Aalborg Universitet AALBORG

UNIVERSITY

Temporal and Spatial Manifestations of Exercise-induced Hypoalgesia and
Conditioned Pain Modulation

Veegter, Henrik Bjarke

DOl (link to publication from Publisher):
10.5278/vbn.phd.med.00034

Publication date:
2014

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

Link to publication from Aalborg University

Citation for published version (APA):
Veegter, H. B. (2014). Temporal and Spatial Manifestations of Exercise-induced Hypoalgesia and Conditioned
Pain Modulation. Aalborg Universitetsforlag. https://doi.org/10.5278/vbn.phd.med.00034

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: March 02, 2026


https://doi.org/10.5278/vbn.phd.med.00034
https://vbn.aau.dk/en/publications/4a915973-cb3b-41ba-adc0-184821c742f3
https://doi.org/10.5278/vbn.phd.med.00034

TEMPORAL AND SPATIAL MANIFESTATIONS
OF EXERCISE-INDUCED HYPOALGESIA AND
CONDITIONED PAIN MODULATION

BY
HENRIK BJARKE VAGTER

DISSERTATION SUBMITTED 2014

((¢

AALBORG UNIVERSITY
DENMARK



Temporal and Spatial Manifestations of

Exercise-induced Hypoalgesia and Conditioned Pain Modulation

Henrik Bjarke Vagter, MSc, PT
PhD Thesis
2014

Pain Center South
Department of Anesthesiology and Intensive Care Medicine
University Hospital Odense
Heden 9, Entrance 201
DK - 5000 Odense C
Phone: +45 60 61 68 64. Email: henrik @vaegter.com






Thesis submitted: 12. november 2014
PhD supervisor: Professor Thomas Graven-Nielsen and Gitte Handberg, MD

PhD committee: Professor Stefan Lautenbacher
Associate Professor Dane B. Cook

Assistant Professor Shellie Boudreau

PhD Series: Faculty of Medicine, Aalborg University

ISSN: 2246-1302
ISBN: 978-87-7112-237-4

Published by:

Aalborg University Press
Skjernvej 4A, 2nd floor
DK — 9220 Aalborg @
Phone: +45 99407140
aauf@forlag.aau.dk
forlag.aau.dk

© Copyright: Henrik Bjarke Vagter

Printed in Denmark by Rosendahls, 2015



PREFACE

The primary objective of this PhD thesis was to investigate the temporal and spatial manifestations of
exercise-induced hypoalgesia (EIH) and conditioned pain modulation (CPM) in healthy subjects and in
patients with chronic musculoskeletal pain. The thesis is based on the four peer-reviewed papers,
introduced below, which are referred to in the text as I-IV. The papers are based on three separate
experiments, which have been conducted in the period 2011-2014 at Pain Center South, Department of
Anesthesiology and Intensive Care Medicine, University Hospital Odense (OUH), Denmark. This PhD
has been a collaboration between Pain Center South and Center for Sensory-Motor Interaction (SMI),

Faculty of Medicine, Aalborg University.

I: Vaegter, H. B., Handberg, G., Graven-Nielsen, T. (2014). Similarities between exercise-induced

hypoalgesia and conditioned pain modulation in humans. Pain 155:158-167.

II: Vaegter, H. B., Handberg, G., Jgrgensen, M. N., Kinly, A., Graven-Nielsen, T. (2014). Aerobic
exercise and cold pressor test induce hypoalgesia in active and inactive men and women. Pain Med:

In Press

III: Vaegter, H. B., Handberg, G., Graven-Nielsen, T. (2014). Isometric exercises reduce temporal

summation of pressure pain in humans. Eur J Pain: In Press

IV: Vaegter, H. B., Handberg, G., Graven-Nielsen, T. (2014). Hypoalgesia after exercise and cold

pressor test are reduced in chronic musculoskeletal pain patients with high pain sensitivity. Submitted
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ABBREVIATIONS AND ACRONYMS

CPM Conditioned pain modulation
EIH Exercise-induced hypoalgesia
QST Quantitative sensory testing

CONDITIONED PAIN MODULATION: The term ‘conditioned pain modulation’ is not defined in the
IASP terminology. It has been used throughout this thesis to denote the effect (i.e. inhibitory or
facilitatory) on the pain test stimulus (i.e. pressure pain) after applying a painful conditioning stimulus

(i.e. cold pressor test).

HYPOALGESIA: The term ‘hypoalgesia’ has been used throughout this thesis in agreement with the

IASP taxonomy to denote Diminished pain in response to a normally painful stimulus.

PAIN THRESHOLD: The term ‘pain threshold’ has been used throughout this thesis in agreement with

the IASP taxonomy to denote The minimum intensity of a stimulus that is perceived as painful.

PAIN TOLERANCE: The term ‘pain tolerance’ has been used throughout this thesis in agreement with
the IASP taxonomy to denote The maximum intensity of a pain-producing stimulus that a subject is

willing to accept in a given situation.

TEMPORAL SUMMATION OF PAIN: The term ‘temporal summation of pain’ is not defined in the
IASP terminology. It has been used throughout this thesis to denote an increase in subjective pain

ratings during application of repetitive painful pressure stimulations.
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1. INTRODUCTION

Pain is defined by the International Association for the Study of Pain (IASP) as ‘an unpleasant sensory
and emotional experience associated with actual or potential tissue damage, or described in terms of
such damage’ (Merskey and Bogduk, 1994). However, the experience of pain is not static, and a
variety of conditioning stimuli can modulate the way pain is perceived. This phenomenon has for
instance been observed during combat in wounded soldiers reporting little or no pain (Beecher, 1956).
Similarly, there are anecdotes about absence of pain associated with injuries sustained during running
(Egger, 1979). Thus, pain is a complex and highly subjective phenomenon that can be influenced by
several factors, which can modulate the experience of pain.

Previous pain research has demonstrated that modulation of pain is an important determinant of
the pain experience (Yarnitsky, 2010) and may therefore be an important factor in understanding pain
conditions and potentially improving treatment strategies. Furthermore, reduced pain inhibition has
been associated with several chronic pain conditions (Lewis et al., 2012b) and may predict who
develop chronic pain (Yarnitsky et al., 2008; Wilder-Smith et al., 2010), and who will benefit from
pharmacological pain treatment (Yarnitsky et al., 2012). In humans, assessment of the pain inhibitory
pathways is recommended through the paradigm known as conditioned pain modulation (CPM)
(Yarnitsky et al., 2014), frequently demonstrated as a reduction in pain sensitivity by a painful
conditioning stimulus (e.g. cold pressor test).

