjustment for multiple comparisons.
To evaluate difference in NR latencies, we used a random intercept linear mixed
model (Baayen et al., 2008), with fixed effects of time (baseline (0), 10, 20, 30, 40 min)
and session (control, sensitized) for each of the four muscles investigated. A KenwardRoger degrees of freedom estimation method was used for F statistics of fixed and
interaction effects (Halekoh et al., 2014). Significant fixed and interaction effects were
further assessed by pairwise comparisons with a Bonferroni p-value adjustment for
multiple comparisons.
Linear mixed model assumptions of residual variance homogeneity between
groups and normal distribution of model residuals were confirmed through Levine tests
and Shapiro-Wilk tests with visual inspection of quantile-quantile plots respectively
(Zuur et al., 2010). Violations of residual normality were observed for NR latencies for
all muscles. These data were log-transformed to adjust for right skewed distributions
and improvements in residual normality were confirmed through Shapiro-Wilk tests and
visual inspection of quantile-quantile plots. Log transformed data was back-transformed
prior to pairwise comparisons.

Results:
NR threshold comparisons between muscles at baseline revealed a significant
main effect of muscle (F(1, 109.6) = 1.00, p = 0.319), with no significant effect of session
(F(3, 108.5) = 8.22, p <0.001), or muscle-by-session interaction effect (F(3, 107.7) = 0.48,
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p=0.741). Pairwise comparisons between muscles revealed significantly greater NR
thresholds in the BI and TRI muscles compared to WE and WF muscles across both
conditions (p<0.05) (Figure A1).
We observed no main effects of session, time, or a session-by-time interaction
for NR latencies for the BI (F(1, 12.2) = 0.06, p = 0.813; F(4, 47.0) = 1.85, p = 0.136; F(4, 43.9) = 1.20,
p = 0.324), TRI (F(1, 12.6) = 0.13, p = 0.728; F(4, 45.5) = 2.17, p = 0.087; F(4, 45.6) = 0.27, p = 0.897),

WE (F(1, 17.9) = 0.00, p = 0.973; F(4, 65.8) = 0.35, p = 0.840; F(4, 64.9) = 0.35, p = 0.841), and WF
(F(1, 17.2) = 0.37, p = 0.551; F(4, 64.5) = 0.81, p = 0.521; F(4, 61.6) = 1.30, p = 0.280) muscles. NR
latencies for each muscle were averaged across time-points for each condition and
provided as reference values (Table A1).

Interpretation:
We observed no significant differences in NR latencies between sensitized and
control sessions. Our latencies were in line with previously reported latencies in the
upper limb (Cambier et al., 1974; Floeter et al., 1998; Peterson et al., 2014) and confirm
Aδ fiber mediated mechanisms of NR responses in the upper limb (Cambier et al.,
1974; Ertekin et al., 1975).
Our observations of higher NR thresholds in the BI and TRI muscles compared to
WE and WF muscles align with previous research in the upper limb (Cambier et al.,
1974). Higher thresholds in the BI muscle compared to the WF have been observed
previously (Cambier et al., 1974), and our findings of similar differences between TRI
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and WE muscles expand on these regional differences in upper limb NR thresholds. BI
and TRI thresholds were likely above the pre determined NPRS cut-off value of 7/10 for
electrical stimuli for some participants. This finding is in line with previous work by
Floeter (1998), who observed fewer NR responses between participants in the TRI and
BI muscles compared to WE and WF muscles. We suggest recording upper limb NR
thresholds from the WE and WF muscles opposed to the BI and TRI muscles, due to
participant tolerance to noxious stimuli intensity.
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Figure A1: Baseline nociceptive reflex (NR) thresholds for the wrist flexor carpi ulnaris (WF), extensor
carpi radialis longus (WE), biceps brachii long head (BI), and triceps brachii lateral head (TRI) muscles.
Mean with standard error of the mean shown for control (light bars) and sensitized (dark bars) sessions. *
Denotes significant significantly higher NR thresholds in the BI and TRI muscles compared to both the
WF and WE muscles at an alpha < 0.05 significance level.
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Table A1: Average and standard deviation of nociceptive reflex (NR) response latencies between control
and sensitized sessions for biceps brachii long head (BI), triceps brachii lateral head (TRI), wrist extensor
carpi radialis longus (WE), and wrist flexor carpi ulnaris (WF) muscles.

NR Latencies (msec)
BI

TRI

WE

WF

Control

78.6±13.4

70.8±11.6

77.4±12.6

75.6±12.2

Sensitized

78.8±14.2

70.8±12.6

76.5±13.2

77.5±14.6

Table A2: Nociceptive reflex (NR) response frequency across all participants (N=20) for biceps brachii
long head (BI), triceps brachii lateral head (TRI), wrist extensor carpi radialis longus (WE), and wrist flexor
carpi ulnaris (WF) muscles.

Muscle
BI

TRI

WE

WF

Total NR Responses

381

359

664

641

Total Stimulations

1492

1492

1492

1492

25.54%

24.06%

44.50%

42.96%

NR Response
Frequency
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