Aalborg Universitet
AALBORG UNIVERSITY

DENMARK

Multilevel Electrophysiological Methods in Pathophysiolgy and Management
Studies of diabetes, incontinence, and analgesics
Nedergaard, Rasmus Bach

DOl (link to publication from Publisher):
10.54337/aau468595486

Publication date:
2021

Document Version
Publisher's PDF, also known as Version of record

Link to publication from Aalborg University

Citation for published version (APA):
Nedergaard, R. B. (2021). Multilevel Electrophysiological Methods in Pathophysiolgy and Management: Studies
of diabetes, incontinence, and analgesics. Aalborg Universitetsforlag.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

- Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
- You may not further distribute the material or use it for any profit-making activity or commercial gain
- You may freely distribute the URL identifying the publication in the public portal -

Take down policy
If you believe that this document breaches copyright please contact us at von@aub.aau.dk providing details, and we will remove access to
the work immediately and investigate your claim.

Downloaded from vbn.aau.dk on: April 19, 2024


https://doi.org/10.54337/aau468595486
https://vbn.aau.dk/en/publications/906113ad-67df-43aa-a4a0-7728cc5926cb




MULTILEVEL ELECTROPHYSIOLOGICAL
METHODS IN PATHOPHYSIOLGY AND
MANAGEMENT

STUDIES OF DIABETES, INCONTINENCE, AND ANALGESICS

BY
RASMUS BACH NEDERGAARD

DISSERTATION SUBMITTED 2021

((8

AALBORG UNIVERSITY
DENMARK






Multilevel Electrophysiological
Methods in Pathophysiolgy and
Management

Studies of diabetes, incontinence, and analgesics

Ph.D. Dissertation
Rasmus Bach Nedergaard

Dissertation submitted December, 2021



Dissertation submitted: December 2021

PhD supervisor: Prof. AsbjernMohrDrewes
AalborgUniversity
PhD committee: Associate Professor Ulla Mgller Weinreich (chair)

Aalborg University, Denmark

Professor Andrea Truini
Sapienza University, Italy

Professor Jergen Rungby
University of Copenhagen, Denmark

PhD Series: Faculty of Medicine, Aalborg University
Department: Department of Clinical Medicine

ISSN (online): 2246-1302
ISBN (online): 978-87-7573-975-2

Published by:

Aalborg University Press
Kroghstrade 3

DK — 9220 Aalborg @
Phone: +45 99407140
aauf@forlag.aau.dk
forlag.aau.dk

© Copyright: Rasmus Bach Nedergaard

Printed in Denmark by Rosendahls, 2022



Curriculum Vitae

Rasmus Bach Nedergaard

Research interests: In my professional career I have sought to try and
understand characteristics of different patient populations and how to help
them, it is what pushes me to keep working within science and to try to help
where I can.

Education:

¢ 2014 Master of science (Biomedical Engineering), Aalborg University,
Denmark

* 2012 Bachelor of science (Biomedical Engineering), Aalborg University,
Denmark

Previous positions held:
* 2015-2018 Research Fellow, New Zealand College of Chiropractic
* 2014 Research Assistant, New Zealand College of Chiropractic

Publications:

1. Mark, E.B., Nedergaard, R.B., Hansen, T.M., Nissen, T.D., Frekjeer, ].B.,
Scott, S.M., Krogh, K. and Drewes, A.M., 2021. Tapentadol results in
less deterioration of gastrointestinal function and symptoms than stan-
dard opioid therapy in healthy male volunteers. Neurogastroenterology
& Motility. DOI: 10.1111/nmo.14131

2. Nedergaard, R.B., Hansen, TM., Nissen, T.D., Mark, E.B., Brock, C.
and Drewes, A.M., 2021. The effects of tapentadol and oxycodone

ii



Curriculum Vitae

on central processing of tonic pain. Clinical Neurophysiology. DOI:
10.1016/j.clinph.2021.07.021

. Mark, E.B., Nedergaard, R.B., Hansen, T.M., Nissen, T.D., Frekjeer, ].B.,
Scott, S.M., Krogh, K. and Drewes, A.M., 2021. Tapentadol results in
less deterioration of gastrointestinal function and symptoms than stan-
dard opioid therapy in healthy male volunteers. Neurogastroenterology
& Motility, p.e14131. DOI: 10.1111/nmo.14131

. Mark, E.B., Frekjeer, ].B., Hansen, T.M., Nedergaard, R.B. and Drewes,
AM.,, 2021. Although tapentadol and oxycodone both increase colonic
volume, tapentadol treatment resulted in softer stools and less constipa-
tion: a mechanistic study in healthy volunteers. Scandinavian Journal
of Pain, 21(2), pp.406-414. DOI: 10.1515/sjpain-2020-0151

. Olsen, S., Signal, N., Niazi, LK., Alder, G., Rashid, U., Nedergaard, R.B.
and Taylor, D., 2021. Reliability of Tibialis Anterior Muscle Voluntary
Activation Using the Interpolated Twitch Technique and the Central
Activation Ratio in People with Stroke. Brain sciences, 11(2), p.176.
DOI: 10.3390/brainsci11020176

. Amjad, 1., Niazi, LK., Toor, H.G., Nedergaard, R.B., Shafique, M., Holt,
K., Haavik, H. and Ahmed, T., 2020. Acute Effects of Aerobic Exer-
cise on Somatosensory-Evoked Potentials in Patients with Mild Cog-
nitive Impairment. Brain Sciences, 10(10), p.663. DOI: 10.3390/brain-
sci10100663

. Nissen, T.D., Meldgaard, T., Nedergaard, R.W., Juhl, A.H., Jakobsen,
PE., Karmisholt, J., Drewes, A.M., Brock, B. and Brock, C., 2020. Pe-
ripheral, synaptic and central neuronal transmission is affected in type
1 diabetes. Journal of Diabetes and its Complications, 34(9), p.107614.
DOI: 10.1016/j.jdiacomp.2020.107614

. Nedergaard, R.B., Nissen, T.D., Morch, C.D., Meldgaard, T., Juhl, A.-H.,
Jakobsen, P.E., Karmisholt, J., Brock, B., Drewes, A.M. and Brock, C.,
2021. Diabetic neuropathy influences control of spinal mechanisms.
Journal of Clinical Neurophysiology, 38(4), pp.299-305.

DOI: 10.1097/WNP.0000000000000691

. Olsen, S., Signal, N., Niazi, LK., Rashid, U., Alder, G., Mawston, G.,
Nedergaard, R.B., Jochumsen, M. and Taylor, D., 2020. Peripheral elec-
trical stimulation paired with movement-related cortical potentials im-
proves isometric muscle strength and voluntary activation following
stroke. Frontiers in Human Neuroscience, 14, p.156. DOI: 10.3389/fn-
hum.2020.00156

iv



10.

11.

12.

13.

14.

15.

16.

17.

18.

Curriculum Vitae

Navid, M.S., Niazi, LK., Lelic, D., Nedergaard, R.B., Holt, K., Amjad, L.,
Drewes, A.M. and Haavik, H., 2020. Investigating the Effects of Chiro-
practic Spinal Manipulation on EEG in Stroke Patients. Brain sciences,
10(5), p.253. DOI: 10.3390/brainsci10050253

Ozyurt, M.G., Haavik, H., Nedergaard, R.W., Topkara, B., Senocak,
B.S., Goztepe, M.B., Niazi, I.K. and Tiirker, K.S., 2019. Transcranial
magnetic stimulation induced early silent period and rebound activity
re-examined. PloS one, 14(12), p.e0225535.