Recently, the paradigm of exercise-induced hypoalgesia (EIH) has also been proposed to reflect
the efficiency of the pain inhibitory pathways (Lannersten and Kosek, 2010). EIH is also frequently
demonstrated as a reduction in pain sensitivity after aerobic or isometric exercises (Koltyn, 2000;
Naugle et al., 2012). Similarities between CPM and EIH in their interaction with the opioid system
after noxious thermal stimuli (Le Bars et al., 1981c; Willer et al., 1990) and after exercise (Janal et al.,
1984; Bertolini et al., 2012) indicate similar mechanisms underlying CPM and EIH, and the paradigms
may reflect somewhat similar aspects of pain inhibition. This hypothesis is furthermore supported by a
recent study demonstrating that the EIH response was predictive of pain severity following nerve injury
in rats (Khan et al., 2014). Yet, the spatial and temporal manifestations of the two paradigms have
never been directly compared, and it is currently unknown whether they provide equivalent data on the
pain inhibitory systems. A comparison of the two paradigms will clarify whether they represent similar

or different aspects of pain inhibition, which is necessary if the two phenomenons are to be used



interchangeably as a method to evaluate the efficiency of the pain inhibitory systems. Additionally,
similarities between CPM and EIH may also be related with the influence of gender and age on the
CPM and EIH responses. Recent studies have shown significant differences in both CPM and EIH in
relation to gender (Sternberg et al., 2001; Popescu et al., 2010) and age (Edwards et al., 2003a;
Lariviere et al., 2007; Hoeger Bement et al., 2011). However, other studies showed no differences
(Baad-Hansen et al., 2005; Umeda et al., 2010; Oono et al., 2011; Lemley et al., 2014b), and the gender
and age effects on the CPM and EIH responses in healthy subjects are still unclear.

Physical exercise is, besides its potential ability to assess pain inhibition, an important
component in the treatment and rehabilitation of many patients with chronic musculoskeletal pain
(Mannerkorpi and Henriksson, 2007; Hassett and Williams, 2011). A comprehensive understanding of
how exercise influences pain perception is necessary to optimize the clinical utility of exercise as a
method of pain management. Nevertheless, very little research has compared whether acute aerobic or
isometric exercise has a greater effect on reducing pain sensitivity (Drury et al., 2004). Furthermore,
the exercise intensity and duration to best inhibit pain are not clear. In addition, research on the effect
of exercise on central pain mechanisms, like temporal summation of pressure pain, is sparse (Meeus et
al., 2014).

Regular exercise has been linked to alterations in pain perception with athletes demonstrating
significantly higher pain tolerance compared with normally active controls (Tesarz et al., 2012).
Current research comparing the CPM response in athletes and normally active controls during a cold
pressor test showed equivocal results, with one study showing increased CPM (Geva and Defrin,
2013), and one study showing decreased CPM (Tesarz et al., 2013) in athletes compared to controls. A
recent study found that greater amount of self-reported physical activity, as well as greater amount of
vigorous physical activity, predicted a greater CPM response, assessed as change in thermal pain
sensitivity during cold pressor test (Naugle and Riley, 2014). So far, two small studies have
investigated the relationship between physical activity and EIH (@ktedalen et al., 2001; Sternberg et al.,
2001), but no studies have investigated CPM and EIH responses between active and inactive subjects.

In patients with chronic pain, studies have indicated that a large subset of patients demonstrate
impaired CPM and EIH responses compared with asymptomatic controls (Lewis et al., 2012b; Naugle
et al., 2012). It has been hypothesized that an impaired CPM response or an impaired EIH response

may indicate a dysfunction of the pain inhibitory systems (Yarnitsky et al., 2014; Lannersten and



Kosek, 2010). In patients, the degree of CPM has been linked with clinical pain (Nahman-Averbuch et
al., 2011; Pickering et al., 2014) and psychological factors (Goodin et al., 2009), with both factors
having a negative impact on the degree of pain inhibition. In addition to impaired pain inhibition,
increased pain sensitivity has also been demonstrated in patients with chronic pain compared with
asymptomatic controls (Staud et al., 2003a; Arendt-Nielsen et al., 2010; Kosek et al., 2013). Still, no
studies have compared the degree of pain inhibition in chronic musculoskeletal pain patients with high
and low pain sensitivity. It may be hypothesized that low pain sensitivity in sub-groups of patients
could be due to adequate pain inhibitory pathways. Improving knowledge about the efficiency of the
pain inhibitory pathways in patients with chronic pain is important for optimal treatment. As mentioned
earlier, reduced pain inhibition may be predictive of acute and chronic postoperative pain and drug
efficacy, which highlights the importance of pain mechanisms in clinical decision-making.

In the current PhD study (Fig. 1.1), CPM and EIH responses were investigated in healthy
subjects (experiment 1 and 2) and in patients with chronic musculoskeletal pain (experiment 3), to
characterize the temporal and spatial manifestations of the two phenomenons and to study the influence
of age, gender, regular physical activity, exercise modality, intensity and duration as well as
experimental pain sensitivity on the CPM and EIH responses. Standardized quantitative sensory testing
(QST) was used to assess pressure pain sensitivity (pain thresholds, pain tolerance, pain ratings and
temporal summation of pain) in the deeper musculoskeletal structures in relation to cold pressor tests

(CPM paradigm) and different exercise protocols (EIH paradigms).

1.1 Aims of the PhD thesis
The aims of this PhD thesis were (Fig. 1.1):
1. To compare the temporal and spatial manifestations of conditioned pain modulation and
exercise-induced hypoalgesia in healthy subjects.
ii.  To investigate the influence of age, gender and level of regular physical activity on conditioned
pain modulation and exercise-induced hypoalgesia in healthy subjects.
iii.  To investigate dose-response of exercise-induced hypoalgesia after different exercise
modalities, intensities and durations in healthy subjects.
iv.  To investigate the effect of exercise on central mechanisms of pain in healthy subjects and

patients with chronic musculoskeletal pain.



v.  To investigate the influence of pain sensitivity, clinical pain intensity and psychological distress
on conditioned pain modulation and exercise-induced hypoalgesia in patients with chronic

musculoskeletal pain.

1.2 Hypothesis

The hypotheses in relation to the CPM and EIH responses in healthy subjects were that cold pressor
tests, as well as aerobic and isometric exercises would cause a multisegmental decrease in pain
sensitivity and the CPM and EIH responses would be correlated. It was also hypothesized that the CPM
and EIH responses would be influenced by age, gender and level of regular physical activity. For the
exercise conditions in healthy subjects, it was hypothesized that greater reduction of pain sensitivity
would be observed after higher intensity exercise, compared with lower intensity exercise, and that
aerobic and isometric exercise would reduce central mechanisms of pain. In the clinical experiment, it
was hypothesized that the CPM and EIH responses would be reduced in chronic musculoskeletal pain
patients with high pain sensitivity compared with pain patients with low pain sensitivity, and that the
CPM and EIH responses would be correlated, as well as influenced by, clinical pain sensitivity and

psychological distress.



Subjects

CPM and EIH
paradigms

Pain
sensitivity
assessment

Aims

Fig. 1.1: Mllustration of the methodologies and aims of the experiments.

Experiment 1

Experiment 2

!

