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Dennis received a B.Sc. degree in medicine, and a M.Sc. degree in translational
medicine from Aalborg University. Subsequently, he went into Ph.D. training under
the supervision of Associate Prof. Shellie A. Boudreau, at Center for Neuroplasticity
and Pain, Aalborg University.

His focus has been on probing and modulating corticospinal excitability, as
measured by non-invasive brain stimulation. In this respect, the focus has been to
understand the plasticity of corticospinal excitability reduction in response to acute
experimental muscle pain. The main methods used to probe the corticospinal system
have been transcranial magnetic stimulation, electromyography, and acute
experimental muscle pain as induced by hypertonic saline injections. Additionally,
to modulate corticospinal excitability response to acute experimental muscle pain,
external models known to modulate corticospinal excitability were applied, more
specifically, a working memory two-back task and action observation combined
with motor imagery. He has been involved in supervising and assessing 3™ semester
medicine students in student projects as well as running neurophysiology workshops
for the 1% semester Pain Master’s. Furthermore, he has been involved in several
dissemination activities through congress activity, abstract and poster submission for
international congresses, publications in international peer-reviewed journals outside
the PhD topic, and acted as reviewer for a peer-reviewed journal.






ENGLISH SUMMARY

Chronic musculoskeletal pain is a major societal problem due to the impact on
quality of life and the large financial burden. Arguably, a main reason why chronic
musculoskeletal pain management is still suboptimal is that the underlying
mechanisms remain undecided.

Over the last three decades our understanding of the influence of sensorimotor
changes in response to acute and chronic muscle pain has improved. Nonetheless,
technological limitations, controversial findings, and knowledge gaps contribute to
no overwhelmingly successful rehabilitation regimes for individuals living with
chronic musculoskeletal pain.

In this respect, the aim of this PhD project was to apply and test novel approaches
for modulating the well-known phenomenon of a reduced motor cortical response
following a painful episode. This PhD project utilized a well-established pain model
for inducing localized transient pain and aimed to modulate the ensuing reduced
motor cortical response by engaging the prefrontal and premotor areas of the brain.
Premotor cortex activation has been shown able to facilitate primary motor cortex
(M1) excitability. Therefore, the objectives of the PhD project were to (1) establish a
robust model for inducing a reduction in corticomotor excitability and (2) modulate
pain-induced reduction in corticomotor excitability by engaging premotor cortex
activity.

The first study demonstrated and characterized a robust hypertonic saline pain-
induced reduction in corticomotor excitability in the small hand, but not forearm
musculature, indicating that despite shared corticomotor representation, differential
responses can be elicited. The second study showed that performance of a two-back
task was ineffective, possibly due to influences related to prefrontal, subcortical,
and/or intracortical mechanisms, in modulating the pain-induced reduction in
corticomotor excitability, but enhanced pain perception. Finally, the third study
provided the first evidence that action observation combined with motor imagery
successfully modulated pain-induced reduction in corticomotor excitability, possibly
through premotor cortex activation facilitating M1 excitability.

In conclusion, the current PhD thesis provides novel evidence on how to modulate
pain-induced reduction in corticomotor excitability in the acute phase of muscle pain
by action observation and motor imagery. This contributes to our understanding of
the malleability of the motor system, and that an easily delivered task such as action
observation combined with motor imagery is warranted in future research in
managing musculoskeletal pain.
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DANSK RESUME

Kroniske muskuloskeletale smerter er et stort samfundsmaessigt problem grundet
indflydelsen pa livskvalitet og den store gkonomiske byrde. Der kan argumenteres
for at hovedarsagen til at behandlingen af kroniske muskuloskeletale smerter stadig
er suboptimal, er fordi de underlzeggende mekanismer stadig er uafklarede.

Over de sidste tre Artier har vi faet gget forstdelse for indflydelsen af
sensorimotoriske endringer ved akutte eller kroniske muskelsmerter. lkke desto
mindre, bidrager teknologiske begraensninger, kontroversielle fund og mangel pé
viden til at der ikke findes overvaeldende succesfulde rehabiliteringsordninger for
individer der lever med kroniske muskuloskeletale smerter.

Derfor var malet med dette PhD projekt at anvende og teste nye tilgange til at
modulere det velkendte fenomen hvor the kortikale motoriske respons reduceres
efter en smertefuld episode. Dette PhD projekt anvendte en veletableret smerte
model der inducerer lokaliseret forbigaende smerte og forsggte at modulere den
efterfalgende reduktion i kortikalt motor respons ved at aktivere de prafrontale og
preemotoriske omrader af hjernen. Kortikal preemotorisk aktivering kan facilitere den
kortikale primaer motoriske (M1) excitabilitet. Derfor var malsatningerne for PhD
projektet at (1) etablere en robust model for smerte-induceret reduktion af
kortikomotorisk excitabilitet og (2) modulere smerte-induceret reduktion af
kortikomotorisk excitabilitet ved at aktivere kortikal preemotorisk aktivitet.

Det farste studie demonstrerede samt karakteriserede en robust saltvandssmerte-
induceret reduktion i kortikomotorisk excitabilitet i smahands- men ikke
underarmsmuskulatur, der indikerede at selvom de to muskulaturer deler
kortikomotorisk repraesentation, kan forskellige @ndringer fremprovokeres. Det
andet studie viste at en two-back opgave, muligvis pa grund af pavirkning af
preefrontale, subkortikale, og/eller intrakortikale mekanismer, ikke kunne modulere
smerte-induceret reduktion i kortikomotorisk excitabilitet, men i stedet forggede
smertefalelsen. Det tredje studie viste, for fegrste gang, at action observation
kombineret med motor imagery kunne modulere den smerte-inducerede reduktion i
kortikomotorisk excitabilitet, muligvis gennem kortikal preemotorisk aktivering der
faciliterede M1 excitabiliteten.

Som konklusion tilfgjer denne PhD afhandling ny evidens pa hvordan man kan
modulere smerte-induceret reduktion i kortikomotorisk excitabilitet i den akutte fase
af muskel smerte, ved action observation og motor imagery. Dette bidrager til vores
forstaelse af hvordan motor systemet kan formes, og en opgave som action
observation kombineret med motor imagery, der let kan leveres til forsggspersoner,
er berettiget yderligere forskning i hvordan man kan behandle muskuloskeletale
smerter.
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PREFACE

The work for this PhD thesis was performed between August 2015 and December
2018 at Center for Neuroplasticity and Pain (CNAP), SMI®, Department of Health
Science and Technology, Aalborg University, Aalborg, Denmark. The Danish
National Research Foundation (DNRF121) is gratefully acknowledged for stipend
and project support.

The PhD thesis contributes to our understanding by filling knowledge gaps of the
effects of pain on the corticospinal system and explores novel methods to modulate
pain-induced corticospinal excitability reduction.

The first chapter of the thesis briefly introduces the overarching issue associated
with managing musculoskeletal pain, and the general concept of neuroplasticity of
the motor system. This is further substantiated by exploring the concepts, and their
interaction, of adaptive and maladaptive pain neuroplasticity of the motor system.
The second chapter covers established experimental protocols that allow for probing
and provoking the motor system. These experimental protocols include e.g. tasks
known to engage premotor cortex activity such as action observation and motor
imagery, and acute and chronic pain models. The third chapter discusses the impact
of muscle on pain-induced reduction in corticomotor excitability and different
possibilities for inducing and modulating neuroplasticity of the motor system. The
current thesis findings are considered with respect to the large body of literature
specifically investigating methods for restoring motor function through exercise,
non-invasive brain stimulation, and specific for the thesis, modulation through non-
primary motor areas. The fourth chapter delves into the main results and findings of
the current PhD thesis, and put them into perspective for future studies. These
perspectives are discussed in relation to basic and clinical research and sum up how
the current thesis adds to our current knowledge on pain-induced neuroplasticity of
the motor system.

The PhD thesis is based on three original papers, one of which has been published

and the remaining two currently under review in international peer-reviewed
journals.
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CHAPTER 1. INTRODUCTION

1.1. MUSCULOSKELETAL PAIN AND THE CENTRAL NERVOUS
SYSTEM

We have all experienced soreness or pain in our muscles at one point or another due
to exercise or injury. Fortunately, most of us return to a pain free state and normal
function after recovery. However, for some, muscle pain or musculoskeletal pain
persists even after the original injury or trauma have dissipated or been corrected. In
fact, musculoskeletal pain conditions such as neck and back pain, accounted for
approximately 18.5% of years lived with disability (YLD) in 2015 . These numbers
remained unchanged in 2017, where musculoskeletal pain was still the main
contributor to YLD, especially in working-age males and females (20-54 years) 2.

A major factor to the large number of individuals living with chronic
musculoskeletal pain is that the mechanisms underlying the acute-to-chronic pain
transition are elusive 3. For instance, the degree of tissue damage is not the main
driver of pain intensity perception 58. Instead, the duration (from hours to months)
that the nervous system has been exposed to constant barrages of nociceptive input,
may partly explain the development of musculoskeletal pain chronicity 7. Indeed,
pain duration has been shown to predict for example phantom limb and residual pain
development after amputation, &, post-surgery pain °, and acute-, subacute- and
chronic low-back pain °. If the duration of nociceptive input to the central nervous
system is a factor in later pain chronification, gradual changes along the neuraxis
may subsequently predispose individuals to develop chronic pain. The current and
prevailing motor adaptation to pain theory accounts for this notion, describing a shift
in biomechanical load onto associated and unassociated structures during painful
movement % This, in turn, provides the patho-anatomical basis for a persistent
nociceptive drive to the central nervous system that may underlie the transition from
acute-to-chronic pain . Indeed, a recent opinion paper on musculoskeletal pain
treatment, implied that nociceptive-driven changes in sensorimotor cortices, may
underlie the chronification after the initial peripheral insult 3. This notion is well
supported and there is ample evidence that motor 2% and sensory 21?4 cortices are
involved in experimental musculoskeletal pain 25,

It is therefore unequivocally clear that the sensorimotor areas of the human brain are
involved in both acute and chronic musculoskeletal pain conditions. One missing
part to the puzzle is to understand how to translate the fundamental knowledge of
these sensorimotor changes into improved musculoskeletal pain management.
Independent if the transition from acute-to-chronic pain is peripherally or centrally
driven, the changes occurring in response to pain are unified under the term

14



CHAPTER 1. INTRODUCTION

neuroplasticity. The concepts of adaptive and maladaptive neuroplasticity, as it
occurs in the motor pathways, will be explored in more detail in the next Sections.

1.2. ADAPTIVE NEUROPLASTICITY

The terms adaptive and maladaptive neuroplasticity of the motor system, describe
how the nervous system structurally and functionally adapts to aid healing after
injury ® or possibly promote the development of chronic pain !, respectively.
Adaptive neuroplasticity of the motor system is often associated with advantageous
(i.e. advantageous adaptive neuroplasticity) changes in e.g. motor performance or
return towards normal function after musculoskeletal pain 26. Animal studies have
provided neurophysiological evidence on short and long-term anatomical and
functional changes occurring when animals are exposed to e.g. motor skill learning
2728 In humans, motor practice has been shown to induce a facilitation in
corticospinal excitability 2%, expansion of trained muscle representation at the
cortical level 3234 and improved motor performance 1330313538 At present, these
behavioral and neurophysiological manifestations of motor practice are believed to
be of an advantageous character since they reflect improved motor performance,
possibly related to the facilitation in corticospinal excitability and increase of muscle
representation.