DOI: 10.1371/journal.pone.0225535

Kingett, M., Holt, K., Niazi, I.K., Nedergaard, R.W., Lee, M. and Haavik,
H., 2019. Increased voluntary activation of the elbow flexors following
a single session of spinal manipulation in a subclinical neck pain pop-
ulation. Brain sciences, 9(6), p.136. DOI: 10.3390/brainsci9060136

Jochumsen, M., Navid, M.S., Nedergaard, R.W., Signal, N., Rashid, U.,
Hassan, A., Haavik, H., Taylor, D. and Niazi, I.K., 2019. Self-paced on-
line vs. cue-based offline brain—computer interfaces for inducing neural
plasticity. Brain sciences, 9(6), p.127. DOI: 10.3390/brainsci9060127

Holt, K., Niazi, LK., Nedergaard, R.W., Duehr, J., Amjad, L, Shafique,
M., Anwar, M.N., Ndetan, H., Turker, K.S. and Haavik, H., 2019. The
effects of a single session of chiropractic care on strength, cortical drive,
and spinal excitability in stroke patients. Scientific reports, 9(1), pp.1-
10. DOI: 10.1038 /541598-019-39577-5

Jochumsen, M., Cremoux, S., Robinault, L., Lauber, J., Arceo, J.C., Navid,
M.S., Nedergaard, R.W., Rashid, U., Haavik, H. and Niazi, I.K., 2018.
Investigation of optimal afferent feedback modality for inducing neural
plasticity with a self-paced brain-computer interface. Sensors, 18(11),
p-3761. DOL: 10.3390/518113761

Haavik, H., Ozyurt, M.G., Niazi, LK., Holt, K., Nedergaard, R.W., Yil-
maz, G. and Tiirker, K.S., 2018. Chiropractic manipulation increases
maximal bite force in healthy individuals. Brain sciences, 8(5), p.76.
DOI: 10.3390/brainsci8050076

Cecen, S., Niazi, LK., Nedergaard, R.W., Cade, A., Allen, K., Holt, K.,
Haavik, H. and Tiirker, K.S., 2018. Posture modulates the sensitivity
of the H-reflex. Experimental brain research, 236(3), pp.829-835. DOIL:
10.1007 /s00221-018-5182-x

Christiansen, T.L., Niazi, I.K., Holt, K., Nedergaard, R.W., Duehr, J.,
Allen, K., Marshall, P, Turker, K.S., Hartvigsen, ]. and Haavik, H.,,
2018. The effects of a single session of spinal manipulation on strength

\%



19.

20.

21.

22.

Curriculum Vitae

and cortical drive in athletes. European journal of applied physiology,
118(4), pp.737-749. DOI: 10.1007 /s00421-018-3799-x

Jochumsen, M., Niazi, LK., Nedergaard, R.W., Navid, M.S. and Drem-
strup, K., 2018. Effect of subject training on a movement-related cortical

potential-based brain-computer interface. Biomedical Signal Processing
and Control, 41, pp.63-68. DOI: 10.1016/j.bspc.2017.11.012

Nohr, A K., Pilgaard, L.P., Hansen, B.D., Nedergaard, R., Haavik, H.,,
Lindstroem, R., Plocharski, M. and Ostergaard, L.R., 2017, June. Semi-
automatic method for intervertebral kinematics measurement in the cer-
vical spine. In Scandinavian Conference on Image Analysis (pp. 302-
313). Springer, Cham. DOI: 10.1007 /978-3-319-59129-2_26

Jochumsen, M., Niazi, LK., Signal, N., Nedergaard, R.W., Holt, K.,
Haavik, H. and Taylor, D., 2016. Pairing voluntary movement and
muscle-located electrical stimulation increases cortical excitability. Fron-
tiers in human neuroscience, 10, p.482. DOI: 10.3389/fnhum.2016.00482

Jochumsen, M., Signal, N., Nedergaard, R.W., Taylor, D., Haavik, H.
and Niazi, LK., 2015. Induction of long-term depression-like plastic-
ity by pairings of motor imagination and peripheral electrical stimu-
lation. Frontiers in human neuroscience, 9, p.644. DOI: 10.3389/fn-
hum.2015.00644

vi



Curriculum Vitae

The thesis is based on the following papers:

I. Nedergaard RB, Hansen TM, Morch CD, Niesters M, Dahan A, Drewes
AM. Influence of tapentadol and oxycodone on spinal cord and brain:
a randomized, placebo-controlled study in healthy volunteers submitted
to Journal of Clinical Neurophysiology

II. Nedergaard RB, Hansen TM, Nissen TD, Mark EB, Brock C, Drewes
AM. The effects of tapentadol and oxycodone on central processing of
tonic pain Clinical Neurophysiology

ITI. Nedergaard RB, Nissen TD, Moerch CD, Meldgaard T, Juhl AH, Jakob-
sen PE, Karmisholt ], Brock B, Drewes AM, Brock C. Diabetic Neuropa-
thy Influences Control of Spinal Mechanisms Journal of Clinical Neuro-
physiology 2020

IV. Nedergaard RB, Haas S, Christensen P, Krogh K, Laurberg S, Brock C,
Drewes AM. Cortical processing of tonic ano-rectal distensions in pa-
tients with idiopathic faecal incontinence Not published

vii



Curriculum Vitae

viii



Abbreviations

BESA
DM
DSPN
EEG
EMG
IFI
MOR
NRI
NRS
sLORETA
VAS

Brain Electric Source Analysis

Diabetes Mellitus

Diabetic Symmetrical Polyneuropathy

Electroencephalography

Electromyography

Idiopathic Fecal Incontinence

mu-opioid receptor

Noradrenaline Reuptake Inhibition

Numeric Rating Scale

Standardized Low Resolution Brain Electromagnetic Tomography

Visual Analogue Scale

ix



Abbreviations



English Summary

Healthcare has improved, which means an increasing number of people live
longer with diseases. Because of this, more people will experience symptoms
of chronic diseases. In addition, chronic disease brings with it risks of chronic
symptoms, some likely caused by changes in the body’s sensory processing.
Of these changes, pain is one of the most frequent symptoms in various dis-
eases, affecting approximately 20 % of the population in the Western world.
To improve treatments further investigations into the possible changes due
to sensory processing are needed. The use of standardised painful stimuli
of different modalities such as mechanical, thermal, and electrical applied
to the skin has been used to assess various pain pathways and mechanisms.
Symptoms caused by disease confounds the characterisation of pain in clini-
cal work, in addition to this, the experience of pain is multidimensional, and
the use of subjective self-reporting does not identify the underlying neural
mechanisms in the central nervous system.

The objective of this Ph.D. thesis was to investigate changes due to sen-
sory dysfunction measured objectively with electrophysiology. This includes
studies of healthy participants and patient populations to assess the effects
of drugs and disease on the spinal and cortical nervous system.

Data from two clinical trials and one cross-sectional study were included
in this thesis. The first two papers investigated the effects of the two opi-
oids, oxycodone, and tapentadol, on the central nervous system in healthy
volunteers. In the first paper, a nociceptive withdrawal reflex was elicited
from the plantar side of the foot and recorded at the anterior tibial muscle
using electromyography and from the cortex using electroencephalography
(EEG). The second paper investigated the effects of a tonic cold pain (hand
submerged in 2° C cold water for two minutes) recorded using EEG. The
third paper used the same nociceptive withdrawal reflex stimulation of the
foot as the first paper to investigate differences between people with diabetic
distal symmetric polyneuropathy and a healthy control group. The fourth
and last paper investigated the differences between patients with idiopathic
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English Summary

faecal incontinence and healthy age-matched controls using a tonic disten-
sion of the anal canal and rectum where the sensory response was recorded
using EEG.

Paper one and two found that both oxycodone and tapentadol affect
the brain. However, there was evidence that tapentadol had a dual-acting
analgesic effect on opioid receptors working mainly in the cortex and nore-
pinephrine reuptake inhibitor that affects the brainstem and spinal nervous
system. Paper three found differences between people with diabetic distal
symmetric polyneuropathy and a healthy control group in the stimulation
strength needed to elicit a reflex, the number of reflexes observed, and the
amplitude and latency of the recorded cortical signals at the vertex during
electrical stimulation of the foot. Lastly, paper four found that while there is
a difference in the compliance of the rectum and anal canal of people with
idiopathic faecal incontinence and healthy controls, there were no differences
between the two groups in the EEG response.