80 healthy subjects:
40 men and 40 women
(age: 18-65)

56 healthy subjects:
28 active and 28 inactive
(age: 18-30)

CPM: Cold pressor test,
hand and foot

EIH: Low and high
intensity aerobic and
isometric exercises

CPM: Cold pressor test,
hand

EIH: High intensity aerobic
exercise

Control: Quiet rest

Manual pressure pain thresholds on leg, arm and shoulder
Cuff pressure pain thresholds, pain tolerances, pain tolerance
levels and temporal summation of pain on the leg and arm

1. Compare temporal and
spatial manifestations of
CPM and EIH

2. Investigate gender and
age effect on CPM and EIH
3. Investigate dose-response
on EIH

4. Investigate the effect of
exercise on central
mechanisms of pain

1. Compare CPM and EIH
between active and inactive
subjects

2. Investigate gender effect
on CPM and EIH

3. Investigate the effect of
exercise on central
mechanisms of pain

Paper I

Paper III

Experiment 3

61 chronic pain patients:
31 high with pain sensitivity and 30 with
low pain sensitivity
(age: 18-65)

!

CPM: Cold pressor test, foot

EIH: High intensity aerobic exercise and
low intensity isometric exercise
Control: Quiet rest

Manual pressure pain thresholds on
legs, arm and shoulder

Cuff pressure pain threshold, pain
tolerance, pain tolerance level and
temporal summation of pain on the leg

1. Compare CPM and EIH between
patients with high and low pain
sensitivity

2. Investigate the effect of clinical pain
intensity and psychological distress on
CPM and EIH

3. Investigate the effect of exercise on
central mechanisms of pain

Paper 11

Paper IV

‘MSK’: Musculoskeletal. ‘CPM’: Conditioned Pain Modulation. ‘EIH’: Exercise-induced Hypoalgesia.
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2. ASSESSMENT OF PAIN SENSITIVITY AND PAIN MODULATION

In the current PhD study, QST was used to assess experimental pressure pain sensitivity in relation to
paradigms of CPM and EIH in healthy subjects and in patients with chronic musculoskeletal pain. An
overview of the options available for assessment of pain sensitivity and pain modulation is presented in

this chapter. Procedures used in experiment 1-3 are summarized in Table 2.1.

2.1 Assessment of pain sensitivity

Different methodologies for assessment of pain sensitivity have been used before and after CPM and
EIH paradigms in humans, including assessment of pressure pain thresholds (Goodin et al., 2009;
Hoeger Bement et al., 2009), pressure pain ratings (Rezaii et al., 2012; Lemley et al., 2014a), pressure
pain tolerance (Gurevich et al., 1994; Sowman et al., 2011), temporal summation of pressure pain
(Cathcart et al., 2009; Meeus et al., 2014), electrical pain thresholds (Drury et al., 2005; Rosen et al.,
2008), heat pain thresholds (Talbot et al., 1987; Kodesh and Weissman-Fogel, 2014), heat pain ratings
(Lariviere et al., 2007; Ellingson et al., 2014), temporal summation of heat pain (Edwards et al., 2003a;
Koltyn et al., 2013), and the spinal nociceptive flexion reflex (RIII reflex) (Guieu et al., 1992; France
and Suchowiecki, 1999).

A standardized battery of pressure pain tests was used in experiment 1-3 to assess deep tissue
pain sensitivity (I, II, III, and IV). Assessment of deep tissue pain sensitivity was chosen for three
reasons. 1) The deeper tissues play an important role in many musculoskeletal pain conditions (Arendt-
Nielsen and Graven-Nielsen, 2002), 2) pressure pain tends to give large and robust CPM responses (Ge
et al., 2004; Arendt-Nielsen et al., 2008; Wang et al., 2010) and EIH responses (Koltyn, 2000), and 3)
assessment of pressure pain sensitivity is a reliable method (Brennum et al., 1989). Though pressure
stimulation applied on the skin could reflect the pain sensitivity of both the superficial and deep
structures, deep-tissue nociceptors mediate a major component of the pressure-induced pain during
pressure algometry (Kosek et al., 1995; Graven-Nielsen et al., 2004).

Assessment of deep tissue pain sensitivity included assessment with manual pressure algometry
and computer-controlled cuff algometry. Manual algometry (Somedic Sales AB, Sweden) was used for
assessment of pressure pain thresholds with a standardized rate of pressure increase (30 kPa/s), applied

at each assessment site with a stimulation probe of 1 cm®. Pressure pain thresholds were assessed at
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standardized anatomical muscular sites (leg, arm and shoulder). Manual pressure algometry has been
extensively used and validated in clinical and experimental research as a quantitative method of
assessing deep tissue pain sensitivity (Jensen et al., 1986a). Previous studies (Reeves et al., 1986;
Brennum et al., 1989; Delaney and McKee, 1993; Nussbaum and Downes, 1998; Geber et al., 2011;
Walton et al., 2011) on manual pressure algometry have demonstrated high levels of reliability with
ICC values above 0.7 for test-retest data. These findings were supported by the current experiments,
which showed substantial ICC values above 0.8 in healthy subjects (Table 2.2) and in patients with
chronic musculoskeletal pain (IV).

Cuff algometry (Nocitech, Denmark and Aalborg University, Denmark) was used for
assessment of pressure pain thresholds, pressure pain tolerance, pain tolerance level (pain rating when
pain tolerance was reached), and pain ratings during repeated pressure stimulations as a measure of
temporal summation of pain. Assessment with cuff algometry was performed at standardized
anatomical muscular sites (lower leg and upper arm) with a 13-cm wide silicone tourniquet cuff (VBM,
Sulz, Germany). A 10 cm electronic visual analogue scale (VAS) anchored ‘no’ pain at the left hand
end and ‘maximal pain’ at the right hand end was used to record pain during cuff inflation. VAS ratings
have been shown to provide useful information in pain research (Jensen et al., 1986b; Staud et al.,
2003b). In contrast to manual pressure algometry, a larger tissue volume can be assessed by computer-
controlled cuff algometry (Polianskis et al., 2001). In cuff algometry, the pain intensity related to
inflation of a tourniquet cuff applied around an extremity is used to establish stimulus-response curves,
allowing assessment of deep-tissue pain sensitivity. Moreover, cuff algometry is less likely to be
influenced by local variations in pain sensitivity and is also an examiner-independent technique
reducing the potential measurement bias. Cuff algometry has shown less variability compared with
manual algometry (Polianskis et al., 2001) and is sensitive to hypoalgesia and hyperalgesia in the deep
tissues (Polianskis et al., 2002b). Furthermore, cuff algometry has been used previously to assess pain
sensitivity in healthy subjects (Polianskis et al., 2001, 2002a, b, c), in patients with regional pain
conditions (Lemming et al., 2012; Jespersen et al., 2013; Skou et al., 2013, 2014), and widespread pain
conditions (Jespersen et al., 2007). In the current experiments, moderate to high ICC values (0.65 -
0.90) for test-retest data were found with cuff algometry in healthy subjects (Table 2.2) and in patients
with chronic musculoskeletal pain (IV). Test-retest reliability for cuff algometry has not previously

been determined.
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Table 2.1. Experimental methods and standardization procedures used in the current studies on CPM

and EIH.