A

%o

( I Net corticospinal excitability )

Figure 1. Concepts of AO and MI. During MI (A), subjects are instructed to imagine performing a
movement, e.g. with the index finger. During AO (B), subjects actively observe the movement on a screen
Both techniques are performed without any overt volitional movement and facilitate corticospinal
excitability.
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Another well-established technique for inducing facilitation in corticospinal
excitability and muscle representations is that of motor preparation. A large and
growing body of evidence suggests that motor imagery (MI), i.e. imagining a
movement without any overt volitional exertion, can induce significant increases in
neurophysiological measures such as MEPs (see e.g. ***2) and expansion of muscle
representation 3 (Fig. 1, A). A similar method is action observation (AO), where
observing movements yields a temporary increase in corticospinal excitability (see
e.g. %) (Fig. 1, B). An influential review by Vogt et al. “ sparked interest in
combining AO and MI (AOMI), given the overlapping neuroanatomical structures
during performance #, and that one technique does not exclude the other 6. The
AOMI combination has since been shown to enhance corticospinal excitability
facilitation, when compared to AO and MI separately “°-5!. The neuroanatomical
structures involved were elucidated by functional magnetic resonance imaging
(fMRI) studies, where consistent activation of e.g. the premotor cortex (PMC) has
been reported #’. It is therefore highly plausible that the effects of AOMI on M1
excitability are, at least partly, mediated through cortico-cortical connections
between the PMC and ML. Indeed, earlier evidence in macaque monkeys have
yielded the neuroanatomical link between the PMC and M1, since strong reciprocal
connections from the dorsal and ventral PMC project to the proximal and distal
upper limb muscle representations in M1 %23, In humans, one of the first studies to
explore such connection by TMS was Civardi and colleagues >, who demonstrated
that a low-intensity conditioning TMS pulse, 4-8 cm anterior to M1, could inhibit
FDI excitability. Further corroborating evidence showed that repetitive TMS (rTMS)
to the PMC can induce facilitatory 5 or inhibitory 657 effects on M1 excitability.
These findings suggest that PMC can modulate M1 excitability. To date, the
potential for harnessing the neuroplastic potential of one area of the brain, to affect
another, remains unexplored in relation to PMC-to-M1 effects on pain-induced
reduction in corticospinal excitability.

Our current knowledge on adaptive (and perhaps advantageous) neuroplasticity of
the motor system includes motor practice and motor priming through imagery and
action observation. As such, there is precedence for the use of non-rTMS paradigms
to influence M1 excitability indirectly through engagement of e.g. the PMC but has
not been investigated in relation to pain-induced reduction in corticospinal
excitability. The use of AO and MI (or the combination of both; AOMI) has been
shown effective in stroke patient rehabilitation, where the application of especially
AO, yielded long-term improvements in motor function of the affected limb (for
review on current state-of-the-art, see *¢%8). In musculoskeletal pain conditions, Ml
may become impaired 5 and may limit the applicability of AO in musculoskeletal
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pain. Nonetheless, it currently remains unknown to which degree the temporary
facilitation in excitability through AOMI performance affects musculoskeletal pain.

1.3. MALADAPTIVE NEUROPLASTICITY

Maladaptive neuroplasticity of the motor system, denotes the changes that occur
during e.g. pain, and is characterized by changes in structural load on tissues that
may be harmful in the long-term . After amputation, extensive reorganization of
the muscle representation is known to occur at the sensorimotor cortical level ®°. For
example, amputation of the forearm and hand results in the corresponding muscle
representations to be invaded by intact and adjacent M1 muscle representations 5.
When suffering from chronic low-back pain, muscle representations of the painful
muscles become less distinct and overlap, resulting in a ‘smudge’ *>!%82, This
‘smudging’ effect has been associated with pain severity 17, however the mechanism
is less clear. Emerging evidence on other chronic pain conditions such as
patellofemoral pain has reported similar findings 3. Furthermore, corticospinal
excitability is reduced in patients with chronic migraine when assessed after
performing a simple ballistic movement task . Altogether, these results imply that
muscle representations as well as the overall motor output are altered in chronic pain
conditions.

In an experimental setting, we can provoke pain neuroplasticity through several
different pain models. For instance, injection of the neurotrophic factor nerve-
growth factor (NGF) is used to mimic and recreate movement-induced soreness and
pain as seen during delayed-onset muscle soreness (DOMS) 5. Traditional means to
evoke DOMS using eccentric exercise also alters cortical motor- and sensory
excitability for several days 3. An important point must be made on the idea of
advantageous adaptive neuroplasticity since it is based on context. The DOMS and
NGF models are perfect examples of this. The DOMS model produces the
‘classical’ reduction in corticomotor excitability and shrinking of cortical motor
representation of the sore muscle 2. Conversely, NGF produces a large expansion of
the muscle representation and facilitates M1 excitability when an acute pain
exacerbation is evoked by hypertonic saline injection 6. Therefore, despite having
similar perception profiles (i.e. soreness/pain during movement but not at rest), the
corticomotor response is opposite. In relation to DOMS, the reduction in
corticomotor excitability and cortical motor representation shrinkage is believed to
be a protective mechanism, to avoid further injury 7. Contrarily, the increase in
muscle representation and facilitation in corticomotor excitability induced by NGF
injection, is ascribed as an adaptive mechanism, where the M1 is provoked to search
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for a novel motor strategy %67, Furthermore, limb immobilization has been shown to
facilitate corticospinal excitability and increase cortical representations in both
animals ®8 and humans ® (albeit the literature is rather contradictory, see e.g. °-'2).
In stroke patients, constraint-induced movement therapy has been used for
rehabilitative purposes (restriction of volitional movement of the non-affected limb),
and has been demonstrated to increase cortical muscle representation and facilitate
corticospinal excitability of the affected abductor pollicis brevis muscle 73. Even if
these changes are associated with pathology (and it follows that they are likely
maladaptive), the same processes that we acknowledge as being advantageous, may
underlie the development of “maladaptive” movement behavior . Therefore, it is
important to recognize that different connotations are associated with the facilitation
in corticomotor excitability, dependent on the setting in which it is used. The current
thesis will mainly consider adaptive neuroplasticity as a way of counterbalancing
pain-induced reduction in corticospinal excitability, and as such a potential
advantageous type of neuroplasticity, but acknowledges that the term is based
mainly on the context.

Whereas the NGF and DOMS experimental pain models produce longer-lasting
soreness of the muscle, acute pain models result in short-lasting pain. For instance,
the hypertonic saline model, when injected into the muscle, evokes localized pain
and referred pain patterns . Therefore, short-term pain-induced neuroplasticity of
the corticomotor system can be probed to understand the characteristics of the acute
phase of pain. The current thesis employed the hypertonic saline model to
investigate acute effects of musculoskeletal pain, and if modulation of these effects
is feasible.

1.4. THE INTERACTION BETWEEN ADAPTIVE AND
MALADAPTIVE NEUROPLASTICITY

It is paramount to understand the interaction between, what is considered, adaptive
neuroplasticity and maladaptive pain neuroplasticity of the motor system, to expand
our knowledge on how to effectively treat musculoskeletal pain 2.

A vast body of work has demonstrated the interaction between motor control and the
presence of experimental pain. For instance, in rats, carrageenan, which induces
transient local inflammation, was shown to interfere with an instrumental spinal task
(leg flex to avoid noxious stimulation of the tail), that outlasted the nociceptive input
for up to 48 hrs ™. In humans, it was shown that topical pain induced by capsaicin
cream, did not interfere with motor skill acquisition of a locomotor perturbation
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task, but affected the retention of the task 24 hrs later . This is further supported by
a similar study where the perturbation task was performed using the upper limb, and
the application of capsaicin cream yielded a compensatory overshooting (to targets)
that remained 24 hrs after motor skill acquisition 7. A later study corroborated that
local and remote heat pain applied during motor acquisition, had no impact on a
finger-tapping task performance 6. These lines of evidence suggest that motor
performance is unaffected even when pain is applied during the motor learning
acquisition phase, but rather, the acquired movement patterns may differ. Other
studies suggest that the perception of pain may enhance motor skill learning. For
instance, Dancey et al. 77 demonstrated that capsaicin-induced pain enhanced
sensory processing and accuracy on a repetitive typing task as compared to a no pain
group. Later, the same group provided more evidence on the enhancing effect of
acute experimental pain on motor skill learning, in that the pain group consistently
outperformed the no pain group "®7°. At odds with these findings, an early study
suggested that performing a tongue-protrusion task during pain interfered with task
performance and the M1 excitability gains that would occur in the no-pain group .
In support, migraine-sufferers had lower gains in performance of a ballistic thumb
task compared to healthy controls 4. As such, the literature supporting the
interaction between adaptive motor neuroplasticity and maladaptive pain
neuroplasticity remains controversial, and may be ascribed to different
methodologies, differences in pain location, and outcome measures.

An important study is that of Mavromatis et al. 8°, who showed that capsaicin cream
applied to the dorsum of the hand, had no effect on corticospinal excitability of the
flexor carpi radialis and flexor digitorum superficialis muscles. However, when
applied together with an acute experimental deafferentation protocol (cuff inflation)
an enhanced corticospinal excitability facilitation was found ¥. This finding is
important for two reasons. First, the study showed proximal upper limb muscles are
unaffected by distally applied experimental pain, which is consistent with findings
of the current PhD thesis * (see Section 3.1., Study ). Secondly, it is feasible to
modulate MEPs and sensory-evoked potentials (SEPs) % by applying a competing
neuroplasticity-inducing paradigm *°. Therefore, the results show that in addition to
M1-governed volitional movement, afferent feedback *°, attentional and cognitive
influences 82, and activity in non-primary motor areas 54%°%7 can modulate
corticospinal excitability.
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1.5. AIMS AND OBJECTIVES OF THE PHD PROJECT

This chapter has introduced pertinent literature on the interaction between adaptive
and maladaptive neuroplasticity of the motor system during pain. It is evident that
pain influences the corticomotor response, whether that being measured through
corticomotor excitability or motor behavior. However, the existing evidence also
raises a fundamental question if interfering with the interaction between adaptive
and maladaptive neuroplasticity is, not only feasible, but also advantageous. Very
little is known on the possible advantageous effects of modulating pain-induced
reduction in corticospinal excitability, and if attenuating this reduction improves e.g.
motor skill acquisition when exerted during muscle pain. The only study that has
specifically explored the possibility to affect MEP reduction in response to muscle
pain, is that of Schabrun and colleagues . They demonstrated that hypertonic
saline-induced reduction in corticomotor excitability of the extensor carpi radialis
brevis muscle was unaffected by performing a finger-tapping task immediately after
pain-resolve. Pain-induced reduction in corticospinal excitability can be induced by
a variety of pain inducing agents and/or methods and thus is considered a robust
phenomenon. The idea of countering maladaptive neuroplasticity by using
paradigms known within adaptive neuroplasticity remains largely unexplored. This
is surprising given the possible clinical implications adaptive motor neuroplasticity
may have on individuals suffering from chronic musculoskeletal pain 326, The lack
of evidence on the feasibility and possible advantage(s) of reversing or attenuating
pain-induced reduction in corticospinal excitability outside of non-invasive brain
stimulation paradigms forms the basis of the current PhD thesis.

The overall aim of the PhD project was to explore pain-induced reduction in
corticospinal excitability in relation to acute experimental pain to elucidate
approaches to counterbalance the reduction (Fig. 2).

As such, the project had two specific objectives.

(1) Probe pain-induced neuroplasticity of the motor system using a well-
established acute experimental muscle pain model in two different upper
limb muscles. Study | on Fig. 2 explored the effect of pain on primary
motor cortex excitability in a forearm and hand muscles. The findings were
then applied to Study Il and I1I.