In conclusion, using experimental models, it was possible to find differ-
ences in the effects of different opioids on healthy volunteers and the group
of people with diabetes compared to a healthy control group. However, there
were no differences in the brain’s response to stimuli between the idiopathic
faecal incontinence and healthy controls. This is possibly due to altered com-
pliance of the rectum, while cortical possessing of the tonic sensory input
itself is intact. This thesis represents an example of advanced signal pro-
cessing tools in combination with experimental pain models that are able
to explain differences in drugs and disease mechanisms based on objective
electrophysiological measures.
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Dansk Resume

Sundhedsvaesenet forbedres lebende, hvilket betyder et oget antal af men-
nesker, som lever leengere liv med sygdomme. Pa grund af dette vil flere
mennesker opleve symptomer pé kroniske sygdomme. Dette medforer risici
for kroniske symptomer, som er forarsaget af endringer i kroppens sen-
soriske behandling. Af disse eendringer er smerte et af de mest hyppige
symptomer i en reekke sygdomme. Dette rammer ca. 20% af befolknin-
gen i den vestlige verden. For at kunne forbedre behandlinger er der behov
for yderligere undersogelser af de mulige @endringer som sker pd grund af
sensorisk opfattelse. Anvendelsen af standardiserede smertefulde stimuli af
forskellige modaliteter sasom mekanisk, termisk, og elektrisk pa huden er
blevet brugt til vurdering af forskellige smerteveje og mekanismer. Karak-
teriseringen af smerte i klinisk arbejde er forurenet af symptomer fordrsaget
af sygdom, ud over dette er oplevelsen af smerter flerdimensionel, og bru-
gen af subjektiv selvrapportering identificerer ikke de underliggende neurale
mekanismer i centralnervesystemet.

Formalet med denne ph.d.-athandling var at undersege eendringer pa
grund af sensorisk dysfunktion malt objektivt ved hjelp af elektrofysiologi.
Dette blev gjort ved inklusioner af raske deltagere og patientpopulationer for
at vurdere virkningen af leegemidler og sygdomme pa det perifere og cen-
trale nervesystem.

Data fra to kliniske forsog og et tveersnitsstudie blev inkluderet i denne
athandling. De forste to artikler undersegte virkningen af to opioider: oxy-
codon og tapentadol sammen med et placebo-leegemiddel pa det centrale
nervesystem hos raske frivillige. I det forste studie blev en nociceptiv tilbage-
treekningsrefleks fremkaldt fra undersiden af foden og optaget ved tibialis
anterior ved hjeelp af elektromyografi og fra cortex ved anvendelse af elek-
troencefalografi (EEG). Den andet artikel undersogte virkningerne af en tonisk
kuldepévirket smerte (hand nedseenket i 2°C koldt vand i to minutter) op-
taget ved hjeelp af EEG. Den tredje artikel anvendte den samme nociceptive
tilbagetraekningsrefleks af foden til at undersoge forskelle mellem en gruppe
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mennesker med diabetisk distal symmetrisk polyneruropati og en sund kon-
trolgruppe. Den fjerde og sidste artikel undersogte forskellene mellem en
gruppe patienter med idiopatisk faekal inkontinens og en sund kontrolgruppe
ved hjeelp af en tonisk distension af anal kanalen og endetarmen registreret
ved hjeelp af EEG.

Artikel et og to fandt, at bade oxycodon og tapentadol har en effekt pa
hjernen. Tapentadol har en dobbeltvirkende analgetisk virkning pd opioioid
receptorer, som primeert virker i cortex og norepinephrine genoptagelses in-
hibitor som pavirker hjernestammen og det spinale hjernesystem. Artikel tre
fandt forskelle mellem mennesker med diabetisk distal symmetrisk polyneu-
ropati og en kontrolgruppe i styrken af den stimulering, der var nedvendig
for at fremkalde en refleks, antallet af observerede reflekser, og amplituden
og latensen af kortikale signaler registreret pa toppen af hovedet. Til sidst
fandt artikel fire, at selvom der er en forskel i kompliansen af endetarmen
og anal kanalen hos mennesker med idiopatisk feekal inkontinens og sunde
kontroller, er der ingen forskelle mellem de to grupper i hjernens fortolkning
af tonisk stimulering.

Afslutningsvis ved hjelp af eksperimentelle smertemodeller var det muligt
at finde forskelle i virkningen af opioider pé raske frivillige og i gruppen af
mennesker med diabetes sammenlignet med en sund kontrolgruppe. Der
var imidlertid ingen forskelle mellem personer med idiopatisk feekal inkon-
tinens og kontrolpersoner, dette skyldes muligvis eendret komplians af en-
detarmen, mens kortikalt besiddelse af selve den toniske sensoriske input er
intakt. Denne afhandling repreaesenterer et eksempel pa avancerede signalbe-
handlingsveerktejer i kombination med eksperimentelle smertemodeller, som
er i stand til at skelne mellem forskellige befolkningspopulationer baseret pa
objektive mal.
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Chapter 1

Introduction

As healthcare improves an increasing number of people live longer lives
with diseases. As a result new problems arise that needs to be addressed.
Chronic disease brings with it risks of chronic symptoms some likely caused
by changes in the body’s sensory processing. Of these changes pain is one of
the most frequent symptoms in a variety of diseases, affecting approximately
20% of the population in Western world [1-3]. With the increasing number of
people experiencing these changes, it becomes more and more important to
develop treatment plans to help mitigate changes in sensory processing. To
be able to improve treatments further investigations into the possible changes
due to sensory processing are needed.

The use of standardized painful stimuli of different modalities such as me-
chanical, thermal and electrical applied to the skin, have been used in the
assessment of various pain pathways and mechanisms [4].

1 Experimental pain models

The characterisation of pain in clinical work is confounded by symptoms
caused by the diseases [5], the experience of pain is multidimensional [6] and
the use of subjective self-reporting does not identify the underlying neural
mechanisms in the central nervous system and is confounded by psycholog-
ical factors [7].

Inducing experimental pain in a population of healthy volunteers bypasses
symptoms caused by diseases and help to better study pain mechanisms [8].
Experimental pain has been widely used in both healthy and patient pop-
ulations [9-13]. To better understand the different changes to the nervous
system objective analysis based on electrophysiology was used [7, 8, 14]. A
visualisation of types of stimulation are available in Figure 1.1. In addition
subjective visual analogue scale and numeric rating scales were used to assess

1



Chapter 1. Introduction

pain [8].

2 The pain system

Pain is the body’s response to: "An unpleasant sensory and emotional experi-
ence associated with, or resembling that associated with, actual or potential tissue

damage.” according to The International Association for the Study of Pain.
According to Zhu and Lu 2010 [15] pain can be classified as:

* Nociceptive: Activation or sensitization of peripheral nociceptors

* Inflammatory: Inflammation and tumour cells releasing chemicals that
affect the nociceptor afferents

* Neuropathic: Injury or abnormalities of peripheral or central neural
structures

The nerves responsible for the sensation of pain are called nociceptors
they react to: thermal-, chemical- and mechanical-stimulations. The nocicep-
tors are located in the skin, internal organs, tendons, muscles, and joints [16].
Nociceptive pain can be either visceral, originating in the internal organs or
somatic, in the skin, tendons, muscles, and joints [8]. The nerve fibres respon-
sible for the transmission of sensation and pain are the A-beta, A-delta and
the C-fibers. The A-beta fibres are large-diameter highly myelinated fibres
with a low activation threshold able to quickly send information from the
periphery to the central nervous system, A-delta fibres are thinly myelinated
fibres with a higher activation threshold. Finally, C-fibers are unmyelinated
slow conducting nerve fibres with the highest activation threshold [17]. A-
delta and C-fibers are nociceptors and transmit painful stimuli to the central
nervous system through the dorsal horn of the spinal cord see Figure 1.1.



2. The pain system

/_4\_[ Information travels to

Sensory input the supraspinal level

Assesment of
evoked response

/‘\_[

Motor neuron

Sensory neuro:

Painful thermal
stimulation

Peripheral
nerves

A-beta fibre Dorsal root
A-delta fibre ganglion
C fibre

Electrical stimulation of
the platar side of the foot
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other a polysynaptic withdrawal reflex of the foot, described in Section 3.1. The painful stimuli
travel from the periphery through the dorsal horn of the spinal cord into the central nervous
system.
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Chapter 2

Electroencephalography

Electroencephalography (EEG) was first described by Richard Caton in 1875
in the report The Electric Currents of the Brain [18] and was recorded in humans
by Hans Berger in 1929 [19]. EEG records the simultaneous firing of neurons
from the brain and can be recorded from the scalp. It is a powerful non
invasive tool to study the electrophysiological dynamics of the brain [20].
Compared to other modalities that are able to describe brain activity EEG
has a high temporal resolution but a relatively poor spatial resolution due to
characteristics of the electrical signal traveling through different tissues, see
figure 2.1. The high temporal resolution of EEG makes it a good candidate
for exploring brain mechanisms, specifically related to chronic pain [21].