Experimental parameters

Method

Standardization procedures

Deep tissue sensitivity

1. Pain threshold, pain tolerance,
pain tolerance level and pain
ratings during repeated
stimulations measured at the
lower leg and upper arm
(experiment 1 and 2) and lower
leg (experiment 3) with
computer-controlled pressure
algometry (Nocitech, Denmark
and Aalborg University,
Denmark)

2. Pain thresholds measured at
the thigh, upper arm and
shoulder (experiment 1 and 2)
and thighs, upper arm and
shoulder (experiment 3) with
manual pressure algometry
(Somedic Sales AB, Sweden)

1. Stimulation area: 13-cm wide
silicone tourniquet cuff

Rate of application: 1 kPa/s and
the maximal pressure limit was
80 kPa

2. Stimulation area: 1.0 cm?
Rate of application: 30 kPa/s
Peak value: Average of 2
measurements per site

Pain intensity during cuff
stimulation

Electronic VAS

Computer-controlled data
collection

Cold pressor test

Tank containing circulating cold
water

Standardized temperature, time
and immersion depth

Aerobic exercise

Stationary ergometric bicycle
(Ergomedic 928E)

Standardized pedal frequency
and time of bicycling

Intensity of aerobic exercise

Electronic digital heat rate belt
(Monark Heart Rate Monitor)

Standardized determination of
age-related heart rate
Standardized increase and
adjustment of resistance

Maximal knee extension and
elbow flexion force

Electronic digital hand
dynamometer (Commander
Muscle Tester, Powertrack II)

Standardized body positions
Peak values: Average of two
measurements

Sub-maximal knee extension
and elbow flexion force

Electronic digital hand
dynamometer (Commander
Muscle Tester, Powertrack II)

Standardized body positions and
time of contractions

Visual feedback during
contractions
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Assessment Pain sensitivity parameter ICC
site 1% session 2™ session ICC;,
Mean = SD Mean = SD 95 % CI)

Manual pressure pain threshold 543 +£264 kPa 509 + 243 kPa 0.89 (0.84-0.92)
Cuff pressure pain threshold 26.7+12.9kPa | 27.4+11.8kPa | 0.79 (0.70-0.85)
Cuff pressure pain tolerance 58.4+18.4kPa | 60.6+19.5kPa | 0.87(0.81-0.91)

Leg Cuff pain tolerance level 6.5+25cm 6.7+29cm 0.74 (0.63-0.82)
Cuff pain ratings during repeated 3.7+£2.1cm 39+29cm 0.73 (0.62-0.81)
stimulations (VAS-I)
Cuff pain ratings during repeated 477+24cm 49+2.4cm 0.70 (0.58-0.79)
stimulations (VAS-II)
Cuff pain ratings during repeated 5.1+25cm 5.1+25cm 0.71 (0.59-0.80)
stimulations (VAS-III)
Manual pressure pain threshold 367 £ 160 kPa 334 £ 162 kPa 0.87 (0.82-0.91)
Cuff pressure pain threshold 30.4 +15.1kPa | 345+ 15.8kPa | 0.85(0.79-0.90)
Cuff pressure pain tolerance 69.1 £16.1kPa | 70.6 +154kPa | 0.90 (0.87-0.93)
Cuff pain tolerance level 6.1 £2.6cm 56+29cm 0.82 (0.75-0.87)

Arm Cuff pain ratings during repeated 32+21cm 32+23cm 0.65 (0.51-0.75)
stimulations (VAS-I)
Cuff pain ratings during repeated 40+23cm 39+25cm 0.66 (0.52-0.76)
stimulations (VAS-II)
Cuff pain ratings during repeated 42+23cm 4.1+£2.6cm 0.65 (0.51-0.75)

stimulations (VAS-III)

Table 2.2: Test-retest reliability of manual pressure algometry and computer-controlled cuff algometry
in healthy men and women. The mean and standard deviation (SD) at baseline for each of the two
sessions were calculated for the leg and arm. Intraclass correlations (ICCs) and 95 % confidence
intervals (CI) based on a single rating, consistency and 2-way mixed effect model (ICCs ;) was used
for analysis of reliability. VAS scores during repeated pressure stimulations are presented as mean

values from stimulations 1-4 (VAS-I), 5-7 (VAS-II), and 8-10 (VAS-III). (Unpublished data from

experiment 1 and 2).
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2.2 Assessment of pain modulation

Efficiency of the pain inhibitory pathways is typically assessed by paradigms of CPM (Yarnitsky et al.,
2008; Pud et al., 2009; Yarnitsky, 2010; Wilder-Smith et al., 2010) or EIH (Koltyn et al., 1996; Cook et
al.,, 2010; Meeus et al., 2014) with recordings of pain sensitivity before and during a painful

conditioning stimulus or before and after an exercise condition.

2.2.1 Conditioned pain modulation - methodological parameters

The clinical observation that pain in one area of the body can be reduced by painful stimuli, applied to
distant parts of the body has been known for centuries (Wand-Tetley, 1956; Melzack, 1975). Le Bars et
al. (1979a, 1979b) first investigated the phenomenon of ‘pain inhibits pain’, and they observed that the
electrophysiological responses of dorsal horn neurons to somatic noxious stimuli were inhibited when a
second noxious stimulus was applied to an extrasegmental site. These observations led to a formulation
of the concept of diffuse noxious inhibitory control (DNIC) (Le Bars et al., 1979b, a). Various other
terms have been used including ‘counterirritation’ (Le Bars et al., 1979a; Michaux et al., 2010),
‘endogenous analgesia’ (Pud et al., 2005; Granot et al., 2008), and ‘heterotopic noxious conditioning
stimulation’ (Kosek and Ordeberg, 2000b; Tuveson et al., 2007). Recently, the term ‘conditioned pain
modulation’ (CPM) has been recommended (Yarnitsky et al., 2010).

In humans, CPM is typically assessed by recordings of a pain test stimulus (e.g. pain
thresholds) before, during or after applying a conditioning painful stimulus (e.g. cold pressor test). To
demonstrate CPM, various modes of conditioning stimulus have been used, including painful cold
(Chalaye et al., 2013), painful hot (Nir et al., 2011), painful ischemic (Cathcart et al., 2009), chemical
(Graven-Nielsen et al., 1998), and electrical (Vo and Drummond, 2014). CPM can be either inhibitory
(iCPM) or facilitatory (fCPM) (Yarnitsky et al., 2010). As illustrated in Appendix 1, the experimental
phenomenology of CPM is well established in healthy subjects and typically reported as reduced pain
sensitivity in response to a painful conditioning stimulus. CPM causes an acute heterotopic decrease in
the pain sensitivity (Graven-Nielsen et al., 1998), although homotopic hypoalgesia have been reported
(Pud et al., 2005).