(2) Modulate corticomotor excitability through indirect influence of the PMC
through a working memory task or action observation combined with motor
imagery. Study Il and 111 on Fig. 2 explored the impact of a two-back task
and action observation combined with motor imagery on the perception of
pain, and the pain-induced reduction in corticomotor excitability.
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CHAPTER 1. INTRODUCTION

1.5.1. PAPERS ASSOCIATED WITH THE DISSERTATION

The current PhD thesis includes one internationally peer-reviewed paper, and two
manuscripts accepted/in press and under revisions after peer-review. The first paper
addresses the first objective whereas the second and third paper were written and
designed to answer the second objective. Experimental designs for each study are
shown in Fig. 3.

Study I: Larsen D.B., Graven-Nielsen T., Hirata R.P., Boudreau S.A. (2018)
Differential corticomotor excitability responses to hypertonic saline-induced muscle
pain in forearm and hand muscles. Neural Plasticity, Volume 2018, Article ID
7589601 (doi: 10.1155/2018/7589601)

Study I1: Larsen D.B., Graven-Nielsen T., Hirata R.P., Seminowicz D., Schabrun
S., Boudreau S.A. (2019) Corticomotor excitability is reduced by experimental
muscle pain and remains unaffected by performing a working memory task. Under
review/Revisions: Experimental Brain Research.

Study Ill: Larsen D.B., Graven-Nielsen T., Boudreau S.A. (2019) Pain-induced
reduction in corticomotor excitability is counteracted by combined action-
observation and motor imagery. Accepted/In Press: The Journal of Pain.

Fig. 2 conceptualizes the three studies and their relation to pain-induced reduction in
corticomotor excitability.

Modulate pain-induced reduction in corticomotor
excitability by a two-back task performance

----------------- r---—----—-’[ Two-back task J
1 Study 1l
i

[ Pain J——- Primary motor cortex } ------- 0[ Premotor cortex ]
Study |

| Probe pain-induced neuroplasticity f
of forearm and hand muscles

: Study Il
________________ e e Action observation & ]
motor imagery
Modulate pain-induced reduction in corticomotor
excitability by action observation & motor
imagery

Figure 2. Conceptual overview of the dissertation studies. Findings from Study | with regards to muscle
choice were applied in Study Il and Study Ill. Study Il and Ill utilized tasks known to engage the
premotor cortex (PMC), to modulate pain-induced reduction in corticomotor excitability.
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N = 18 (cross-over)
L

Pain ratings every 2 mins
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Figure 3. Experimental setups for Study I-111. Study I and Study 111 followed the same principal design

with 100 TMS stimulations throughout pain (Study I: ECR or FDI muscle, Study I1l: FDI muscle), AOM
(Study 111), or AOMI+PAIN (Study II1) and follow-up measures 10 mins after pain resolve. Study Il
included two groups with repeated measures, and TMS stimulations at pain-resolve, 10 mins, 20 mins,
and 30 mins post-pain resolve.
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CHAPTER 2. PROBING AND
PROVOKING PAIN NEUROPLASTICITY
OF THE MOTOR SYSTEM

2.1. MOTOR-EVOKED POTENTIALS AS A MEASURE OF
CORTICOSPINAL EXCITABILITY

One of the major advances in our understanding of motor neuroplasticity was the
introduction of TMS as a research method 8%, A major advantage of TMS is that
the minor sensations evoked during stimulation are generally well tolerated. TMS
allows for rapid assessment of corticospinal excitability, which includes
corticomotor-neuronal, spinal o-motoneuronal, and peripheral muscle fiber
excitability 887, The output is straight-forward since MEPs can readily be recorded
from target muscles by measuring EMG activity 8, and several methods to extract
information from these measures on corticospinal excitability is currently available
889 In humans, TMS has revealed two important phenomena known as functional
reorganization and corticospinal excitability changes. These two important
phenomena have been demonstrated in relation to motor practice (see e.g.3%) and
motor skill learning (see e.g. 3. For instance, Gallasch et al. 2 demonstrated that
target training (goal-directed motor task) yields a concurrent facilitation in
corticospinal excitability. This facilitation in corticospinal excitability may be
mediated by a reduction in intracortical inhibition ?°. Furthermore, the cortical
representation of an exercised muscle increases with training (see e.g. 39). As such,
the primary motor cortex (M1) is highly influenced by exteroceptive stimuli. The
studies performed in the current thesis used MEPs recorded by placing surface EMG
electrodes on the target muscles, conforming to the SENIAM recommendations for
FDI and ECR muscle recordings (interelectrode distance of 20 mm; Study I-I11).

2.2. MOTOR-EVOKED POTENTIALS IN STUDY I-llI

Software for measuring MEP amplitudes is readily available, and measures both 100
ms before the magnetic pulse is induced, and 300 ms after the stimulation (Mr. Kick
111, Aalborg University; Study I-11l, Fig. 4). This allows the disqualification of
MEPs based on pre-contraction of the target muscle, since pre-activation of the
muscle before stimulation aggregates the magnitude of the MEP °3, The current PhD
thesis will mainly focus on peak-to-peak amplitude, which is well-described in terms
of characteristics in healthy and pathological conditions %8 Often, the resting
motor threshold (RMT) is assessed according to standardized guidelines, and is
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Figure 4. Graphical interface of Mr. Kick 111 (IP, Aalborg University). Example of on-line feedback on
latency to the motor-evoked potential (MEP) from stimulation time, peak-to-peak amplitude of the MEP,
and pre-contraction are presented on-line, to ensure stable recording of corticospinal excitability of the
target muscle. Reprinted with permission from Aalborg University

defined as recorded peak-to-peak MEP amplitudes reading > 50 puV in 50% of the
stimulations (10-20) %%, This is an important measure given the relative
contribution to the compound MEP signal by direct (D-wave) or indirect (I-waves;
I1-13) corticospinal volleys 8. For instance, utilizing 120% x RMT is known to
mainly provoke indirect waves, and as such, providing an output related to
transneuronal activation of the corticospinal neurons & (Study | and II1). Another
approach is to set a pre-determined peak-to-peak threshold, e.g. amplitude of ~1 mV
amplitude MEPs in three consecutive trials (Study II) which yields a consistent
baseline across the included sample, making it easier to tease out effects of any
intervention applied in the study. In general, MEPs of the FDI muscle are known to
be consistent within-subjects across weeks %, attesting to the reproducibility value
of MEPs as a measure of corticospinal excitability. On a between-subject basis, it is
well-known that MEPs are highly variable . This is countered by mainly evaluating
changes of a given intervention, on a group basis (Study I-I1I).

2.3. EVIDENCE FOR THE PRIMARY ROLE OF M1 IN
MODULATION OF CORTICOSPINAL EXCITABILITY

Since MEP amplitudes reflect the entire corticospinal tract and peripheral muscle
fiber excitability, it is pertinent to discuss literature that has investigated the relative
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contribution from cortical, spinal, and muscle structures to the overall excitability
during pain. An exhaustive discussion on this topic is beyond the scope of the
current thesis, but an introduction to the current knowledge on spinal and peripheral
excitability changes in relation to pain is still warranted.

At the peripheral level, and in relation to MEPs, the muscle compound action
potential (M-wave) describes motor axonal excitability. M-waves are evoked by
delivering electrical pulses to a mixed nerve, and recording EMG activity at the
muscle of interest °8. At the segmental level, two main estimates are used to infer on
the contribution of spinal a-motoneurons to corticospinal excitability, namely the
Hoffmann reflex (H-reflex) and F-waves. The H-reflex reflects la afferent potentials,
and is considered monosynaptic in nature, whereas the F-wave describes the
antidromic activation of spinal motoneurons, and reflects pre-synaptic inhibition .
The H/M ratio signifies the proportion of activation the spinal a-motoneuron pool is
capable of, and has been shown to be highly reliable intersession 1%.

The three mentioned techniques have been employed to infer on the relative impact
of spinal and peripheral contributions to corticospinal excitability during pain, and if
the changes were occurring at the cortical level (from hereon, corticomotor
excitability). For instance, when FDI pain is induced by hypertonic saline, the H-
reflex is unaffected in the peak-pain period, whereas it reduces immediately post-
peak pain 2. Farina and colleagues %' showed that topical capsaicin cream to the
ECR muscle, did not affect the H/M ratio of the flexor carpi radialis during the
painful period, and after application of capsaicin to the FDI, F- and M-waves of the
muscle remained unaffected. These findings indicate that during noxious stimuli, the
immediate response by the corticospinal system occurs at a cortical level, whereas
spinal and/or peripheral changes may occur after the peak-pain phase. Similarly, no
changes in M-wave excitability was noted in a later study using painful injection of
hypertonic saline into the FDI muscle 2, Non-painful transcutaneous electrical
nerve stimulation (TENS) was shown to be mainly mediated by cortical
motoneurons, since the H/M ratio did not change in response to TENS, while MEPs
were strongly affected 1%, These studies all point towards a cortical origin of the
reduction of MEPs, at least around peak-pain. An important disclaimer is that while
most studies looking at pain effects on spinal motoneuronal pool excitability show
little-to-no-change, these measures are not straightforward. For instance, F-waves
are derived from only ~1% of the total a-motoneuron pool, and as such, gives an
incomplete measure of spinal excitability %4, The H-reflex only reflects a partial
change in excitability of the entire spinal motoneuronal pool, and therefore attains
similar limitation as the F-waves, albeit a higher percentage of a-motoneurons
usually mediate the H-reflex response *°.

These inherent limitations to the H-reflex and F-wave measures must be taken into

consideration when appraising the contribution of spinal effects on pain-induced
corticospinal excitability reduction. Nonetheless, given the possible cortical origin

25



PROBING AND MODULATING PAIN-INDUCED CORTICOMOTOR EXCITABILITY REDUCTION BY ENGAGING
PREMOTOR CORTEX ACTIVITY IN HUMANS

of pain-induced changes to the MEPs, from hereon, corticospinal excitability will be
used when addressing the full corticospinal pathway, whereas corticomotor
excitability will be used when selectively focusing on the motor cortical contribution
during pain.

2.4. EXPERIMENTAL SHORT- AND LONG-TERM MUSCLE PAIN
MODELS

To understand the immediate effects of pain on corticomotor excitability and its
wider perspective in relation to clinical pain, experimental pain models mimicking,
at least partly, the clinical manifestations are needed. The current thesis focuses on
hypertonic saline and its use in experimental pain research as a short-duration (mins)
muscle pain model but briefly discusses long-duration muscle pain models (hours to
weeks).

A well-established acute muscle pain model is that of intramuscular injections of
hypertonic saline 1. An important feature of this pain model is, that the injection
causes short-lasting and local muscle pain and can present with referred pain
patterns as seen in clinical conditions 1°6-1%, In addition, delivery and location of the
pain can be standardized across different protocols %, underscoring its value in
musculoskeletal pain research. The reported pain intensity of 5-6 on a numerical
rating scale (NRS) is highly consistent across studies 1247483102 (see also Study I1-
I11). Hypertonic saline injections therefore yield similar experiences of pain
intensity, independent of muscle choice, and perhaps even volume, since data from
Study | suggested that 0.2 ml bolus (FDI) compared to 0.5 ml bolus (ECR), yielded
similar pain intensity ratings.