1 Generation of EEG

Generation of a measurable EEG at the scalp is a result of synchronised
synaptic activity of cortical neurons which are pyramid cells arranged in cor-
tical columns [22], these are visualized in figure 2.1. The recorded EEG at the
scalp is a spatially smoothed signal of local field potentials from within the
brain [23]. EEG signals decay over distance, meaning most of the measurable
EEG is generated by the cortex, it is however possible to record deeper strong
electrical fields [22].

2 Types of EEG recording

Once the signals from the local field potentials have travelled through the
structures of the brain and arrived at the skull, they are separated from the
recording electrodes by layers of poor conductors. These include the skull,
dead skin cells, hair, and air. Specialised electrodes that minimises these areas
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Fig. 2.1: A) Recording electrical activity of the brain from neurons in the cortex from the scalp
through electroencephalography (EEG). B) Visualizes the generation of electrical signals from
cortical neurons. When cortical neurons are arranged in a reversed pattern C) no signal is
generated, aligned neurons sum to a measurable signal D)

of poor conduction such as wet-, dry-electrodes, and electrode gel between
the skin and recording electrodes can be used. All of the experiments in
this thesis was conducted using electrode gel. The gel fills in the air pockets
between hairs creating a conductive path from the scalp to electrodes [22]. In-
creasing the number of recording electrodes decreases the localisation error
of the underlying electrical potentials generating the EEG. The localisation
improvements reduce as the number of electrodes increases [24-26]. Increas-
ing the number of EEG electrodes also increase the time to mount electrodes,
and increase in cost for the system used. In this thesis, all EEG recordings
were conducted using 62 channel EEG mounted in accordance with the 10-20
system.

2.1 Continuous

Continuous EEG is a recording with no time-locked stimulation. The neu-
ronal firing is randomly distributed over time. Continuous recordings can
record resting EEG with no external stimulation, or during the induction of
a stimulation that is not time-locked. Usually, EEG is divided into frequency
bands, the definition of these bands varies slightly but overall they are:

Delta (1-4 Hz)
Theta (4-8 Hz)
Alpha (8-12 Hz)
Beta (12-32 Hz)
Gamma (32-70 Hz)
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Fig. 2.2: A five second window of continuous electroencephalography (EEG) recorded in a sub-
ject at rest with no stimulation. There are 62 EEG channels in a 10-20 arrangement.

A variation of continuous EEG is the use of tonic stimulations. The use
of tonic pain stimulation is a physiologically meaningful stimulation that is
believed to best mimics chronic pain [27]. However, continuous EEG is sus-
ceptible to movement, muscle, eye and heart artefacts which to some extend
can be removed using preprocessing techniques. An example of continuous
EEG is available in figure 2.2.

2.2 Evoked potentials

Evoked potentials are EEG time-locked stimulations that can either be anal-
ysed using single-sweeps or analysis averaged-sweeps. The use of a short
stimulation allows for a synchronised neuronal firing resulting in negative
and positive peaks. These are often quantified using latencies and peak to
peak amplitudes. A visualisation of single sweeps and the corresponding
average of multiple sweeps are available in figure 2.3. The number of stim-
ulations can vary between a couple to thousands of stimuli. When using
fewer stimulations is often chosen to reduce the discomfort associated with
the stimuli.

3 Preprocessing of EEG

When recording EEG signals surrounding electrical noise is also recorded
[28]. Among these are biological noise such as: Blinks, eye movement, muscle
activity (including the heart) and skin potential along with external sources
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Fig. 2.3: Eighteen single sweep evoked potentials in blue and an average of the sweeps in red
displayed.

such as line noise (50-60 Hz). These artifacts decrease the signal to noise ratio
and can be either transient or constant. In order to remove artifacts several
methods can be deployed. In this thesis filtering and artifact subspace recon-
struction [29, 30] along with the standardized preprocessing for large-scale
EEG analysis (PREP) pipeline [31] were applied. Additionally filters specific
to the stimulations were applied, these are described in detail in papers I-IV.
After having filtered the data, channels that have noise or artefacts in more
than 10% of the recording were deemed to be bad channels and were inter-
polated spherically [32, 33]. The use of independent component analysis has
become widely used [30, 34, 35], it is however outside the scope of this thesis
to be described.

4 Analysis of EEG

Recordings of EEG are normally recorded across multiple electrodes, over a
large band of frequencies, these signals are nonstationary with a need to be
localized in time, space and scale [36].

4.1 Wavelet

Wavelet analysis differs from traditional frequency analysis such as Fourier
analysis since Fourier analysis use sine and cosine waves, these extend in-
finitely in time. Mother wavelets, which are used to decompose data into
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time-frequency coefficients, have a zero mean amplitude (like sine and co-
sine waves) and finite energy over time (unlike sine and cosine waves). Addi-
tionally, mother wavelets have little lower frequency energy relative to higher
frequency energy [36]. This results in a high frequency resolution at low fre-
quencies and high time resolution at high frequencies, which is what is of
interest in EEG analysis.

4.2 Amplitude and latency

The analysis of areas of interest in the time and amplitude domain of EEG
can be performed on the continuous signal, during single sweep analysis
of a known stimulation or using averages of multiple single sweeps. The
advantage of analysis of averages is that noise is stochastic and therefore
non-stationary, which should always average out given enough single sweeps
used. The disadvantage is that any jitter in latency of the stimulation and re-
sulting evoked potential will result in a smear of the averaged signal affecting
latency and to a potential large extend the amplitude of a signal.

4.3 Inverse modeling

As described in section 1 and visualised in Figure 2.1 EEG at the scalp is a re-
sult of synchronised synaptic activity of cortical neurons in the brain, which
is a spatially smoothed signal [37]. To investigate the cortical EEG source
generators, the "inverse problem" can be solved. There is no single answer
to the inverse problem, but it can be approximated given some assumptions
are met [22]. To optimise this process several factors needs to be accounted
for. Amongst these are: The number of electrodes, Michel et al. [24] has de-
scribed 63 electrodes to be sufficient. The location of electrodes needs to be
monitored closely, and noise, both electrical and biological signals must be
minimised.

In this thesis, Brain Electric Source Analysis (BESA) and standardised low
resolution brain electromagnetic tomography (sSLORETA) software has been
used. These inverse models deploy two different strategies to solving the in-
verse problem. BESA is a dipolar source model and relies on an a priori num-
ber of dipoles in a specified time interval. The dipoles are then either varied
in time or orientation to optimise the residual variance of the data (data not
described by the dipoles). The residual variance is one of four criteria used
in BESA to find an optimal inverse solution. The three others are: source
activation criterion, energy criterion, and separation criterion. These criteria
relate to common activation of sources, activation outside the specified time
interval and favour as few sources active at the same time as possible. All of
these criteria are sought to be minimised for the optimal solution [38].
sLORETA is a distributed source model that uses standardised current den-
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sity which results in a zero localisation error, when using a noiseless source
simulation [38, 39]. Compared to a minimum norm approach this also allows
sLORETA to have higher accuracy of deep cortical sources [39]. Compared to
BESA, sLORETA does not rely on predefined dipoles and can analyse brain
activity in different frequency bands.
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Chapter 3
Opioids

The use of exogenous opioids has been described throughout history. The
first recorded mention was in 3500 BC by the Sumerians (southern Iraq)
[40-42]. Opium is derived from the opium poppy, which is believed to orig-
inate from modern day Turkey [41]. Today opium derived from the opium
poppy is not widely used clinically. Purified alkaloids from opium (morphine
and codeine) and the semisynthetic derivatives of them (oxymorphone, oxy-
codone, hydromorphone, hydrocodone) along with fully synthetic opioids
(mepridine, methadone, fentanyl, pentazocine) are used mainly in pain re-
lief [43].