As illustrated in Appendix 2, several studies have demonstrated impaired CPM responses in

patients with chronic pain. A recent systematic review and meta-analysis concluded that reduced CPM
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is common in patients with chronic pain. In 29 out of 42 included studies, patients with chronic pain
demonstrated reduced CPM compared to asymptomatic controls and a reduced CPM response was a
common feature across different pain conditions (Lewis et al., 2012b). Nonetheless, CPM response
similar to asymptomatic controls (Chua et al., 2011; Garrett et al., 2013) has also been reported,
indicating that a subgroup of patients may have preserved inhibitory pain modulation. CPM responses
may be impaired at painful body sites, but not at non-painful body sites (Oono et al., 2014). This
indicates systemic effects of CPM and highlights the importance of several pain assessment sites when
assessing the CPM response, but it also illustrates the influence of clinical pain on the CPM response.
In the current experiments, circulating cold water at 1-2°C (cold pressor test) was chosen as
conditioning stimulus (I, II, and IV). Cold pressor test is often used for investigation of CPM in healthy
subjects (Appendix 1) and in patients with chronic pain (Appendix 2) and produced the greatest
inhibitory effect when compared with muscle pain (Arendt-Nielsen et al., 2008). Several standardized
assessment sites including the body part immersed in cold water and distant body sites were used in the

experiments (I, II, and IV).

2.2.2 Exercise-induced hypoalgesia - methodological parameters

Black and colleagues (1979) investigated the phenomenon of pain relief in response to exercise. Yet,
the term ‘exercise-induced hypoalgesia’ was coined more than twenty years later (Koltyn, 2002).
Various other terms have been used including ‘exercise analgesia’ (Fuller and Robinson, 1993) and
‘exercise-induced analgesia’ (Kemppainen et al., 1990). Exercise rarely causes complete analgesia and
the term ‘exercise-induced hypoalgesia’ is preferred, as it avoids the implication of complete pain
relief.

Early research in this area was limited by significant methodological flaws (e.g. no control
condition), leading some to conclude that reduced pain sensitivity following exercise was simply a
phenomenon of pre-exposure to painful stimuli (Padawer and Levine, 1992). Subsequent research has
clearly demonstrated that reduced pain sensitivity occurs following acute exercise when compared to
non-exercise control conditions (Gurevich et al., 1994; Koltyn et al., 1996). The experimental
phenomenology of EIH is now well established in healthy subjects and typically reported as ‘reduced

pain sensitivity in response to an exercise condition’ (Koltyn, 2002; Naugle et al., 2012), but no
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hypoalgesic effect (Dannecker et al., 2001; Ruble et al., 2005) and hyperalgesia following exercise
have been demonstrated (Vecchiet et al., 1984; Sternberg et al., 2001). A summary of experimental
studies on EIH in healthy subjects are presented in Appendix 3. The effect of exercise on pain
sensitivity in subjects with chronic pain is still controversial, since both hyperalgesia (Cook et al.,
2010) and hypoalgesia (Lannersten and Kosek, 2010) have been reported. A summary of experimental
studies on EIH in patients with chronic pain are presented in Appendix 4.

To demonstrate EIH, various modes of exercise have been used, including aerobic exercises
(e.g. cycling and running) (Dannecker et al., 2002; Hoffman et al., 2007), isometric exercises (i.e. a
muscle contractions without joint movement) (Kosek and Lundberg, 2003) and resistance exercises
(i.e. a muscle contractions with joint movement) (Focht and Koltyn, 2009). Changes in pain sensitivity
occur not only in the exercising body part or within a few segmental levels, but also at distant sites,
which indicate systemic effects, which further highlights the importance of several pain assessment
sites when assessing EIH. In the current experiments, aerobic exercise (I, II, III, and IV) and isometric
exercises (I, III, IV) were used to investigate EIH. Bicycling was performed on a stationary bicycle
(Ergomedic 928E, Monark Exercise AB, Vansbro, Sweden) at age-related target heart rate
corresponding to 75 % VOymax and 50 % VOomax (Swain et al.,, 1994), which has previously
demonstrated robust EIH responses (Naugle et al., 2014). Isometric muscle contractions were
performed against a force transducer on a handheld dynamometer (Commander Muscle Tester,
Powertrack II, JTECH Medical, Utah, USA) at intensities of 30 % and 60 % of maximal voluntary
contraction (MVC). During the sustained sub-maximal isometric contractions, each subject was
required to match the target force as displayed on the monitor of the force transducer. Handheld
dynamometry has demonstrated high inter-rater reliability (Whiteley et al., 2012), good construct
validity (Roy et al., 2009) and showed medium to high correlation with isokinetic measures of
isometric muscle strength for isometric knee extension and elbow flexion (Stark et al., 2011). Several
standardized assessment sites including the exercising body part and distant body sites were used for

evaluation of the EIH response (I, II, III, and IV).
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2.2.3 Subgrouping of patients with chronic musculoskeletal pain

61 patients with chronic musculoskeletal pain participated in experiment 3: 37 patients presented with
low back pain as their primary complaint, 16 with neck pain, 7 with shoulder pain, and 1 with elbow
pain. Based on widespread manual pressure pain thresholds assessed at the legs, arm and shoulder at
baseline, patients were sub-grouped into patients with high pain sensitivity (HPS) and low pain
sensitivity (LPS), respectively. The median of the averaged pressure pain thresholds for men and
women, respectively were used for subgrouping. The median pressure pain threshold was chosen as the
cut-off point, since this divides the groups in equally sized subgroups with distinguishable degrees of
pain sensitivity. A similar approach has recently been demonstrated useful (Skou et al., 2014). Patients
with high pain sensitivity demonstrated decreased cuff pain threshold and tolerance as well as
facilitated temporal summation of pain. They also reported more pain during cold pressor test
compared with patients with low pain sensitivity, indicating that subgrouping, based on widespread
pain sensitivity, was relevant (IV). The difference in pain sensitivity between subgroups of patients is
in agreement with a previous study on lateral epicondyalgia, which also found subgroups of patients
with more or less temporal summation of pain (Jespersen et al., 2013). The relevance of the
subgrouping is furthermore supported by previous research, demonstrating differences in pain reporting

during cold pressor test between subgroups (Chen et al., 1989; Zheng et al., 2014).
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3. CURRENT PERSPECTIVES ON EXERCISE-INDUCED HYPOALGESIA

This chapter describes the current perspectives on exercise-induced hypoalgesia in healthy subjects and

in patients with chronic pain.

3.1 Temporal and spatial manifestations of EIH in healthy subjects

The first part of the chapter describes the current perspectives on EIH in healthy subjects.