Intramuscular injection of hypertonic saline has been extensively studied in relation
to changes in corticomotor excitability. For instance, Le Pera and colleagues 2
demonstrated that infusion of hypertonic saline into the FDI muscle caused
reductions in corticomotor excitability of both the FDI and the abductor digiti
minimi (ADM) muscles. This suggests that hypertonic saline-induced pain affects
homotopic muscles equally. Later, Schabrun et al. ! indicated that sensory-evoked
potentials were altered during and after pain, whereas MEPs only reduced after
hypertonic saline-induced pain had resolved. These changes are likely mediated by
intracortical mechanisms involving an increase in SICI and decrease in ICF,
suggesting an enhanced inhibitory influence on corticomotor excitability 1. Other
models similar in duration, such as injection of ascorbic acid have been used and
shown similar findings (see also Appendix A for an overview of the effect of acute
experimental pain on corticomotor excitability). As such, short-duration muscle pain
models allow testing the immediate response of the corticospinal pathway to
intramuscular pain.
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Research often distinguishes between endogenous and exogenous techniques to
induce pain 7. An excellent example of this division is that of the DOMS and the
NGF model. When endogenously provoking DOMS through eccentric exercise,
peak muscle soreness is usually reported 24-48 hours after the exercise *°. During
this period, corticomotor excitability reduces and the representation of the painful
muscle shrinks 2. In contrast, exogenous NGF injection model induces similar pain
intensity ratings ©°, but increases muscle representation size ?* and facilitates
corticomotor excitability when further provoked by a hypertonic saline injection .
These two models exemplifies the adaptive properties of the corticomotor system in
that when soreness/pain resolve after ~6-7 days, corticomotor excitability and
muscle representation size returns to normal 2%, An increase in corticomotor
excitability and muscle representation is often associated with motor training as
earlier discussed (Section 1.3.). It has therefore been hypothesized that the NGF-
induced increase in corticomotor excitability and muscle representation, may reflect
a search for novel motor strategies, due to the sustained pain . The mechanisms
behind this facilitation in corticomotor excitability and increase of muscle
representation have been proposed to be of cortical origin, more specifically
mediated by ICI and ICF ©6,

2.5. PAIN INTENSITY RATINGS & PAIN QUALITY

In the current PhD thesis, secondary outcomes included the assessment of the
relationships between e.g. NRS ratings and MEP amplitudes (Study I-111). Each of
the assessments are described and presented. Pain intensity was measured in Study
I-II1, whereas questionnaires including McGill’s Pain Questionnaire (MPQ), Pain
Catastrophizing Scale (PCS), mind-wandering scale (MWS), and the State-Trait
Anxiety Inventory (STAI) were employed in Study Il only. The two-back task
(TBT) was used in Study Il as an attempt to modulate the reduction in corticomotor
excitability of the FDI muscle and will be discussed in relation to reaction time and
accuracy (see Section 2.7).

Pain intensity ratings are traditionally measured using a visual analogue scale
(VAS), where the level of pain is recorded on a 10 cm line. The line is anchored
with ‘0’ representing no pain and 10’ representing worst pain imaginable. The
numerical rating scale (NRS) is often employed when providing verbal ratings
during e.g. acute experimental pain, which contains the same anchors as the VAS
111 Given that participants verbally rated their pain in in Study I-1Il, the current
thesis provides an overview of earlier findings of the NRS in relation to
experimental pain.

The NRS is a well-established, validated, and unidimensional scale used to obtain
the perception of pain intensity in experimental and clinical settings (for excellent
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Figure 5. FDI NRS ratings across the three studies (Mean + SEM). The NRS ratings were highly
consistent across the three studies in the present PhD thesis. The grey highlighted boxes indicate the NRS

levels at peak-pain, which occurred 2-4 mins post-injection. All pain intensity ratings in the graph were
obtained during rest and hypertonic saline-induced FDI pain.

review, see 1), Generally, the VAS and NRS are well-correlated 2, and perform
equally in the acute clinical pain setting 2.

Additionally, the NRS has shown its efficacy in determining the minimal clinically
important difference in recovery from musculoskeletal pain 4. Based on these
considerations, the NRS was chosen to be verbally recorded in all the current PhD
studies. Earlier reports have recorded pain intensity ratings of ~5-6 in response to
hypertonic saline injections (independent if bolus or infusion was used) 12106108109
The pain intensity across Study I-111, showed a highly consistent pattern of rated
pain intensity ~5-6 at peak-pain, which steadily decreased over the next 15-20 mins
(Study I-11l; Fig. 5). As such, the hypertonic saline model is consistent in the
perceived perception of pain across different studies.

Study | and Study Il repeatedly showed that the pain intensity at peak-pain is not
correlated with the magnitude of reduction in corticomotor excitability (Fig. 6-7),
and is consistent with earlier studies 815, This suggests that the nociceptive input
drives the reduction in corticomotor excitability, but pain intensity is not likely to
affect the extent of the reduction.

Study Il surprisingly demonstrated that the TBT and the REST group differed in
pain intensity ratings. This finding is at odds with earlier evidence demonstrating
that performing e.g. a Stroop task 6117 a three-back task '8 or an attention task
118120 yiields lower pain intensity ratings. Pain-related brain regions such as the S1,
S2, and the posterior and anterior insula are linked to the attenuation of pain
intensity when performing e.g. the Stroop or the three-back task 116121-124 These
earlier studies mostly employed phasic heat pain models 611811 or electrical
stimulation 7, but given the moderate pain intensities reported, is unlikely to be the
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Figure 6. Study I correlations at 2 mins, between the percentage change in MEP magnitude from
baseline and pain intensity. No significant associations were found in Study I for the change in MEPs for
either the ECR (green dots) or FDI (red dots), independent if the hypertonic saline was injected in the
ECR (A) or the FDI (B) muscle.

main explanation to the discrepant findings from Study Il. Instead, the nature of the
pain (deep muscle versus skin pain) may impact the perception of pain when
performing the TBT, since an earlier study demonstrated that by sensitizing the skin
with capsaicin cream prior to heat application (heat allodynia), an enhanced brain
response related to areas such as the DLPFC could be seen when compared to
similar intensity heat stimulation alone 2. It is well-known that large interindividual
differences in pain sensitivity exist 1?6, However, the difference in pain perception
cannot be attributed to pain catastrophizing, state or trait anxiety at baseline, or
mindwandering during the task performance, as discussed further in Section 2.6.
Furthermore, the two groups were age

9 iﬁ o o paN"PAN and gender-matched and can therefore

° 0 not explain the difference in pain

’g 200 intensity ratings.

£ 2 250 . .

SE Lo ° ® To assess the quality of the pain, the
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2 - ____‘___,_____'__!,_ - 2 (MPQ-SF2) 27 was employed in Study

E 0 . : L ° 1. The top five words in Study Il were
‘Sharp’, ‘Cramping’, ‘Aching’, ‘Heavy’,
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the percentage change in FDI MEP magnitude ADM ! ?nd the ECRB muscle.
from baseline and pain intensity. No significant These findings further attest to the
associations were found in Study 111 for the change i ; ; R

in MEPs for either the AOMI+PAIN session or the reproduc!ble qua“ty_ and mtgnsny the
PAIN only session. hypertonic saline pain model induces in
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Figure 8. State and trait anxiety scores for the TBT (green) and the REST (red) group (median, 25"
and 75" percentiles are presented as well as min/max values). The two groups were similar in terms of
state anxiety (STAI-S) and trait anxiety (STAI-T) at baseline, and are therefore unlikely to have had an
impact on pain intensity ratings in Study II.

healthy participants.

2.6. SUBJECT CHARACTERISTICS ASSESSMENTS

Three main questionnaires were employed in Study Il to assess the level of pain
catastrophizing in relation to a painful event (Pain catastrophizing scale: PCS) °,
state-trait anxiety inventory (STAI) ¥ which assesses the degree of state (20
questions) or trait anxiety (20 questions), and the mind-wandering scale 3
Discussing the wider applicability of the three questionnaires is beyond the scope of
the current thesis. In brief, the PCS has been shown to be predictive of developing
chronic musculoskeletal pain conditions such as chronic low-back pain **2. It has
also been shown to be consistently rated among subpopulations consisting of pain-
free participants, chronic low-back pain patients, and fibromyalgia patients 33,
Furthermore, higher PCS scores suggest an enhanced pain perception to
experimental pain '?° mediated by brain regions associated with attention, affective,
and motor aspects of pain, such as the dorsolateral prefrontal cortex (DLPFC) 34,
The PCS is therefore an important instrument in assessing the cognitive influence on
pain to either predict chronic pain development 32 or to control for a native
catastrophizing response to e.g. hypertonic saline injection (Study I1). The STAI has
been employed in e.g. rheumatology **° and to control for state or trait anxiety in
clinical and healthy populations *®. In clinical populations, state and trait anxiety
have been shown to be elevated as compared to healthy controls in tension-type
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headache **” and experimental orofacial pain *. This is well-supported in that both
trait and state anxiety have been associated with an increase in pain to e.g. noxious
electrical stimulation 391%_ Study Il therefore included the STAI to ensure that the
two randomized groups did not exhibit differences in state (at baseline) or trait
anxiety. The TBT and REST groups rated their state and trait anxiety similar (Fig.
8). These findings suggest that state and trait anxiety had little impact on the results
of Study Il11. Furthermore, no differences were found in the PCS score between the
two groups in Study Il (Fig. 9). As such, it is unlikely that pain catastrophizing
played a key role in Study II.

In the presence of a noxious stimulus, our attention dynamically fluctuates towards
the pain and away from it. This may partly explain interindividual differences in
pain perception, given the intimate link between attention towards pain and
activation of brain regions associated with the perception of pain (for review, see
131), Since mindwandering may interfere with the attention towards the TBT 40, we
sought to ensure that mindwandering would not impact the overall outcome on
corticomotor excitability. We found that while the group that performed the TBT
during pain had to put in more effort to still maintain task performance, there were
no differences in the amount of mindwandering exerted. Moreover, most of the
participants (independent if performing the TBT during pain or not) rated 2.1.
external/sensory distractions as the main reason for diverting their attention (Fig.
10). While 2.3. Mindwandering was reported by the participants in both groups,
there was no difference in the ratings. It is therefore unlikely to have had an impact
on the difference in pain ratings. It is important to highlight that the scale is not
I REST group

Bugalls

Rumination Magnification Helplessness

16| [ 18T group

PCS score
o (-]
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Figure 9. Pain catastrophizing scores within each category and both groups (median, 25th and 75th
percentiles are presented as well as min/max values). The two groups were similar in the three
subcategories (Rumination, Magnification, and Helplessness) of the PCS.
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Figure 10. Likert scale data from the Mind-wandering scale (median, 25" and 75" percentiles are
presented as well as min/max values). The TBT and REST groups differed in effort needed to either (1)
perform the TBT while in pain or (2) staying at rest. Furthermore, only the TBT group rated any task-
related interference with their attention towards the task. *, p < 0.05

validated and is not necessarily capturing the full aspect of mindwandering. Since
the impact of mindwandering on pain perception is a relatively new area of research
it would be premature to draw definite conclusions based on Study Il. However, it is
becoming evident that numerous brain regions associated with pain processing are
engaged during mindwandering 4%

2.7. PAIN EFFECTS ON REACTION TIME AND ACCURACY IN A
TWO-BACK TASK

Two commonly used behavioral outcomes for assessing learning in relation to motor
preparation are reaction time (RT; for excellent systematic review on reaction time
and motor preparatory processes, see 4?) and accuracy (ACC; ). In Study Il the
TBT demands the press of either a target key or a non-target key (response),
depending on a presented letter, and assesses RT and ACC of the response. The
parameters used for the TBT paradigm were adopted from Vermeij et al. 4. Briefly,
the participants were seated 90 cm (nasion to middle of the screen) away from a 17”
monitor. A keyboard was used as the response box, and participants were instructed
to press either numeric keypad ‘1 for targets or ‘2’ for non-targets following every
letter presentation. Non-targets reflect letters that were not shown two times back,
whereas targets describe letters that were shown on the screen two times back. One
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Figure 11. Two-back task performance in Study Il. Two examples of the presented letters and
associated button presses. Each letter was shown for 3 s and separated by 500 ms of blank screen.

round of the TBT consisted of 30 presented English letters including all consonants.
Letters were presented for 3 s with interstimulus interval of 500 ms (Fig. 11). The
RT time was measured as the time from letter presentation to keypad press, whereas
ACC was measured as either correct or incorrect (target or non-target). To avoid
ipsilateral motor activity of the painful side, the participants performed the TBT
with their left non-dominant hand. RT and ACC were used as secondary outcomes
in Study Il to test for any learning effects and determine the influence of pain on
TBT performance.