There are four types of opioid receptors: mu-opioid receptors, delta-opioid
receptor, kappa opioid receptor, and nociceptin/orphanin receptor [44]. The
opioid receptors are distributed in the central nervous system, and enteric
nervous system [41, 43].

1 Analgesic effect

Opioids assert their analgesic effect by activating opioid receptors. This re-
sults in an indirect inhibition of voltage-dependent calcium channels which
blocks the release of pain neurotransmitters from the nociceptive fibres, re-
sulting in analgesia [42].

Clinically morphine has been widely used, but other strong opioids include,
e.g. oxycodone, buprenorphine, hydromorphone, methadone, alfentanil, fen-
tanyl and tapentadol. These drugs are predominantly mu-opioid receptor
agonists [45]. Pain processing in the brain is altered due to opioids [7]. These
changes can be assessed spinally and supraspinally [14]. In order to assess
the effects of opioids reproducibly performing the assessments on a homoge-
neous group is important [4, 5].

11



Chapter 3. Opioids

1.1 Oxycodone

Oxycodone is a mu-opioid receptor (MOR) agonist which is commonly used
in the treatment of moderate to severe pain. Oxycodone has increased in
consumption since the beginning of 2000 in the European region [46]. A
diagram of the mu-opioid receptor is visualised in Figure 3.1.

1.2 Tapentadol

Tapentadol is a newer opioid that combines the MOR agonist with nora-
drenaline reuptake inhibition (NRI) [47]. It is used in chronic and neuro-
pathic pain [48]. The effects of tapentadol have been investigated preclini-
cally [48, 49]. The central and peripheral mechanisms of tapentadol are rel-
evant to examine in the human brain compared to classical opioids such as
oxycodone. The dual acting effects of tapentadol are visualised in Figure 3.1.

12
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Fig. 3.1: The mu-opioid receptor (MOR) agonist effect of oxycodone and tapentadol interrupts
pre- and post-synaptic transmission affecting the ascending pain signal supraspinally [50] this

effect is lower in tapentadal compared to traditional opioids [51]. In addition to this tapentadol
inhibits noradrenaline reuptake (NRI) which enhances descending inhibion of pain [52].
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Chapter 4

Patient populations

1 Diabetes

Diabetes mellitus (DM) is a metabolic disease identified by hyperglycaemia.
There are several types of DM. The focus of this thesis is on type 1, which is
an autoimmune disease that destroys the insulin-producing cells of the pan-
creas [53]. The prevalence of type 1 DM is increasing [54, 55]. There are both
micro- and macro-vascular complications associated with DM [56]. Of the
microvascular complications, polyneuropathy will affect 30-50 % of all peo-
ple with DM throughout the course of the disease. Diabetic neuropathy most
commonly presents as length-dependent diabetic symmetrical polyneuropa-
thy (DSPN) [57]. This type of neuropathy affects the long nerve fibres in the
body and commonly presents symptoms in the feet and hands [58, 59].

2 Idiopathic fecal incontinence

Faecal incontinence is a common symptom affecting approximately 50% of
nursing home residents [60-62]. The causes of faecal incontinence are man-
ifold, but when unclear the condition is referred to as idiopathic faecal in-
continence (IFI). IFI patients have structurally intact but weak sphincters,
decreased anal sensation [63, 64] and altered sensitivity [65]. Pudendal neu-
ropathy is considered to be present in many of these patients [66-68]. A part
of the possible problem affecting this patient group is a change of the sen-
sory function of the rectum and anal canal [65], which affects the ability to
defecate [69].

15



Chapter 4. Patient populations

16



Chapter 5

Hypothesis and aims

The hypothesis of the thesis is that sensory dysfunction, results in changes
which can be measured objectively using electrophysiology. This will be as-
sessed in terms of alterations in the central nervous system, quantified using
advanced signal analysis. To investigate sensory dysfunction, models of stim-
ulation were selected and applied in healthy volunteers and patients with
expected neurological dysfunctions.

The project aims to investigate differences in processing of standardised stim-
uli in different patient populations and healthy volunteers. To create a basis
for comparison, a clinical trial containing three intervention arms (two opi-
oids: oxycodone (affecting the central nervous system) and tapentadol (affect-
ing both the central and peripheral nervous system)), and placebo was used
to test the effects of opioids on phasic and tonic experimental pain stimula-
tions in healthy subjects. Two patient populations were included in the thesis
as well, firstly a population of patients with DSPN and a group of women
with idiopathic faecal incontinence. The patient population with DSPN rep-
resent a group with known sensory dysfunction, whereas the pathogenesis
behind idiopathic faecal incontinence to a large degree is unknown.

The aims of the current thesis were:

1. To investigate the cortical and spinal changes on a healthy control population
receiving a treatment of oxycodone and tapentadol using the nociceptive with-
drawal reflex.

2. To investigate the cortical processing of a tonic pain stimulation using the cold
pressor test on a healthy control population receiving a treatment of oxycodone
and tapentadol.

3. To compare the processing of spinal stimuli between patients with DSPN and
healthy controls using the nociceptive withdrawal reflex.

4. To compare the cortical processing of tonic ano-rectal distensions in patients
with idiopathic faecal incontinence and healthy controls
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Chapter 6

Materials and methods

1 Study design

Three studies from ongoing projects at the centre of Mech-Sense, Aalborg
University Hospital contributed to this thesis. The studies are briefly de-
scribed in Table 6.1. Trial 1 and 2 were conducted according to the rules of
Good Clinical Practice and monitored by the Good Clinical Practice unit at
Aalborg and Aarhus University Hospitals, Denmark. All subjects provided
informed consent prior to the experiments.

Table 6.1: A brief overview of the trial data used in this thesis.

Subjects Stufly Period length
design
Trial 1
Paper I HV (n=21)  Cross-over 3 x 14 days
and II
Trial 2 HV (n=21) Cross- Single da
Paper Il DSPN (n=48)  sectional Y
Trial 3 HV (n=20) Cross- Single day

Paper IV IFI (n=20) sectional

11 Trial1l

Trial 1 was conducted to try to investigate the effect of different analgesics on
pain in humans. The trial was designed to activate the pain system at a de-
tailed level comprising the afferent nerves, the spinal cord, the brain and the
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Trial 1 Trial 2 Trial 3
| — —
HV HV DSPN HV IFI
(n=21) (n=21) | | (n=48) ®=20) | | m=20)
] | E— | I
Period 1 Treatment
(Placebo, Oxycodone, Tapentadol)
L ] Wash-Out
Period 2
(Placebo, Oxycodone, Tapentadol)
L ] Wash-Out
Period 3
(Placebo, Oxycodone, Tapentadol)

{ 1 Stimulation

NWR Cold-pressor NWR SBD
Recording
EP Continuous EP Continuous
EMG and EEG EEG EMG and EEG EEG
Paper I Paper II Paper III Paper IV

Fig. 6.1: Overview of data used in the current thesis. Trial 1 was a repeated measures cross
over trial investigating the effects of opioids on healthy volunteers (HV). Trial 2 and 3 were trials
comparing patient populations of diabetic symmetrical polyneuropathy and idiopathic faecal in-
continence to healthy volunteers. The stimulations applied were either a nociceptive withdrawal
reflex (NWR), a cold-pressor test, or sustained balloon distension (SBD). Recordings were ei-
ther evoked potentials (EP) or continuous electroencephalography (EEG) and electromyography
(EMG)
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descending control systems. The trial was registered in the public database
EUDRACT (ref 2017-000141-52) and approved by the local ethical committee
(N-20170009). The trial included a combination of human experimental pain
models, which made it possible to model both spinal and supraspinal activ-
ity.

Twenty-one subjects completed the study; the inclusion criteria were: Male,
age 20-45 and of Scandinavian descent and opioid naive. Exclusion criteria
were: Known allergy towards pharmaceutical compounds similar to those
used in the study, participation in other studies within three months before
the first visit, expected need of medical/surgical treatment during the study,
history of psychiatric illness, history of persistent or recurring pain condi-
tions, nicotine consumption, daily alcohol consumption, personal or family
history of substance abuse, use of any medication including herbal as well
as any over-the-counter drugs within 48 hours before the start of the study
period, intake of alcohol within 24 hours before the start of the study period,
use of prescription medicine, and need to drive a motor vehicle within the
treatment periods.