3.1.1 Aerobic exercise and EIH

In agreement with previous research (Koltyn et al., 1996; Hoffman et al., 2004; Naugle et al., 2014) the
current experiments demonstrated multisegmental increases in manual pressure pain thresholds
immediately after high intensity aerobic exercise (I and II; Fig. 3.1). In contrast with these findings,
earlier studies have also demonstrated a lack of EIH response after high intensity aerobic exercise
(Padawer and Levine, 1992; Ruble et al., 2005). However, these studies used heat and cold pain
thresholds to assess pain sensitivity on the skin, which may not be subject to as strong pain inhibition
as input from deep structure nociceptors (Yu and Mense, 1990).

The duration of the EIH response differed between experiments, with one experiment
demonstrating short-lasting (< 15 min) effects (I), and one demonstrating significant increases in pain
thresholds immediately after and 15 min after exercise (II). The duration of the EIH response is in
agreement with previous research demonstrating hypoalgesia for a maximum of 10-15 min following
aerobic exercise, but results on the duration of the EIH response are inconsistent. A previous study
found a significant decrease in pressure pain sensitivity 5 min after high intensity aerobic exercise,
which was not sustained after 10 min (Hoffman et al., 2004), while hypoalgesic effects on ischemic
pain test 20 min after high intensity aerobic exercise in runners (Janal et al., 1984) and hypoalgesic
effects on electrical dental pain thresholds 30 min after high intensity aerobic exercise (Kemppainen et
al., 1990) have been reported.

The increase in manual pressure pain thresholds was significantly larger in the exercising body
part compared with non-exercising body parts (I). This indicates that local or segmental mechanisms
play an important role in the EIH response after aerobic exercise. The effect of aerobic exercise on the

EIH response in exercising and non-exercising body parts has not previously been investigated.
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Fig. 3.1: Mean (+SEM) manual pressure pain threshold at the quadriceps muscle, biceps muscle
and trapezius muscle before, immediately after 1* bout, immediately after nd bout, and 15 min
after low and high intensity aerobic exercises (*, significant difference compared with baseline. ¥,
significant difference between low and high intensity exercise conditions; NK: P < 0.05; Raw data

from I).
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In the current experiments, the effect of aerobic exercise on pain tolerance was mixed. When
compared with a control condition, high intensity exercise increased pain tolerance in subjects aged 18-
30 years compared with baseline and quiet rest (III). However, when high and low intensity aerobic
exercises were compared in subjects aged 18-65, pain tolerance was not significantly different after
exercise compared with baseline (III). The increase in pain tolerance, which was found in the younger
subjects, is in agreement with previous findings of the effect of aerobic exercise on pain tolerance
(Gurevich et al., 1994; Bartholomew et al., 1996). The mixed results in the current experiments were
somewhat unexpected. The same protocol for the aerobic exercises, as well as for the assessment of
pain tolerance, was used in both experiments. One possible reason for the mixed results may be related
with the different age groups included in the experiments. This is supported by the negative correlation
between age and the EIH response after aerobic exercise, indicating that older subjects may have less
EIH response after aerobic exercise (III). This hypothesis is also supported by a study in pain patients
(Bement et al., 2011) demonstrating increased EIH responses after isometric exercise in younger
patients. Nevertheless, a recent study in healthy subjects found no difference in the EIH response after
isometric exercise between younger and older healthy subjects (Lemley et al., 2014b).

Temporal summation of pain was reduced after aerobic exercise compared with baseline in
subjects aged 18-30 years, but when compared with the quiet rest condition, the reduction in temporal
summation of pain failed to reach significance. When high and low intensity aerobic exercises were
compared in subjects aged 18-65, temporal summation of pain was not significantly influenced (III).
This indicates that the aerobic exercises used in these experiments did not target the central
mechanisms of pain summation. Recently, low and high intensity aerobic exercises were found to
reduce temporal summation of heat pain in 27 healthy subjects (Naugle et al., 2014b), however pain
ratings to suprathreshold pressure stimuli were not affected, highlighting the importance of pain

sensitivity assessment methodology.

3.1.2 Isometric exercise and EIH

Previous findings of increased pressure pain thresholds after isometric exercises (Kosek and Ekholm,
1995; Koltyn et al., 2001; Kosek and Lundberg, 2003; Koltyn and Umeda, 2007; Bement et al., 2008;
Bement et al., 2009; Umeda et al., 2010; Naugle et al., 2013; Bement et al., 2014; Lemley et al., 2014a;
Koltyn et al., 2014) were supported by the findings in the current experiments (I). Low and high
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intensity isometric exercises induced short-lasting (< 15 min) multisegmental increases in manual
pressure pain thresholds immediately after exercise. The increase in pressure pain thresholds was larger
in the exercising body part compared with non-exercising body parts (I; Fig. 3.2). This indicates that
local or segmental mechanisms also play an important role in the EIH response after isometric exercise.
The multisegmental pain inhibitory effects after isometric exercise are also in agreement with previous
findings on EIH (Kosek and Lundberg, 2003; Koltyn and Umeda, 2007; Bement et al., 2008). More
pronounced EIH responses at the contracting thigh muscle compared with the contralateral non-
contracting thigh muscle has previously been demonstrated (Kosek and Lundberg, 2003). The duration
of EIH after isometric exercise is in agreement with previous research demonstrating hypoalgesia
immediately after isometric exercise (Kosek and Ekholm, 1995).

Low and high intensity isometric arm and leg exercises produced multisegmental increases in
pain tolerance immediately after and also 15 min after exercise, without significant difference between
assessment sites (IIT). Low and high intensity isometric leg exercises reduced temporal summation of
pain, whereas only high intensity isometric arm exercise reduced temporal summation of pain
immediately after and 15 min after exercise (III). This indicates that isometric exercise, in contrast to
aerobic exercise, also target the central mechanisms of pain summation. Previous research have
demonstrated that isometric exercise reduce temporal summation of heat pain in healthy subjects
(Koltyn et al., 2013; Koltyn et al., 2014; Naugle et al., 2014), but the effect of isometric exercises on

pressure pain tolerance and temporal summation of pressure pain has not previously been investigated.
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Fig. 3.2: Mean (+SEM) manual pressure pain threshold at the quadriceps muscle, biceps muscle and
trapezius muscle before, immediately after 1* bout, immediately after pnd bout, and 15 min after low and
high intensity isometric arm (A) and isometric leg (B) exercises (*, significant difference compared with
baseline. T, significant difference between low and high intensity exercise conditions; NK: P < 0.05;

Raw data from I).
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Few studies have previously compared the effect of different exercise modalities on the EIH
response. A small study including 12 healthy men compared the effect of high intensity aerobic
exercise and repeated maximal isometric exercise on pressure pain threshold. Both exercise conditions
caused hypoalgesia with aerobic exercise, resulting in greater hypoalgesia compared with isometric
exercise (Drury et al., 2004). A recent meta-analysis by Naugle et al. (2012) examined the effect of
aerobic, isometric, and resistance exercise on pain threshold and pain intensity, suggesting that all
included exercise modalities reduced pain sensitivity. The mean effect size for aerobic exercise was
moderate, while the mean effect sizes for isometric and resistance exercises were large. In the current
experiment, no significant difference in the EIH responses was found between aerobic and isometric
exercises (I), yet only isometric exercises reduced temporal summation of pain (III), and it appears that
1sometric exercises can be performed at lower intensities than aerobic exercises to produce an EIH
response (I and III). A possible reason for this discrepancy is that the EIH responses after aerobic and

isometric exercise are due to partly different mechanisms (See section 3.6).