The RT and ACC were similar for targets and non-targets for the group performing
the TBT while being in pain, and the group that remained at rest during pain (Study
Il; Fig. 12). A main effect of target ACC was found and thus the TBT and the REST
groups improved equally (Fig. 12, Target ACC). The TBT engages working
memory 145, the prefrontal areas, and specifically the DLPFC, and are believed to
play a significant role in improving ACC and RT 4. A recent meta-analysis on the
role of DLPFC in improving ACC and RT concluded that neuromodulation through
rTMS and tDCS exerts positive improvements on working memory in healthy and
clinical populations (for review, see 14%). The DLPFC is connected with the anterior
cingulate cortex 4, anterior insula '*, and the basal ganglia ¥ and is thus
positioned to have an integral role in improving ACC and RT. Since ACC improved
when performing the TBT in Study |1, this improvement may be driven by activation
of prefrontal areas such as the DLPFC, and Study Il adds that this is true even if pain
is present. Various pain and motor learning studies support the idea that being in
pain does not necessarily reflect a decrease in learning 337150151 |t is therefore
unsurprising that the TBT and REST groups both improved, even if the TBT group
had an additional 10 mins of performing the TBT.
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Figure 12. Study Il: Accuracy and reaction time from the TBT (mean + SEM). No differences in
reaction time or accuracy was found between the two groups in ACC and RT for targets and non-targets.
A main effect was detected for target ACC, indicating that both groups improved equally. *, p < 0.05

The influence on corticomotor excitability are discussed in more detail in Chapter 3,
and the rationale for employing the TBT to modulate corticomotor excitability
during pain will be further expanded.

The presented results suggest that across the three studies, pain intensity was
reproducible in intensity, and quality associated with the pain is in line with earlier
reports. The degree of reduction in corticomotor excitability is rarely associated with
the magnitude of pain intensity rating. This was further confirmed by Study | and
I11, where there were no associations between the two variables. In other words,
even if the reduction in corticomotor excitability occur concomitantly to the pain
induction, it is unlikely to drive M1 excitability reduction.

The psychophysical assessments on PCS and state and trait anxiety were similar in

Study 1l. Pain was shown to exert a dominant effect on the effort needed to perform
the TBT and was mostly related to external/sensory distraction due to the pain.

2.8. MAIN FINDINGS FROM STUDY I-1Il (PSYCHOPHYSICS AND
TWO-BACK TASK PERFORMANCE)

e The hypertonic saline model is highly consistent in the induced pain quality
and pain intensity across different studies
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The degree of reduction in corticomotor excitability of the ECR and FDI
muscle is not associated with the pain intensity at peak-pain

Pain catastrophizing, state and trait anxiety levels, and mindwandering
were similar between the two groups in Study II, and are unlikely to have
affected the pain perception difference found between the two groups
Accuracy on the TBT improves even when pain is present, which was true
for both groups in Study Il
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CHAPTER 3. PROBING AND
MODULATING PAIN-INDUCED
REDUCTION IN CORTICOMOTOR
EXCITABILITY

This chapter will address the findings on the differences in pain-induced reduction in
corticomotor excitability depending on muscle choice, and different methodologies
to modulate pain perception by conventional non-invasive brain stimulation
paradigms, and pain neuroplasticity of the motor system.

3.1. CONSIDERATIONS REGARDING TOPOGRAPHY OF SMALL
HAND AND FOREARM MUSCULATURE - SUMMARY OF
STUDY |

As discussed in Section 2.4., pain exerts equal reductions in corticomotor
excitability of homotopic muscles such as the FDI and the ADM. Nonetheless, the
current thesis presents the first findings on the relative impact of well-known body
division topography . Study | yielded results showing that the ECR muscle
remained unaffected in response to both FDI and ECR muscle injections of
hypertonic saline (Fig. 14, A), despite sharing a largely overlapping hotspot %2 (Fig.
13) and cortical motor representation %3, This is in line with a recent paper
highlighting the lack of effect of capsaicin cream applied to the dorsum of the hand
on FCR and flexor digitorum superficialis ¢ Eck pain session

corticomotor excitability . Injection of hypertonic

saline or application of capsaicin cream to the cheek
was unable to affect MEPs of the masseter muscle,
although the demand for pre-contraction of the jaw
musculature may explain this discrepant finding 4.
Conversely, hypertonic saline injection into the
flexor carpi radialis (FCR) muscle, has been shown
to elicit reduction effects on FCR corticomotor
excitability, in the same magnitude as seen for the
FDI 2. Furthermore, another recent paper suggested
that MEPs were reduced by injection of hypertonic  Figure 13. visual representation
saline injection into the ECRB muscle 3. These lines  of the hotspots used in Study I.
of evidence show that the effect of muscle pain on 5 how were centered, around
corticomotor excitability is not uniform, and may both sessions.

ertex (0,0)
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Figure 14. Motor-evoked potentials of the FDI and ECR muscles following injection of hypertonic
saline injection (Mean + SEM). Injection of hypertonic saline into the ECR muscle did not yield any
reduction in corticomotor excitability of the ECR or the FDI muscle (A, B; green and red dots).
Contrarily, a significant drop in corticomotor excitability was found for the FDI muscle, when the
injection was given in the FDI muscle (B; green dots)

reflect differential corticomotoneuronal connections to the muscles, as noted by an
earlier studies looking at excitation and inhibition of small hand and forearm
musculature %. Such differential response to the same painful stimulus has not yet
been systematically investigated but warrants further consideration in future studies.

In this respect, the current thesis adds to this knowledge by showing that the
extensor carpi radialis (ECR) muscle is largely unaffected by hypertonic saline pain
in the FDI muscle, and even the ECR muscle itself (Fig. 14, A; red dots).
Conversely, injection of hypertonic saline into the FDI muscle produces a robust
reduction in corticomotor excitability (Fig. 14, B; green dots). A defining property
and important characteristic for this PhD thesis of the hypertonic saline injection
model is that corticomotor excitability remains reduced even after pain has resolved
1283115 (see also Study I1). The temporal profiling of pain-induced corticomotor
excitability reduction, as clarified in study I (Fig. 14) and replicated in study 111 (Fig.
16), may have interfered with this lasting reduction in corticomotor excitability. This
leaves open an important question if the impact of pain on corticomotor excitability
can be modulated by continuous single pulse TMS, and more importantly, if the
time at rest while experiencing pain plays a role on the magnitude of reduction in
corticomotor excitability. In support of the pain-induced reduction in corticomotor
excitability, Le Pera et al. 2 reported that at peak-pain (2 mins after hypertonic
saline injection), FDI MEPs were strongly reduced and to the same magnitude as
that of Study | and 111 (See also Appendix A for more studies investigating the effect
of acute pain on corticomotor excitability). As such, it remains controversial at
which time-point MEPs recover, if the sensory system impacts the relative timing of
corticomotor excitability (as shown by Schabrun and colleagues 2!), and if
continuous stimulation with single pulse TMS facilitates corticomotor excitability.
Another explanation could be that while corticomotor excitability returned to
baseline throughout the temporal profiling (Fig. 14, B), the continuous reporting of
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the pain intensity may have influenced corticomotor excitability through attention
or speech 8182155,

This subsection has highlighted important differences between the current thesis
findings and earlier studies and warrants further investigations to clarify the effects
of constant TMS stimulation throughout the duration of pain, on corticomotor
excitability.

3.1.1. SAMPLE SIZE CONSIDERATIONS - STUDY |

One recurrent limitation in most studies investigating pain-induced reduction in
corticomotor excitability is the sample size. A perfect example of the concern, and
righteously so, is that of a comment received during preparation of Study I
manuscript: “.. theories about transition from acute to chronic pain are based on
very small sample sizes. To understand whether these (edit: effects of pain on
corticomotor excitability) are just Type | errors (as there are some studies that show
no effect).” — Reviewer comment on Study |. The sample sizes are worthwhile
reflecting upon, since the presented Studies I-111 and earlier research 122111515 gre
indeed based on small samples (n = 10-20). Whereas most studies have
demonstrated robust pain-induced reductions in corticomotor excitability,
independent of pain modality 2?1192 other evidence demonstrated that MEPs
remained unaffected in response to e.g. orofacial pain > or forearm muscle pain
(Study I). This may be due to methodological considerations such as the need for
pre-contraction of jaw musculature to elicit MEPs during TMS. Such pre-
contraction may mask the reduction that would otherwise occur in a resting muscle.
However, the most recent meta-analysis and systematic review on pain-induced
reduction in corticomotor excitability highlighted a moderate effect of pain on
corticomotor excitability (Standardized Mean Difference; SMD = 0.52 [-0.01,
1.06]% at rest during pain) ¢”. For Study I, the power calculation was based on the
SMD of 0.52. With correlation among repeated measures of 0.8 (high interreliability
of MEPs within each subject %), power pre-determined to 80% to show a difference
for a within-group F-test (repeated measures analysis of variance) at o = 0.05, 10
participants were needed (+2 for 20% dropout rate). Since we included 18
participants (where four subjects were lost to follow-up session), Study | was
therefore well-powered to detect the differential response in muscle excitability to
hypertonic saline-induced pain.

In summary, Study | showed that:
e A robust reduction in corticomotor excitability occurred due to a hypertonic

saline injection and the FDI muscle was more susceptible to this reduction
than the ECR muscle
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e The ECR and the FDI corticomotor excitability differentially responded to
a hypertonic saline injection.

3.2. MODULATING CORTICAL EXCITABILITY AND PAIN
PERCEPTION BY NON-INVASIVE BRAIN STIMULATION

Two prominent methods to modulate cortical excitability are those of tDCS and
rTMS 7. Different configurations of tDCS exists, and it is generally accepted that
anodal tDCS causes a facilitation in cortical excitability whereas cathodal tDCS
yields a decrease in overall excitability 158 This technique has been used to manage
chronic pain in e.g. fibromyalgia %%, temporomandibular pain %4 and chronic
non-specific low-back pain %1%, However, a recent Cochrane review % point
towards the risk of bias through blinding that exists in the literature and questions
the effect of tDCS for chronic pain management 7. Therefore, tDCS will not be
discussed in detail, but will be related to relevant discussions in Chapter 4.