The subjects were treated with tapentadol, oxycodone and placebo for 14 days
in a randomized order. Participants were treated with tapentadol extended-
release tablets 50 mg (Palexia; Grunenthal GmbH, Aachen, Germany), oxy-
codone extended-release tablets 10 mg (OxyContin; Mundipharma A /S, Ved-
baek, Denmark) and placebo tablets (Hospital Pharmacy Aarhus, Aarhus Uni-
versity Hospital, Aarhus, Denmark) for 14 days. A single tablet was ingested
on the morning of days 1 and 14, and two tablets were ingested on days 2-13
(morning and evening). The "wash-out" period between treatments was at
least one week. All medication was dispensed by The Hospital Pharmacy
Aarhus, Aarhus University Hospital, Aarhus, Denmark.

1.2 Trial 2

The aim of trial 2 was to explore if the drug liraglutide had a neuroprotec-
tive effect on people with DSPN. The trial was registered in public databases:
EUDRACT (ref 2013-004375-12) and clinicaltrials.gov (ref NCT02138045) and
approved by the local ethical committee (N-20130077, N-20090008). In addi-
tion, basic pain mechanisms in diabetic neuropathy were investigated. The
data used for this thesis was baseline recordings from the trial compared to
a healthy age, gender, height, and weight-matched population.

Forty-eight patients with type 1 diabetes were recruited at the Department of
Endocrinology, Aalborg University Hospital, Denmark. Potentially eligible
patients were prescreened based on a recorded vibration perception thresh-
old above 18 V. DSPN was verified by nerve conduction tests, according to
the Toronto criteria [58]. Additional inclusion criteria among others were age
above 18 years, a confirmed diagnosis of type 1 DM for a minimum of 2
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years, exclusion criteria among others included type 2 DM and other neuro-
logic disorders than DSPN.

Twenty-one age-matched healthy volunteers were included for comparison.
Inclusion criteria were age above 18 years and normal peripheral nerve con-
duction. Exclusion criteria included type 1 and type 2 DM, neurologic disor-
ders, and medication that could alter neuronal function.

1.3 Trial 3

Trial 3 investigated the neural response to rectal and anal stimuli in patients
with IFL; the trial was approved by the local ethical committee (N-20090008).
Twenty women with IFI were recruited from the Department of Surgery,
Aarhus University Hospital. All assessments were performed in the main
paper by Haas et al. [65]. All subjects were assessed using the Wexner faecal
incontinence score and St Mark’s Incontinence Score. Additionally, patients
completed a bowel diary three weeks before enrolment, recording urge- and
incontinence-episodes, soiling/seepage and use of pads. IFI patients were
defined with the Wexner faecal incontinence score of > 9 and/or > 3 fae-
cal incontinence episodes during the 3 weeks. Exclusion criteria were prior
colorectal-, pelvic-, spinal-, or brain-surgery; active use of medication known
to interfere with gastrointestinal-, hormonal-, or cerebral-function; or an ex-
ternal sphincter defect > 60° when assessed by endoanal ultrasonography.
For comparison, 20 age-matched healthy women with no prior history of
faecal incontinence were included.

2 Stimulation Methods

2.1 Cold-pressor pain

The cold-pressor pain is a tonic stimulation consisting of submerging the
hand in cold water normally ranging between 1 and 7 degrees for an amount
of time, e.g. two minutes [70]. The tonic stimulation is transmitted to the
brain using the A-beta (sensory) and C-fibers (pain) [71]. Along with, e.g. is-
chemic muscle pain cold pain is believed to mimic clinical pain well [27]. This
is in part due to the length of the stimulation which better mimics chronic
pain than a short phasic stimulation [27]. An example of the sensory path-
ways is shown in Figure 1.1. Cold pain has also been shown to be sensitive to
opioid analgesia [8]. In this thesis, objective measures of pain were obtained
using EEG. In addition subjects reported subjective measures of pain using a
numeric rating scale.
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2.2 Sustained balloon distension

Sustained balloon distension was deployed in this thesis using a specially
designed inflator device. This device has previously been used as a tool to
study cortical processing of visceral sensation and pain using a rapid balloon
distension paradigm [65, 72, 73]. As described in 2.1 on the preceding page,
tonic stimulations better mimic some chronic diseases due to the length of
the stimulation and its unpleasantness compared to a short phasic stimula-
tion [27]. The ability to place an inflatable balloon in the rectum and anal
canal enables one to investigate both the visceral sensory system (rectum)
and the somatic sensory system (anal canal). The visceral sensory system
is sparsely innervated compared to the somatic sensory system. In addi-
tion to this, not all of the visceral inputs to the central nervous system are
consciously perceived. To stimulate the visceral system, distension of hol-
low organs activating stretch/tension receptors in the organ wall have been
used [74]. An overview of gastrointestinal pain is available in [75]. To our
knowledge, the use of a tonic visceral stimulation system in a patient popu-
lation is novel.

3 Assessment Methods

3.1 Nociceptive withdrawal reflex

The nociceptive withdrawal reflex is a well studied polysynaptic reflex de-
signed to withdraw a limb from potentially damaging stimuli [76]. An exam-
ple of the sensory pathways is shown in Figure 1.1. The nociceptive signal
travels from the site of stimulation to the cortex via A-delta and C-fibers [77].
In recent years it has been possible to objectively assess the presence of single
withdrawal reflexes of the peripheral electromyography (EMG) signal [78, 79]
These measures have also been proven to be reliable over time [80]. To objec-
tively measure a nociceptive withdrawal reflex different scoring criteria have

. . . NWR ek —baselinemean
been investigated. Of these the interval peak z-score: .= kO e and
the mean interval z score: NWR;‘;S%“; mean ;bduse.li.nemean were found to be the most

standar eviation
accurate [78]. The nociceptive withdrawal reflex has been used to test pain in
many patient populations, among them painful diabetic neuropathy [81].

Mestandard deviation

3.2 Questionnaires

The Visual Analogue Scale (VAS) or Numerical Rating Scales (NRS) were
used in papers I-IV. In all cases they were used to gauge the immediately
perceived sensation or pain of the experimental pain model. The use of VAS
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and NRS in chronic pain is not reliable [82], it does however have high reli-
ability in the assessment of acute pain measurement [83]. The VAS and NRS
was used to obtain a subjective measure of pain along with the objective elec-
trophysiology measures used in in each paper. The numerical rating scale is
visualised in Figure 6.2.

Numerical Rating Scale

0 1 2 3 4 5 6 7 8 9 10
No  First Modereate Worst
pain  pain pain pain
imaginable

Fig. 6.2: The numeric rating scale. Displayed are the guides the subjects were given to assess the
sensation.
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Key results

1 Aim1

Aim: To investigate the cortical and spinal changes on a healthy control population
receiving a treatment of oxycodone and tapentadol using the nociceptive withdrawal
reflex.

Paper I: Using the nociceptive withdrawal reflex, we were able to identify
a decrease in the number of reflexes observed of (p = 0.001; [95% CI: -1.46,
-0.32]) in the tapentadol (MOR agonist and NRI) treatment. No other dif-
ferences were observed in the peripheral EMG measures (latency and area
under the curve of the reflex).
Cortically, there was a decrease of the N1 component of the sensory evoked
potential (p = 0.003; [95% CI: 3.37, 21.69]) during oxycodone (MOR) treat-
ment.
Applying inverse modeling to the sensory evoked potentials revealed a cau-
dal movement of the anterior cingulate cortex of all treatment arms (placebo:
p = 0.012; [95% CI: -23.10, -2.10], oxycodone: p < 0.001; [95% CI: -36.32, -
15.24], tapentadol: p = 0.001; [95% CI: -26.58, -5.48]). The dipole placed in
the insula region also moved caudally, but only during tapentadol (p = 0.001;
[95% CI: -10.88, -2.17]) and oxycodone (p = 0.022; [95% CI: -9.20, -0.51]) treat-
ments.
The subjective measures of sensation and pain perception did not change be-
tween baseline and treatment.