3.2 Influence of exercise intensity and exercise duration on EIH

Previous research investigating the influence of aerobic exercise intensity on pressure pain sensitivity
has demonstrated larger effects after high intensity exercise compared with low intensity exercise
(Hoffman et al., 2004; Naugle et al., 2014b), which is supported by the current findings (I). Naugle et
al. (2014b) assessed pain thresholds before and after low and high intensity exercises and found that
pain thresholds increased after high intensity exercise only. An interaction between intensity and
duration after aerobic exercise has been demonstrated. Hoffman et al. (2004) assessed pressure pain
sensitivity in healthy subjects before and after aerobic exercise and discovered that pain sensitivity only
decreased after exercise at high intensity (75 % VOimax) and longer duration (30 min) and not after
shorter time (10 min) at same intensity or same duration at a reduced exercise intensity. This is in
contrast with the current findings on manual pressure pain thresholds, where no difference in the EIH
response after 10 min of high intensity aerobic exercise compared with 2 x 10 min of high intensity
aerobic exercise was observed (I). No systematic differences in pain tolerance and temporal summation

of pain after aerobic exercise were found between low and high intensity exercises.
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Bement et al. (2008) investigated the influence of isometric exercise intensity on pressure pain
sensitivity and demonstrated that isometric contractions at lower intensity and longer duration caused
greater decrease in pain sensitivity compared with contractions at low and high intensity and shorter
duration. This is in contrast to the current findings, which showed that high intensity isometric exercise
had larger effects on manual pressure pain thresholds compared with low intensity isometric exercise
(I). However, the larger EIH response after high intensity isometric exercises was only in the exercising
body part (I). Bement et al. (2008) assessed pain sensitivity at the finger in relation to elbow exercises,
not at the exercising body part, which may explain the equivocal results. Earlier research investigating
the influence of isometric exercise intensity on heat pain sensitivity and electrical pain stimulation has
demonstrated larger effects after high intensity exercises compared with low intensity exercise (Ring et
al., 2008; Misra et al., 2014). No systematic differences in pain tolerance and temporal summation of
pain after isometric exercise were found between low and high intensity exercises, although only high
intensity isometric biceps contractions reduced temporal summation of pain (III).

EIH occurred after low and high intensity isometric exercises performed for duration of both 90
s and 2 x 90 s, but in general without significant difference in the EIH response between the first and
second bout of exercises. This is in agreement with a previous study, failing to find a dose-response
relationship for the EIH response after isometric handgrip exercises performed at 25 % MVC for 1, 3

and 5 min (Umeda et al., 2010).

3.3 Gender and age related differences in EIH

Recent studies on the influence of gender on the EIH response have demonstrated mixed results. Some
studies have shown comparable EIH responses in men and women (Kosek and Lundberg, 2003;
Hoffman et al., 2004; Umeda et al., 2010; Koltyn et al., 2014), while other studies have shown larger
effects in women (Koltyn et al., 2001; Sternberg et al., 2001). Mixed results were also found in the
current experiments. No gender differences were found after isometric exercises (I). The increase in
manual pressure pain thresholds after aerobic exercise was increased in women compared with men (I),
but no gender differences were found after aerobic exercise in younger subjects (II). Limitations
regarding the gender effects should be considered. Although different phases of the menstrual cycle do

not appear to influence the magnitude of the EIH response in women (Bement et al., 2009), data were
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not collected in the current experiments on the use of contraceptives, status of menopause or menstrual
cycle, which may affect the pain perception in the female participants (Riley et al., 1999), and the
complexity of the gender, pain and exercise relationship deserves more systematic study.

In the current experiment (I), the increase in manual pressure pain thresholds after isometric
exercises were not affected by age, which is in agreement with previous research on age and EIH after
isometric exercise (Lemley et al., 2014b; Burrows et al. 2014). Nonetheless, a negative correlation
between age and the EIH response after aerobic exercise was found (III), indicating that older subjects
may have less EIH response after aerobic exercise. This hypothesis is also supported by the mixed

effects of aerobic exercise on pain tolerance (III) as previously mentioned.

3.4 Influence of regular physical activity on EIH

Regular exercise has been linked with alterations in pain sensitivity and athletes have significantly
higher pain tolerance (Tesarz et al., 2012), report less pain intensity during experimental pain
(Sternberg et al., 2001), and demonstrate higher nociceptive withdrawal reflex threshold compared with
normally active controls (Guieu et al., 1992). The influence of regular exercise on EIH has previously
been investigated in two small studies with 20 active subjects and 9 inactive subjects (Qktedalen et al.,
2001) and 10 athletes and 10 nonathletes (Sternberg et al., 2001). Pressure pain ratings during an
ischemic tourniquet test were assessed before and after maximal treadmill exercise and no difference in
the EIH response between active and inactive subjects were found (@ktedalen et al., 2001). Pain ratings
during cold pressor test were assessed before and after a submaximal running exercise and no
difference in the EIH response between athletes and nonathletes were discovered (Sternberg et al.,
2001). These findings are supported by the current experiment (II), which demonstrated a robust
increase in manual pressure pain thresholds after aerobic exercise in both active and inactive subjects,

with no significant difference between the groups (Fig. 3.3).
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Fig. 3.3: Mean (+SEM) manual pressure pain threshold at the quadriceps and biceps muscles before,
immediately after, and 15 min after high intensity aerobic exercise in active and inactive men and

women (*, significant difference compared with baseline; NK: P < 0.05; Raw data from II).
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3.5 EIH in patients with chronic pain

The results from a recent meta-analysis indicate that a subset of patients with chronic pain
demonstrates impaired EIH responses compared with asymptomatic controls (Naugle et al., 2012). A
hyperalgesic response after submaximal isometric exercise and vigorous aerobic exercise have also
been demonstrated in patients with fibromyalgia (Vierck et al., 2001; Staud et al., 2005; Lannersten and
Kosek, 2010) and after vigorous aerobic exercise in patients with widespread chronic pain (Cook et al.,
2010; Meeus et al., 2010). Even so, a hypoalgesic response was elicited at multiple body sites after
aerobic exercise in patients with chronic low back pain similar to healthy controls (Hoffman et al.,
2005; Meeus et al., 2010) and after isometric contractions at non-painful muscles in patients with
shoulder myalgia (Lannersten and Kosek, 2010). An EIH response was also elicited in patients with
fibromyalgia after aerobic exercise performed at moderate intensity (Newcomb et al., 2011) and after
isometric contractions performed at low intensity (Kadetoff and Kosek, 2007).