The most well-established technique to drive neuroplasticity is rTMS. By applying
trains of magnetic pulses at varying frequencies to specific areas of the cortex,
cortical excitability can be readily modulated %8, By keeping the frequency at 1 Hz
or lower (low-frequency rTMS), it is possible to induce a reduction in cortical
excitability, whereas employing 5 Hz or above (high-frequency rTMS), yields a
facilitation in cortical excitability 16171, These properties of rTMS allow for testing
intra- and interhemispheric connectivity between e.g. motor centers 557 or pain
processing 2. Additionally, rTMS has been shown effective in reducing pain
perception in chronic pain populations such as neuropathic pain patients *-17¢ and
fibromyalgia 17178, Therefore, its clinical utility has been emphasized 17, albeit, as
with tDCS, it seems that the issue on blinding (and therefore risk of bias) must be
taken into consideration when appraising the effect of rTMS on alleviating chronic
pain 17,

Several lines of evidence therefore support the use of non-invasive repetitive brain
stimulation paradigms in alleviating pain, specifically in chronic pain populations.
However, little is known on the aftereffects on corticomotor excitability after pain
relief has been achieved, despite earlier research have linked musculoskeletal pain
with sensory- and motor changes 516202324180 \which may be associated with pain
severity 7. The next subsection will delineate some of the key techniques outside of
repetitive non-invasive brain stimulation available to modulate corticomotor
excitability.
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3.3. FACILITATING CORTICOMOTOR EXCITABILITY BY
PARADIGMS OUTSIDE OF NON-INVASIVE BRAIN
STIMULATION

Several paradigms are known to facilitate corticomotor excitability. These
paradigms include motor practice 2%3%% motor skill learning 3818 motor
imagery 4243184185 and action observation 4345, Study Il employed action
observation (AO) combined with motor imagery (MI). This subchapter will focus on
the facilitatory effects of AOMI “® (See also Appendix B for selected pertinent
literature).

During AO, participants observe a correctly executed movement whereas
performing MI relies on the ability of the participant to correctly recruit the motor
representations associated with the imagined movement. AO and MI independently
engage and activate the cortical motor system, without yielding any overt
movement, and can as such be considered motor simulations %, These motor
simulations yield a facilitation of sensorimotor potentials 8" and corticomotor
excitability of the involved muscles (for comprehensive review of AO, see % and
for M, see ) but not necessarily map representation *°. Unsurprisingly, when
performing AO and MI, the involved cortical neural structures and their activation
largely overlap with each other but also with those of motor execution 47, and is true
for both lower- ' and upper limbs °2. In macaque monkeys, mirror neurons of the
PMC discharge during observation of movements by others %1% and may
influence M1 excitability through strong reciprocal connections between the PMC
and M1 %2%3, In humans, inhibitory 657 or facilitatory 5° rTMS to the PMC reduces
or facilitates M1 excitability, respectively. These findings suggest that M1
excitability may be modulated by directly activating the PMC. Performing AO and
action imitation 47 recruits a vast network including e.g. frontal areas (BA 44 and
45), primary somatosensory cortex, and, important for Study Ill, the lateral dorsal
PMC. Performing AO and MI can improve balance training %5, complex motor
learning tasks °¢, and even chronic pain, as shown for stroke patients %. Taube and
colleagues °°> demonstrated that on a perturbed balance task, those that had
performed MI or AOMI of postural exercises exhibited less postural sway than a
non-MI/AOMI group. They also clarified that the improvements were attributed a
supraspinal rather than a spinal excitability change. Moreover, observation of a
simple repetitive thumb movement away from neutral position improves
acceleration %, This is supported by a later study showing that improvements in
error time, range of motion, and frequency when learning a novel complex motor
skill task were more pronounced through AO than MI %,

One consideration with regards to AO and MI is that they are unlikely to be
performed independent of each other 4648, Several studies have therefore combined
the two, and shown that AOMI exceeds the facilitatory effect on corticomotor
excitability compared to AO and MI separately (see for example 49511%), While
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most research support the use of AO, MI, or combined AOMI in clinical conditions,
given the possible benefits during e.g. motor rehabilitation “31%° (see also Section
1.3), little research on the effects of AOMI on pain-induced reduction in
corticomotor excitability exists. This is surprising given the facilitating properties of
AOMI on corticomotor excitability during performance, the easy delivery, and that
participants in general respond well to the execution of AOMI. Despite lacking
evidence on for reversing muscle pain-induced changes in corticomotor excitability,
it is still being used as a physical therapy intervention 1%, However, at present, there
is no supporting evidence that increasing corticomotor excitability also improves
functional performance in patients with musculoskeletal pain. Simple and sequential
finger movements %1% as well as fine motor control ° performance are enhanced by
AOMI. It is well-known that nociceptive stimulation and/or pain interfere with
sensorimotor processes, and that M1 excitability is often strongly reduced during
pain. These associated changes may be a protective mechanism ¢ or an adaptation to
painful movements . The only study to date that has attempted to modulate the
reduction in corticomotor excitability outside of non-invasive brain stimulation is
that of Schabrun and colleagues 8, who reported that motor practice immediately
after the resolution of pain, did not revert the pain-induced reduction in corticomotor
excitability. This finding is supported by Study Il, where the reduction in FDI
corticomotor excitability was unaffected by the concurrent performance of a TBT
145 Conversely, Study I11 provided the first evidence that performing AOMI during
muscle pain, counterbalanced the reduction in FDI corticomotor excitability that
would otherwise occur, and builds upon the body of evidence (see e.g. *-°1)
suggesting that AOMI can effectively modulate M1 excitability. These findings will
be discussed more in-depth in the next Sections.

3.4. EVALUATING THE EFFECTS OF A TWO-BACK TASK ON
PAIN-INDUCED REDUCTION IN CORTICOMOTOR
EXCITABILITY = SUMMARY OF STUDY Il

An increase in M1 excitability can be elicited by stimulating the PMC through
cortico-cortical connections between M1 and subcortical *° or cortical °5-57:200:201
regions. In this respect, as mentioned in Section 2.7, the rationale for employing the
TBT in Study Il will be elaborated.

As discussed in Section 3.3., Study Il targeted the PMC-to-M1 link known from
animals °2° and humans %. Civardi and colleagues 5 showed that conditioning
subthreshold magnetic stimuli applied anteriorly and medially to the M1, suppressed
suprathreshold magnetic stimuli to M1. Later, high-frequency rTMS % and low-
frequency rTMS 5657200 \were shown to concurrently facilitate and reduce
corticomotor excitability, respectively. Therefore, PMC may drive M1 excitability,
and shape corticomotor output, but this has never been tested in relation to pain-
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Figure 15. Study Il: Motor-evoked potentials of the FDI muscle following injection of hypertonic
saline injection (Mean + SEM). A significant main-effect of time showed that FDI MEP amplitudes were
reduced at PR, PR+10, PR+20, and PR+30 mins. No difference in the reduction magnitude was found
between the TBT group (green dots) or the REST group (red dots). *, p < 0.05

induced reduction in corticomotor excitability. fMRI studies elucidated the
activation of prefrontal and premotor areas during TBT performance 4. Study Il
therefore employed the TBT to modulate M1 excitability indirectly through the
PMC.

The reduction in corticomotor excitability was unaffected by the concurrent
performance of the TBT (Fig. 15). Instead, both the TBT and the REST group both
decreased at pain-resolve (PR) and remained so until PR + 30 mins (Fig. 15). The
lasting reduction in corticomotor excitability of the FDI muscle is in line with earlier
studies exploring hypertonic saline-induced pain-reduction in corticomotor
excitability 1283115,

There are several possibilities as to why corticomotor excitability remained
unaffected by the performance of the TBT. First, since the participants were asked to
respond to the visual cues on the screen with their non-dominant left hand, it is
possible that interhemispheric inhibition (transcallosal inhibition) 20229 would
counterbalance any changes to M1 excitability. Second, engagement of the
contralateral PMC has been shown to directly influence ipsilateral M1 excitability
204 Finally, other cortical and subcortical brain regions may have influenced the
overall M1 excitability. For instance, prefrontal areas such as the DLPFC projects
strongly to the basal ganglia, which is known to exert strong inhibitory influence
over M1 excitability 2%. Since Study Il did not include a no-pain group it is difficult
to draw any conclusions with regards to the influence on M1 excitability. Taking
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into consideration the limitations of Study Il, further research is warranted to
understand if the TBT can influence M1 excitability.

3.4.1. SAMPLE SIZE CONSIDERATIONS - STUDY Il

In Study 11, the sample size was calculated based on the same SMD as for Study I.
Determining the sample size for a within-between factor interaction (two-way mixed
model analysis of variance) with two groups and five repeated measurements, 80%
power, and o = 0.05, a total of 24 participants were needed (+6 for 20% dropout
rate). This was based on a lower correlation among repeated measures (0.4), due to
assessing two distinct groups who may show large intra- or interindividual
differences in TMS response . Since Study Il was performed on 28 participants
randomized into two different groups, there may be a sample size issue. However,
when assessing the effect size of the missing interaction (n%aria = 0.19), it is
unlikely to be the main factor. Instead, it is possible that since the sample size
calculations were performed based on the SMD for pain effect on corticomotor
excitability that the sample size needed to show a difference in corticomotor
excitability due to TBT performance during pain was underestimated. This remains
a speculation as of now but is worth considering when appraising the findings of
Study II.

In summary, Study Il showed that:

e The pain-induced reduction in corticomotor excitability remains unaffected
by performing a TBT during pain

e Pain induces a long-lasting reduction in FDI corticomotor excitability,
which is in line with earlier findings

3.5. MODULATING PAIN-INDUCED REDUCTION IN
CORTICOMOTOR EXCITABILITY USING ACTION
OBSERVATION AND MOTOR IMAGERY - SUMMARY OF
STUDY Il

Study I11 investigated the link between the PMC and M1 %%, by indirectly engaging
the PMC and assessing M1 excitability changes during pain. The PMC was
indirectly engaged by using an AOMI training paradigm, to assess if it could
modulate M1 excitability changes %-%7 during pain.

Study 11 is the first to show that AOMI can attenuate the reduction in corticomotor
excitability associated with acute experimental pain. Moreover, Study I11 is the first
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Figure 16. Study Il1: Motor-evoked potentials of the FDI muscle following injection of hypertonic

saline injection (Mean + SEM). Corticomotor excitability was increased after 2 mins and 4 mins, as
compared to baseline, during the AOMI session. During the AOMI+PAIN session, no changes were
detected throughout the experiment. Pain reduced corticomotor excitability at 4 mins, and returned to
baseline values at post-measures. These findings suggest that pain reduces corticomotor excitability, and
is countered by the facilitation in corticomotor excitability induced by AOMI (AOMI+PAIN). *, p <
0.017

to demonstrate a non-invasive method outside of rTMS paradigms, that effectively
attenuates the reduction in corticomotor excitability associated with acute
experimental pain. Study | and earlier evidence showed that pain peaks between 2-4
mins and occurs concurrently with the maximum reduction in corticomotor
excitability 1215, Therefore, in Study 111 the acute phase (2-4 mins) of pain and post-
pain (PR and PR+10 combined) were assessed to determine if AOMI could
counterbalance the reduction in FDI corticomotor excitability during peak-pain and
after pain had resolved.