Interpretation: Only tapentadol induced changes in the spinal compo-
nent of the central nervous system. Both oxycodone and tapentadol affected
cortical measures. The anterior cingulate cortex and insula are part of a brain
system involved in the processing of sensory stimuli, this system is not only
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pain-specific [84]. The insula component only changed in the active treat-
ment groups with opioids suggests that this is a drug-related effect driven by
the mu-opioid receptor agonist.

2 Aim?2

Aim: To investigate the cortical processing of a tonic pain stimulation using the cold
pressor test on a healthy control population receiving a treatment of oxycodone and
tapentadol.

Paper II: Both active treatments changed the pain perception of submerg-
ing the subjects hand in chilled circulated water at day 4 after treatment;
oxycodone (p = 0.006; [95% CI: -1.13, -0.16]) and tapentadol (p = 0.039; [95%
CI: -1.12, -0.02]). There were no differences between days in the placebo arm.
This change persisted for the oxycodone treatment (p = 0.039; [95% CI: -1.12,
-0.02]) at day 14, but not for the tapentadol treatment.

Both of the active treatments changed the spectral power of the cortex when
submerging the hand in chilled water. Oxycodone differed from placebo in
the delta (p < 0.01; [95% CI: -3.83, -1.46]), theta (p = 0.03; [95% CI: -1.35, -
0.72]), alphal 1.47 (p < 0.01; [95% CI: 1.1, 1.8]), alpha2 (p < 0.01; [95% CI:
0.62, 1.29]) and betal (p =0.025; [95% CI: 0.07, 0.94]) bands. Tapentadol in-
creased compared to placebo in the alphal band 0.62 (p < 0.001; [95% CI:
0.26, 0.98]).

Cortical sources were investigated using sLORETA inverse modelling. Oxy-
codone was different from placebo in the temporal and limbic area in the
delta band and the frontal region in the betal frequency band. Tapentadol
differed from placebo in the temporal lobe close to the insula in the alpha2
band.

Interpretation: Oxycodone appears to have a stronger cortical effect than

tapentadol. This is likely due to the dual-acting effects of tapentadol affecting
the limbic system, which is visible in the inverse modelling.

3 Aim3

Aim: To compare the processing of spinal stimuli between patients with DSPN and
healthy controls using the nociceptive withdrawal reflex.

Paper III: People with length-dependent DSPN when compared to healthy

controls had a higher perception threshold: 5 mA; [range: 2 - 40] vs. 3
mA; [range: 2 - 6], (p = 0.001) and reflex threshold: 22 mA; [range: 5 — 50]
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vs. 15 mA; [range: 6 — 37], (p = 0.012). The ability to elicit the nociceptive
withdrawal reflex was reduced for people with length-dependent DSPN by
0.045, (p=0.014; [95% CI: 0.004-0.54]). When it was possible to elicit the with-
drawal reflex there were no differences in latency and area under the curve
of the reflex. Cortically, no differences were observed at the Oz electrode,
located at the base of the skull. At the vertex, the Cz electrode revealed
length-dependent DSPN increased the latency of the N1 peak 115.1 ms, (p =
0.013) and decreased the P1-N1 amplitude 23.72 mV, (p = 0.021) compared to
healthy controls. The disease duration did not correlate with the latency of
the P1 peak or P1-N1 amplitude.

Interpretation: These findings indicate that diabetes length-dependent
DSPN affects both the spinal and cortical central nervous system. In addition,
the fact that there is a significant difference in the odds ratio of eliciting a
reflex between healthy and patients could potentially be used as a screening
tool for small fibre neuropathy, which is not measured using conventional
nerve conduction techniques. No correlation between the selected cortical
measures and disease duration suggest that the disease duration is not the
main reason for length-dependent DSPN.

4 Aim 4

Aim: To compare the cortical processing of tonic ano-rectal distensions in patients
with idiopathic faecal incontinence and healthy controls

Paper IV: It was possible to record changes in the cortical processing while
distending the anal canal and rectum, but there were no differences in the
EEG response between the patients and controls.

Interpretation: The above finding could suggest that a sustained ano-
rectal distension results in different activation of afferent nerves compared to
a rapid balloon distension which has previously proven to have a different
cortical response when patients with IFI were compared with controls [65].
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Chapter 8

Discussion

The overall objective of this thesis was to investigate changes in the corti-
cal and spinal components of the central nervous system due to changes in
sensory function either due to medication or disease. The nociceptive with-
drawal reflex and tonic stimulations were used in healthy volunteers and two
patient populations. The discussion contains methodological considerations,
experimental settings, clinical implications, and future perspectives of the
current thesis.

1 Methodological considerations

1.1 The nociceptive withdrawal reflex

The use of the nociceptive withdrawal reflex allows for analysis of both the
spinal and cortical parts of the central nervous system. The nociceptive
withdrawal reflex is a polysynaptic reflex involving mainly A-delta and C
fibres [85]. Combining an evaluation of the peripheral motor response, me-
diated through the spinal reflex using EMG and the interval peak z-score
and the central response using EEG allows for granular analysis of the effects
of sensory dysfunction. The peak interval z-score has been suggested as an
objective measure of the nociceptive withdrawal reflex [78, 79]. The use of
the interval z-score has made it possible to quantify the number of reflexes
as a result of stimulations for each subject. Sensory evoked potentials have
been used previously to investigate the effects of DM [86, 87] and different
drugs [88, 89].

Spinal effects

In paper I, the nociceptive withdrawal reflex analysis revealed a reduction in
the number of observed reflexes in the tapentadol arm of treatment. This
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finding supports the dual-acting effects of tapentadol in contrast to oxy-
codone. In addition to affecting the ascending pathway by manipulating the
mu-opioid receptor, tapentadol also affects the descending pathway by in-
hibiting noradrenaline reuptake which increases available noradrenaline [48].
A schematic the tapentadol and oxycodone is available in Figure 3.1.

In Paper III the same approach was applied in the patient population with
DSPN and revealed a reduction in the odds ratio of eliciting a nociceptive
withdrawal reflex. In the patient population, the effects of neuropathy in-
creased the perception and reflex threshold resulting in some patients having
a reflex threshold of at least 50 mA. Due to safety limitations of the electrical
stimulator that used it would not be able to deliver the currents needed for
the stimulations above the reflex threshold. In the case of participants exceed-
ing the 50 mA threshold or experienced the stimulation pain/unpleasantness
to be unbearable the experiment was not completed. No healthy participants
exceeded the 50 mA threshold or experienced intolerable pain or unpleas-
antness. Of the patient participants, 29% did not finish the study. In the
participants who were able to complete the stimulations, there were no dif-
ferences in latency and area under the curve of the reflex. This highlights the
differences between the patient population and healthy controls. Comparing
the number of reflexes between patients and healthy controls patients had
fewer reflexes. Comparing the characteristics of reflexes recorded (latency
and area under the curve) between patients and healthy controls revealed no
differences between groups. This indicates that while it was more difficult to
elicit the nociceptive withdrawal reflex in the patient population, there are no
differences in the response once the reflex is elicited.

Cortical effects

In paper I the only observed change was a decrease in the latency of the N1
component during oxycodone treatment. This is either due to a jitter effect
of opioids [90] or an actual effect of the stronger centrally acting oxycodone.
In addition to changes to the evoked potentials inverse modelling was inves-
tigated. The anterior cingulate and insula components changed significantly
after intervention. These brain regions are involved in the sensory processing
of the intensity of stimuli [84], where the anterior cingulate is also involved
in the affective pain response [91]. The rostral anterior cingulate cortex along
with the brainstem has been shown to be linked to a placebo response as
well [92]. The insula component only changed during the active treatments,
which indicates an opioid effect.

The diabetes patients in paper III displayed a prolonged latency and ampli-
tude of the N1 component of the Cz electrode. There were no differences
in early evoked potentials recorded at the Oz electrode close to the brain-
stem. This suggests that the changes observed between the signal entered the
brainstem and reaching the Cz electrode result from differences in cortical
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processing of later cortical signals.

1.2 Tonic stimulations

Two different tonic stimulations were used in the current studies. Generally,
continuous recordings of electrical brain activity using EEG in combination
with a tonic pain stimulation have been used to demonstrate changes in the
central nervous system [93]. Tonic stimulations are believed to better mimic
clinical pain than short phasic stimuli and are sensitive to treatment with, e.g.
opioids [94, 95].

In paper II the cold pressor test was used to investigate differences in the
central processing of healthy volunteers when administering oxycodone and
tapentadol. There was a decrease in pain perception on day 4 for both ac-
tive treatments, which persisted to day 14 for oxycodone, but not tapentadol.
The cold pressor test has previously been shown to be a good tool to assess
opioid analgesia [9]. The tapentadol treatment did not significantly change
the analgesic effect on day 14, possibly due to too low a number of sub-
jects and thus a type 2 error. In the spectral analysis of cortical measures,
there was a difference in the baseline recordings before correcting for mul-
tiple comparisons. The cold pressor test has previously been proven to be
reproducible [93]. Thus this change between baselines is believed to be a
type 1 error. Differences were observed in the delta, theta, alphal, alpha2,
and betal bands during oxycodone treatment and a change in the alphal
band in the tapentadol treatment. The change observed in the delta band
in the oxycodone treatment has previously been found to correlate with un-
pleasantness and increase between a resting state recording, and the cold
pressor test [93, 96]. This suggests the decrease in the delta band could re-
flect the decreased perception of pain. This is supported by the reduction in
theta band activity that previously was shown to correlate to the subjective
pain score [93]. The changes in the alpha frequency of both oxycodone and
tapentadol are believed to be an adaptive response to pain [85] and as such
differentiated the effect of the two drugs on the resting EEG during tonic pain
compared to the placebo arm. The inverse model analysis using sLORETA
revealed increases in the delta, alpha2 and betal bands in the temporal lobe,
limbic structures and frontal lobes between oxycodone and placebo. Tapenta-
dol treatment only resulted in an increase in the alphal band in the temporal
lobe compared to placebo. Overall this may reflect a weaker effect of the
MOR agonist in tapentadol compared to oxycodone.

The use of rapidly inflated balloon distension has previously been used
to investigate cortically evoked potentials to balloon distension in a healthy
population and people with IFI [65, 72, 73]. In paper IV no differences were
observed in the cortical processing of people with IFI compared to healthy
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volunteers. This indicates that while IFI changes are observable using rapid
balloon distensions, there were no differences using a tonic mechanical stim-
ulation. The tonic stimulation could potentially last long enough for the body
to accommodate the change in volume. Thus the findings indicate that this
part of the regulatory system in people with IFI is likely intact.

2 Experimental settings

2.1 Pharmacological treatment

The opioid doses in trial 1 were chosen to be a drug dose high enough to
induce neurological changes but still be ethically justifiable. The doses of
10 mg oxycodone and 50 mg tapentadol were deemed to be equipotent [48].
Previous studies have investigated oxycodone and venlafaxine (serotonin and
norepinephrine reuptake inhibitor) for five days in similar experimental de-
signs [89, 96]. The choice to measure the effects over 14 days was to allow for
the noradrenaline reuptake inhibition of tapentadol to take full effect.

2.2 Experimental models in patient populations

The choice to include people with confirmed DSPN in trial 2 underlined the
differences between this population and healthy controls. However, some of
the people in the study were so affected by neuropathy that it was not pos-
sible to record a withdrawal reflex. Using a method of defining the stim-
ulations applied by the individual subjects reflex threshold displayed the
fact that if a reflex is elicited the resulting response does not differ between
groups. The current needed and the reflexes observed however differed be-
tween groups.

In the experimental paradigm in trial 3, the balloon used to create the sensory
stimuli was inflated to a level equivalent to the sensation when needing to
defecate for the individual subject. This level was then kept throughout the
stimulation. The rectum and anal canal are able to accommodate a volume
resulting in a loss of sensation over time for some of the participants in the
trial. In future studies monitoring the sensation throughout the stimulation
could help track when the accommodation occurs. Another approach could
be to increase the balloon volume in accordance with the accommodation,
this could potentially result in a dangerous distension of the tissue and was
consequently not used in trial 3.
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3 Clinical implications

Preclinical and clinical studies have shown a difference between tapentadol
and traditional opioids like oxycodone [48]. These results have been disputed
due to confounding factors relating to species differences and confounders in
clinical settings [45]. This thesis has helped confirm that the two opioids exert
different effects on the brain’s pain processing. These findings support that
tapentadol’s dual properties, which impact the opioidergic and noradrener-
gic systems, differ from classical opioids on the brain and the spinal systems
processing. Although the results in this thesis cannot be translated directly
to patients with chronic pain, they support that opioid rotation may be ben-
eficial in some cases.

The use of the nociceptive withdrawal reflex can enable the diagnosis of small
fibre neuropathy since the traditional evaluations rely on the thickly myeli-
nated A-beta fibres. In contrast, the nociceptive withdrawal reflex is trans-
mitted by the A-delta and C fibres that are affected by small fibre neuropathy.
Additionally, a decrease in the latency and amplitude at the Cz electrode was
observed in patients, while no differences were observed at the Oz level adja-
cent to the brainstem. This suggests a change in cortical processing for people
with DSPN. There was no correlation between disease duration and latency
of the first peak of the evoked potential; this tells us that the duration of di-
abetes alone does not predict the development of neuropathy. Other factors
such as: age, body mass index, smoking, hypertension, and hyperglycaemia
also increase the risk [97-99].

4 Future perspectives

Future studies investigating the effects of opioids should have females in-
cluded since chronic pain is more prevalent in females than males, and stud-
ies suggest women have a lower sensitivity to analgesia than men [100, 101].
In addition to the inverse modeling, that has been used in paper I and II
it is possible to investigate communication between areas of the brain, one
method of doing this is the phase lag index and weighted phase lag index.
In addition to the EEG source generators from inverse modeling phase lag
index investigates the functional connectivity of areas of the brain. Phase lag
index has been used in the past to detect pain presence [102]. It would be a
new insight on how opioids change the processing of painful stimuli.

We were able to detect differences between healthy volunteers and people
with DSPN underlining the effects of neuropathy on the central nervous sys-
tem. A number of projects that focus on the implementation of EEG mea-
sures in clinical settings are underway. An effort to use resting EEG and the
cold-pressor pain stimulation to further understand the effects of neurolog-
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ical disease on the brain and see if it is possible to use measured changes
and use them as a screening tool is being developed. In order for this to be
implemented in a meaningful way clinically the complexity and preparation
time needs to be minimised. One way of doing this is to reduce the num-
ber of electrodes. Methods measuring the coherence between areas of the
brain such as phase lag index along with statistical methods such as machine
learning and artificial intelligence are being tested to improve the electrode
locations of fewer, but well placed electrode. In addition to EEG a number
of other experimental pain models are being included among these is quan-
titative sensory testing used to test somatosensory function. A collaboration
with Haukeland University Hospital in Bergen is investigating differences
between people with diabetes and healthy controls using a rapid balloon dis-
tension of the rectum as a stimulation method.
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Conclusion

This PhD thesis had four aims investigated in three trials. It was possible
to record cortical changes in a healthy volunteer group using the nociceptive
withdrawal reflex and the cold-pressor test. Overall oxycodone had a greater
effect on the cortical system, but tapentadol also affected the peripheral ner-
vous system (Aims 1 and 2). Using the nociceptive withdrawal reflex dif-
ferences were found between people with DSPN and healthy controls. The
neuropathy changed the number of reflexes observed and the latency and
amplitude recorded at the vertex (Aim 3). Lastly there were no cortically
recorded differences between people with idiopathic fecal incontinence and
healthy controls using a sustained balloon distension (Aim 4).

All in all EEG and EMG were sensitive enough to detect changes in var-
ious experimental pain models. The mechanisms behind chronic disease are
complex, and knowledge obtained from the combination of multiple exper-
imental pain models will likely contribute to an expanded understanding
of these mechanisms and hopefully help in the detection and diagnosis of
complications related to chronic disease.
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