In Study Ill, participants performed, in a randomized manner, three sessions: The
AOMI session (only AOMI performance), the AOMI+PAIN session (AOMI
performance while being in pain), and the PAIN session (only pain). The AOMI
session resulted in an increase in corticomotor excitability, as assessed using TMS
(Fig. 16; white bars). Several studies have reported similar findings for AO ““° and
MI 342 separately, and combined 4°511%  The facilitation in corticomotor
excitability is mainly mediated at the cortical level, possibly through cortico-cortical
connections 2%, Using paired-pulse TMS, it was shown that observing handwriting
and arm movements, reduced intracortical inhibition “. A later study showed the
same reduction in intracortical inhibition during observation of finger flexion 2%,
These studies support the notion that facilitation of M1 excitability by the PMC is
mainly mediated through facilitating cortico-cortical connections 2%, At present,
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however, spinal contributions cannot be excluded due to the limitations of available
techniques, such as H-reflex and F-waves (see Section 2.2.) and contradicting
literature 207209,

The results from the PAIN session are similar to earlier studies 22119 (See also
Study 1) showing a reduction in corticomotor excitability at 4 mins after hypertonic
saline injection (Fig. 16; red bars). This reduction is believed to be governed by
GABA- and glutamate-mediated intracortical inhibition and facilitation 1. Studies
investigating the spinal and peripheral muscle excitability influence on the reduction
in corticospinal excitability have reported that the H-reflex, F-waves, and M-waves
are unaffected in the peak-pain phase 2101193 indicating a cortical site of origin.
Furthermore, findings from Study | was replicated in that post-measures did not
differ from baseline values, suggesting that the methodology employed in Studies |
and Il may have impacted the lasting reduction in corticomotor excitability as
earlier reported 815 (see also Study I1). One possibility is that due to the NRS
ratings every 2 mins during pain (speech) may have facilitated corticomotor
excitability . This is, however, unlikely to be the main factor, since in Study II,
participants still rated their pain every 2 mins, yet the pain-induced reduction in
corticomotor excitability was observed at PR. Alternatively, attention is known to
fluctuate, and having to attend to pain every 2 mins, may have influenced
corticomotor excitability 2. Finally, the 100 TMS stimulations over the 10 mins of
pain may have caused a return-towards-baseline of the MEPs. Further research into
the possible differences in methodologies on the lasting pain-induced reduction in
corticomotor excitability is warranted.

During the AOMI+PAIN session there was no change in corticomotor excitability
(Fig. 16; green bars). This indicates that AOMI may have offset the reduction in
corticomotor excitability that would otherwise occur during experimental pain, as in
the PAIN session (Fig. 16; red bars) and acute experimental pain may have offset
the increase in corticomotor excitability that would normally occur during AOMI
alone, as in the AOMI session (Fig. 16; white bars).

In this respect, AOMI appears to counterbalance the changes in cortical motor
excitability associated with acute experimental pain. Age, gender, or pain intensity
rating differences did not influence the lack of change in corticomotor excitability
during the AOMI+PAIN session. Whereas AO and MI have been utilized for
improving pain reports in phantom limb patients 21211 cervical joint reposition in
neck pain patients 2, and sensorimotor cortex activation and phantom limb motor
recovery in stroke patients 58, little is known with respect to experimental pain. For
example, Volz et al. %3 demonstrated that pressure pain thresholds increased
following AO, possibly mediated through a reduction in intracortical inhibition, but
found no facilitation in corticomotor excitability. Another study demonstrated that
mental imagery did not affect pressure pain thresholds, but a reduction in
corticomotor excitability was reported 8. As such, Study Il provides the first
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evidence that pain-induced reduction in corticomotor excitability can be attenuated
by performing AOMI. Further research is needed to establish the effectiveness of
AOMI on pain induced by e.g. other pain models, the specific parameters needed to
provide the largest neuroplastic potential, but most importantly, the functional
relevance of the counterbalancing the reduction in corticomotor excitability.

An important limitation to Study 111 is that the baseline values for the AO session as
compared to the AOMI+PAIN session differed. Several different factors influence
corticomotor excitability on a day-to-day basis, including e.g. genetics (brain-
derived neurotrophic factor particularly), metaplasticity, attention, or age 24, Since
each participant was scheduled at the same time of the day, circadian rhythm
variation ¥ is unlikely to explain the difference. Therefore, the issue of the
difference at baseline is multifactorial and is not likely determined by only one.
However, it is unlikely that the baseline difference influenced the overall result of
Study 111 for several reasons: (1) corticomotor excitability returned-towards-baseline
and was not different from baseline during all three sessions, suggesting that within-
session, AOMI and PAIN only affected corticomotor excitability at 2-4 mins; (2)
even if the AOMI session started at a lower average, the difference in baseline
would only influence possible inferences made between the AOMI and
AOMI+PAIN session where no differences were found; (3) a substantial body of
evidence “®501% has consistently demonstrated a facilitation of corticomotor
excitability similar to Study Ill. Therefore, Study Ill supports earlier data on
facilitation during AOMI performance, and adds that this facilitation
counterbalances pain-induced reduction in corticomotor excitability.

3.5.1. SAMPLE SIZE CONSIDERATIONS - STUDY IlI

In Study Il, the same sample size calculation was performed as for Study I, with
high correlation among repeated measures (0.8), and 80% power to detect a
difference at o = 0.05. The inclusion of 12 participants in Study Il therefore
satisfied the sample size calculation.

3.6. MAIN FINDINGS FROM STUDY I-1ll (NEUROPHYSIOLOGICAL
DATA)

In summary, Study Il showed that:
o AOMI induces a large facilitation in corticomotor excitability

e Hypertonic saline-induced pain reduces corticomotor excitability of the
FDI muscle
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e Performing AOMI attenuates the reduction in corticomotor excitability
associated with experimental muscle pain,

a7



PROBING AND MODULATING PAIN-INDUCED CORTICOMOTOR EXCITABILITY REDUCTION BY ENGAGING
PREMOTOR CORTEX ACTIVITY IN HUMANS

CHAPTER 4. DISCUSSION

The current PhD project has provided novel aspects to our current knowledge on
pain-induced reduction in corticomotor excitability and confirmed earlier findings.

The hypertonic saline model is a valid model to explore early musculoskeletal pain
and concurrent sensorimotor changes, given the highly reproducible pain intensity
and qualities. Further, corroborating evidence on the strong hypertonic saline pain-
induced reduction in corticomotor excitability was demonstrated in Study I-11l. The
reduction in corticomotor excitability seems to be more prominent for the FDI
muscle than the ECR muscle ** (Study 1), despite sharing cortical motor
representation The magnitude of pain intensity at peak-pain is not correlated with
the reduction in corticomotor excitability for neither the ECR nor the FDI muscle,
which is in line with other studies. As such, it is not the perception of the intensity of
pain that drives the reduction in corticomotor excitability, but more likely the
nociceptive input. State or trait anxiety, pain catastrophizing, mindwandering, age,
or gender ratio could not explain any differences in pain intensity ratings between
the TBT and REST groups in Study Il. This may indicate that the group that
performed the TBT during pain, experienced an enhanced perception of pain, but it
remains inconclusive if other factors such as expectation or genetic predisposition 126
had an influence. Nonetheless, Study Il provided the first evidence that even if pain
perception increased during the performance of the TBT, the reduction in
corticomotor excitability remained unaffected. Study Il showed, for the first time,
that the facilitation in corticomotor excitability by AOMI could counterbalance the
pain-induced reduction that would otherwise occur.

When stimulating with TMS throughout the pain period, it seems that corticomotor
excitability recovers at post-measures (Study | and II1). Conversely, as has been
reported earlier, when participants remain at rest throughout the pain period MEPs
are reduced and remain so up until 30 mins post-PR as shown in Study Il. The
accuracy on correctly identifying targets in the TBT improved from baseline
assessment to 30 mins post-PR, suggesting that a learning effect occurred. This
learning effect was equal in the two groups, despite the TBT group performing the
task for an additional 10 mins, compared to the REST group (Study II).

These findings suggest that the pain-induced reduction in corticomotor excitability
can be modulated in the acute phase of muscle pain, but the engagement of the PMC
and the influence on M1 excitability, may be task-dependent. Performing a TBT
engages the PMC to provide spatial information and response selection *°. Findings
from Study Il suggested that such engagement is unable to modulate M1
excitability. Conversely, AOMI influenced M1 excitability without any overt
volitional movement, as demonstrated in Study Ill. Since AO, MI, and movement
execution largely depends on the same neuroanatomical structures €, it can be
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speculated that subsequent pathways engaged through PMC activation by the TBT
and AOMI, are different. One way to explore this would be to create a virtual lesion
in the PMC by applying rTMS 5657 preceding the performance of the TBT and
AOMI tasks. This would allow relative influence of the PMC on M1 excitability to
be extracted. However, as mentioned in Section 3.4., it would be needed to first
establish whether the TBT indeed induces a facilitation of M1 excitability, and the
limitations of Study Il should be considered. It could be argued that since
corticomotor excitability during pain in Study I, any transient facilitating effects of
the TBT on M1 excitability may have been missed. This cannot be excluded, but
findings from Study I11 suggest that if this was the case and accept the idea that M1
excitability is influenced by the PMC, the reduction in corticomotor excitability at
PR should be absent.

There is a scarcity in studies designed to modulate the pain-induced reduction in
corticomotor excitability. This is surprising given the potential and feasibility of
using AOMI in the clinic. In this respect, several lines of evidence have highlighted
the relevance of AO and MI in chronic pain populations such as patients recovering
from stroke (see e.g. %218.217) and phantom limb pain patients (see e.g. 2, 1%, and 218
for meta-analysis). For instance, AO has been applied in stroke rehabilitation, and
shown effective in improving function after consecutive training in moderate upper-
limb deficiency '°. Later studies confirmed this, by showing that four weeks of
extensive AOMI increased sensorimotor cortex activation and improved motor
function and muscle strength of the hand 5822°, Therefore, emerging evidence for the
applicability of AOMI in stroke patients support the use of AOMI in the acute-to-
subacute phase but needs further exploration in chronic musculoskeletal pain
populations.

Throughout the discussion on available literature on pain-induced reduction in
corticomotor excitability, it is also clear that more research is warranted to
understand if modulating this reduction yields improvements in motor function or
other clinical outcomes. One possibility is that the reduction in corticomotor
excitability is an important physiological process that must occur to bring back
neuronal homeostasis after insult. Interfering with such process may prove to be
maladaptive and should be cautiously investigated. It can be hypothesized that
AOMI may prove beneficial in musculoskeletal pain conditions such as low-back
pain or muscle soreness 61723 since corticomotor representation reduces, as has also
been described during limb immobilization 221 In this respect, applying AO
seemingly counterbalanced this reduction in corticomotor representation, suggesting
that motor activity can be maintained in an immobilized limb 22X, It is important to
highlight that MI was ineffective in reversing the reduction in corticomotor
excitability due to limb immobilization, which is supported by an earlier kinematics
study %, This indicates that AO is an important part of the beneficial outcomes seen
when performing motor simulations and combined with MI, may prove beneficial in
attenuating or reversing maladaptive motor neuroplasticity in response to pain.
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Further research is needed to elucidate if AOMI as an intervention, can provide a
readily applicable countermeasure to maladaptive motor neuroplasticity.

Some limitations to AO and MI (or AOMI) must be highlighted, and are related to
the ability of performing AO, MI, or both combined. For instance, patients suffering
from chronic musculoskeletal pain may have impaired M1 %, and its applicability in
relation to patients suffering from e.g. low-back pain remains unknown. This has
also been shown for MI, where MI of trunk movements may be reduced in patients
with a history of back pain 222, As such, it is necessary to establish parameters for
the intervention to standardize delivery and improving the method to induce the
greatest potential for inducing neuroplasticity at the sensorimotor level 2. The
findings from the current PhD suggest that muscle choice and task-dependency on
PMC engagement are important to consider. Study Il further supports the notion
that combined AOMI is a powerful driver of motor neuroplasticity, however,
research on its applicability in chronic musculoskeletal pain conditions is still in its
infancy. It should also be mentioned that surprisingly little is known on the effects
of rTMS in chronic musculoskeletal pain such as low-back pain, despite several
lines of evidence suggest motor re-organizational changes in muscle representations
of painful muscles >, and may be related to pain severity *’. Single-session tDCS
did not affect experimentally-induced pain in chronic low-back pain patients 22 and
tDCS as an adjunct to cognitive behavioral management in chronic low-back pain 16
did not affect pain intensity or disability. Novel evidence suggests that NGF-induced
corticomotor and somatosensory excitability changes can be modulated by rTMS 172,
Nonetheless, it is clear that more research is warranted to determine the
effectiveness of non-invasive brain stimulation on chronic musculoskeletal pain 7

The current PhD project aimed to probe and modulate pain-induced reduction in
corticomotor excitability. This was largely motivated by the findings that pain-
induced reduction in corticomotor excitability is robust 267101103 gnd difficult to
modulate 8, Study | demonstrated eliciting pain in the FDI muscle yields a strong
pain-induced reduction in FDI corticomotor excitability whereas the ECR muscle
excitability remained unaffected. Consequently, Study Il and Study Il used the FDI
muscle as primary target. Study Il demonstrated that performance of a TBT was
inefficient in counterbalancing the pain-induced reduction in corticomotor
excitability. Study Il demonstrated that performing AOMI effectively modulated
pain-induced reduction in corticomotor excitability. These new findings open
avenues to explore potential advantages of AOMI on musculoskeletal pain in larger
cohort studies to clarify the role of pain-induced reduction in corticomotor
excitability. This would further our understanding on how to optimize and provide
the greatest neuroplastic potential % (see e.g. ??%) to target sensorimotor changes
known to occur in relation to chronic musculoskeletal pain 111617,
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CHAPTER 5. CONCLUSION

The current PhD thesis addressed two specific objectives: (1) Probe pain-induced
neuroplasticity of the motor system using a well-established acute experimental
muscle pain model in two different upper limb muscles; and (2) modulate
corticomotor excitability by paradigms known to engage the PMC.

Study | demonstrated that a more robust reduction in corticomotor excitability was
achieved when targeting the FDI muscle, as compared to the ECR muscle (Study I;
Fig. 17). Study 1l and Study 111 built upon the results of Study I, where modulation
of pain-induced reduction in FDI corticomotor excitability was explored and tested.
In Study I, the performance of the TBT during pain did not modulate the reduction
in corticomotor excitability (Study Il; Fig. 17). This study underscored the
robustness of the hypertonic saline pain model in reducing MEPs, and further
confirmed earlier findings with respect to pain intensity and quality. A peculiar
finding was that the group, who performed the TBT during pain, also reported
higher pain intensity than the group resting during pain (Study Il; Fig. 17). Pain
intensity was, however, unrelated to the magnitude of reduction in corticomotor
excitability in response to the hypertonic saline injection. Performing an AOMI task
during pain successfully counterbalanced the pain-induced reduction in FDI
corticomotor excitability that would otherwise occur (Study I11; Fig. 17). This novel
finding opens new avenues of research such as exploring methods to reverse the
extensive motor changes occurring in response to musculoskeletal pain, by tailoring

Pain-induced reduction in FDI corticomotor
excitability was unaffected by performance of a
two-back task, but pain perception increased

_________ ->[ Two-back task }

s e r
! 1 Study 1l
I I
4 ¥
[ Pain J—— — Primary motor cortex ]- ------- '[ Premotor cortex ]
Study |
1 The FDI muscle excitability reduced f
1 due to pain, whereas the ECR
1 muscle excitability remained 1 Study Il
l unchanged a1

Action observation &
motor imagery
Pain-induced reduction in FDI corticomotor
excitability was counterbalanced by performance
of action observation & motor imagery, with no
changes in pain perception

Figure 17. Main findings of the dissertation studies based on the conceptual overview presented in
Chapter 1. Study | showed that pain reduced FDI corticomotor excitability but not ECR corticomotor
excitability. In Study Il, pain-induced reduction in FDI corticomotor excitability was unaffected by the
performance of a two-back task, but may have increased pain perception. In Study Ill, action observation
& motor imagery were shown effective in counterbalancing the painrinduced reduction in FDI
corticomotor excitability.
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motor rehabilitation paradigms to provide the greatest potential for altering
maladaptive changes at the motor level. It will further allow for better understanding
of the neurophysiological substrates involved in the interaction between adaptive
and maladaptive neuroplasticity of the motor system and contribute to the basic
understanding of brain neurophysiology during pain.

All three studies support that perceived intensity of pain is unlikely to be the main
driver of the reduction in corticomotor excitability. Instead, the presence of a
nociceptive input is a major contributor to the corticomotor changes, as there
appears to be a uniform reduction in response to several different experimental pain
models.

In summary, the three PhD studies presented novel approaches to modulate pain-
induced reduction in corticomotor excitability. Using experimental pain models, as
in the current PhD thesis, allow for testing and confirming the applicability of
AOMI as a viable tool in motor rehabilitation for patients suffering from chronic
musculoskeletal pain. These findings will serve as stepping stones to establish
optimal parameters for inducing advantageous adaptive neuroplasticity.
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Appendix A. Overview of studies
investigating the effects of acute pain
of different modalities on motor-evoked
potentials of the upper limbs

Authors Year Pain model Main findings
Phasic heat stimulation by -
Valeriani et al. 1999 CO;, laser stimulation to the ! MEPSec\))‘Otﬁeedr;)ghtT';/lel muscle
right hand dorsum Y
Hypertonic saline infusion
into the left masseter muscle . .
. . Neither muscle or skin pain affected
Romaniello et al. 2000
- . MEPs of the masseter muscle
Capsaicin cream applied to
the skin of the left cheek
| MEPs of the right ADM muscle
evoked by TMS during right ADM or
Hypertonic saline infusion FDI pain
into the right ADM, right
Le Pera et al 2001 FDI, left ADM, or No change in MEPs of the right ADM
' subcutaneous injection into muscle evoked by TMS during left
the region around the right ADM pain or right subcutaneous
ADM ADM injection
| H-reflex 1 minute after peak-pain
Phasic heat stimulation by
- CO;, laser stimulation to the | MEPs of the biceps brachii muscle
Valeriani et al. 2001 right hand dorsum or lateral evoked by TMS
surface of the right arm
| MEPs of the right FDI and FCR
. . muscle evoked by TMS
Capsaicin cream on the skin
Farina et al. 2001 overlying the right FDI and . .
FCR H/M ratio for the FCR muscle did not
change suggesting a cortical
mechanism
Hypertonic saline injection
into the FDI muscle MEPs of the riaht FDI |
Svensson et al. 2003 ! sortherg muscle

Painful electrical stimulation
of the FDI muscle

evoked by TMS
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Ascorbic acid injection in the

1 MEPs of the right ADM and BIC

*
Del Santo et al. 2007 ADM and BIC muscles muscles evoked by TMS
during constant force
- — MEPs of the tongue increased in
Boudreau et al.* 2007 Capsaicin cream application vehicle session but not in the pain
to the tongue -
session
No change in MEPs, but relative to
CMEPs, they |
1 CMEPs (corticospinal tract
measure) of the biceps brachii and
. Hypertonic saline infusion triceps
Martin et al. 2008 5 the biceps brachii muscle
Hypertonic saline infusion facilitated
motoneurones innervating elbow
flexor and extensor muscles, but
depressed corticomotor cells
projecting to the muscles
Schabrun et al.* 2012 Hyp«_artonlc sa_llne infusion ! MEF’s of the FDI and ADM mus_cles
into the right FDI at pain-resolve compared to baseline
Schabrun et al.* 2013 Hypc_ertonlc sa_llne infusion | MEPs of the right FDI at pain-
into the right FDI resolve compared to pre-pain
. . L | MEPs of the right trapezius muscle
Tr?er)?ir;ﬂt]Iscic?glcl)?etr:zfrl:eséokn(lzn 30 mins, 1 hour, and 7 days after
ittig- infusion
Rittig szn:ussen et 2014 cm lateral to the spinous
' process of the third cervical . .
vertebra) 1 MEPs of the rlght_trgpezms muscle
after training
Hypertonic saline infusion .
*
Schabrun et al. 2016 four days after NGF-injection 1 MEPs of the right ECRB
Injection of hypertonic saline .
*
Schabrun et al. 2017 into the right ECRB | MEPs of the right ECRB
Capsaicin cream applied to During training, the control grou
. - the lateral border of the first . g u g. the. group
Mavromatis et al. 2017 . increased in corticospinal excitability,
metacarpal prior to : :
: whereas the pain group did not
performing a motor task
Capsaicin cream application MEPs of the left FDI remained
Martel et al. 2017 on the middle volar part of unaffected by the capsaicin-induced

the left forearm (4x4 cm)

pain
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| MEPs of the right FDI muscle when
hypertonic saline was injected into the

Injection of hypertonic saline FDI muscle
Larsen et al. 2018 into the right ECR or FDI
muscle No change in MEPs for the ECR

muscle neither during FDI injection
nor ECR injection

* Included other outcomes that were not accounted for such (e.g. motor task performance, pre-
contraction, constant force production, or SICI/ICF measures)
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Appendix B. Examples of the effects of
the effects of action-observation and
motor imagery on motor-evoked
potentials of the upper limb

Authors

Year

Action observation (AO) or
motor imagery (MI)

Main findings

Fadiga et al.

1995

AO

1 MEPs of hand muscles
during observation

Strafella & Paus

2000

AO

1 MEPs of FDI and BIC
during hand writing and
arm movement,
respectively — specificity

Patuzzo et al.

2003

AO & Ml

1 MEPs of FDS during
AO and MI, | ICI, H-
reflex and F-waves
remained unaffected

Stefan et al.

2005

AO

1 MEPs of the EPB and
FPB during physical
practice but not AO

Affected thumb movement
towards the direction of
the observed movement

Stinear et al.

2006

MI

1 MEPs of the APB during
kinesthetic MI but not
visual MI (thumb
movement) — specific to
the involved muscle

Stinear et al.

2006

MI

1 MEPs of the APB during
Ml of right and both hands

No effect of Ml on F-
waves

Sakamoto et al.

2009

AO+MI

1 MEPs of the BB during
observation of elbow
movements was higher for
AOMI than Ml and AO
alone
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Meta-analysis of AO and
Caspers et al. 2010 AO & MI Ml and activation of
specific brain areas

1 MEPs of the right FDI
independent of the
biomechanical possibility
of performing the action

Bufalari et al. 2010 MI

Combining AO and MI 1
MEPs of the FDI and
thenar muscles compared
to AO and control

Ohno et al. 2011 AO+MI

Seminal paper on the
Vogt et al. 2013 AO+MI integration of MI during
AO

1 MEPs of the right FDI —

AOMI produced stronger
Wright et al. 2014 AO+MI facilitation than control
conditions and passive
observation but not MI

1 MEPs of the right FDI ,
OP, and ADM higher
during AOMI than passive
Wright et al. 2016 AO+MI observation and static
alone — no difference to
observation with intention
to imitate

1 MEPs of the right APB
during imagery compared
to voluntary contraction
and rest — GABA-
mediated inhibition and
disinhibition

Chong et al. 2017 Mi

1 MEPs of the FDI
increased when asked to
imagine finger-thumb
opposition — when
explicitly asked to avoid
unwanted finger
movements, | MEPs of
the FDI was demonstrated

Bruno et al. 2018 MI
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