The current clinical experiment on patients with chronic musculoskeletal pain (IV) showed that
the EIH response was partly impaired in patients with high pain sensitivity compared with patients with
low pain sensitivity. Only patients with low pain sensitivity demonstrated an increase in cuff pressure
pain threshold and a decrease in pain ratings after aerobic and isometric exercises (IV; Fig. 3.4).
Furthermore, patients with high pain sensitivity showed facilitated temporal summation of pain
following high intensity aerobic exercise (IV; Fig. 3.5). Clinically, it is well known that some chronic
pain patients report increasing pain after exercise and this finding is in agreement with previous studies
demonstrating a hyperalgesic response after aerobic exercise (Vierck et al., 2001; Whiteside et al.,
2004; Cook et al., 2010; Meeus et al., 2010). These findings support the hypothesis that low pain
sensitivity in subgroups of patients could be due to adequate pain inhibitory pathways.

Change in cuff pain threshold after cold pressor test (CPM response) predicted the change in
cuff pain threshold after aerobic exercise (EIH response), and change in pain tolerance level after cold
pressor test (CPM response) predicted the change in pain tolerance level after aerobic (EIH response)
exercise, suggesting that individuals who demonstrated a greater ability to activate the descending

inhibitory systems reported greater hypoalgesia following aerobic exercise (IV).
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Fig. 3.4: Mean (+ SEM) cuff pressure pain threshold at the non-dominant lower leg before, immediately
after, and 15 min after high intensity aerobic exercise (A) and low intensity isometric leg exercise (B) in
chronic musculoskeletal pain patients with high pain sensitivity (HPS, n = 30) and low pain sensitivity

(LPS, n = 30) (*, significant difference compared with baseline; NK: P < 0.05; Raw data from IV).
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Fig. 3.5: Mean (+xSEM) VAS scores during 10 repeated cuff stimulations at PTT level at the non-
dominant lower leg indicating temporal summation of pain in chronic pain patients with high pain
sensitivity (A) and low pain sensitivity (B) before and immediately after aerobic exercise. VAS scores
are presented as mean values from stimulations 1-4 (VAS-I), 5-7 (VAS-II), and 8-10 (VAS-III) (*,

significant difference from baseline; NK: P < 0.05; Raw data from IV).
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3.6 Mechanisms of EIH

The most studied mechanism of the EIH response involves the endogenous opioid system, which may
account for the multisegmental manifestations of EIH. Aerobic exercise results in an increased level of
systemic B-endorphin (Janal et al., 1984; McMurray et al., 1987) although not directly correlated to the
reduction in pain sensitivity (Janal et al., 1984; Droste et al., 1991). Several studies have investigated
the contribution of an opioid mechanism by administering naloxone, an opioid antagonist prior to
aerobic exercise (Black et al., 1979; Haier et al., 1981; Janal et al., 1984; Droste et al., 1991). In two
studies (Black et al., 1979; Droste et al., 1991) naloxone did not affect hypoalgesia. In one study (Haier
et al., 1981), a dose-dependent effect of naloxone was found with only high dose (10 mg) naloxone
blocking the hypoalgesic response. In another study (Janal et al., 1984), naloxone blocked hypoalgesia
to ischemic pain but not thermal pain. These findings implicate that the endogenous opioid system is
involved in some of the hypoalgesic response after aerobic exercise, but not all of the exercise-induced
alterations in pain sensitivity.

In addition to an opioid mechanism, it has been suggested that non-opioid mechanisms may
also be involved in the hypoalgesic response produced by exercise, and several non-opioid mechanisms
have been proposed. A non-opioid mechanism potentially contributing to EIH after aerobic exercise is
the Gate Control Theory (Melzack and Wall, 1965), where limb movement during exercise may excite
large diameter afferent nerve fibers inhibiting nociceptive processes in the dorsal horn. Interestingly, in
healthy subjects, passive movements induced hypoalgesia compared with a control condition,
indicating a potential role of joint movement or proprioception in EIH (Nielsen et al., 2009). Still, if
this was a main mechanism, low intensity aerobic exercise should have produced an EIH response in
the exercising body parts, which was not the case (I). The Gate Control Theory does not explain the
distant effects on pain sensitivity demonstrated in the current experiments (I, 11, III, and IV), but could
account for part of the hypoalgesic response in the exercising body part.

Vigorous aerobic exercise has been shown to increase circulating plasma levels of
catecholamines, particularly norepinephrine, which can remain elevated for hours after exercise (Bahr
et al., 1991). Similarly, serotonin has been shown to be affected by exercise with increased levels of
serotonin in active subjects (Soares et al., 1994), and with an increase in serotonin after aerobic

exercise in active subjects, compared with inactive subjects (Steinberg et al., 1998).
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Aerobic exercise of moderate intensity activates the endocannabinoid system (Sparling et al.,
2003), and antinociception after aerobic exercise is partly mediated by the endocannabinoid system in
rats (Galdino et al., 2014). The hypothesis of involvement of the endocannabinoid system in the EIH
response is futher supporteed by a recent study in humans, demonstrating a significant decrease in
temporal summation of heat pain after isometric exercise in conjunction with a significant increase in
circulating endocannabinoids (Koltyn et al., 2014).

Exercise causes changes in the cardiovascular response and changes in blood pressure, which
have been suggested as a possible mechanism (Koltyn and Umeda, 2006). Even so, there is no
consistent dose-response correlation between changes in blood pressure and pain perception following
isometric exercise (Umeda et al., 2009; Umeda et al., 2010).

The EIH response has also been linked to the CPM response. Recently, a study in 39 healthy
subjects found that subjects with a greater CPM response were more likely to report a greater EIH
response after isometric exercise (Lemley et al., 2014b). To support the link between EIH and CPM,
another study including 16 healthy women found that the hypoalgesic response after aerobic exercise
was greater following painful exercise than non-painful exercise (Ellingson et al., 2014). Although the
relation between the CPM and EIH responses was not strong, the EIH response after aerobic exercise
was predicted by the CPM response after cold pressor test (IV), suggesting that patients who
demonstrated a greater ability to activate the descending inhibitory systems, reported greater
hypoalgesia following aerobic exercise. This relationship could also indicate that the increase in
temporal summation of pain after aerobic exercise in patients with high pain sensitivity may be due to
impaired descending inhibition. The connection between the CPM and EIH responses could indicate
similar mechanisms underlying the hypoalgesic response; yet, hypoalgesia has also been demonstrated
after non-painful aerobic exercise (Ellingson et al., 2014), indicating that the CPM response may work
as an additive effect after painful exercise. Pain during exercise was not assessed in the current
experiments to confirm this.

In summary, high intensity aerobic exercise as well as low and high intensity isometric
exercises produced short-lasting, multisegmental increases in manual pressure pain thresholds in
healthy subjects, with significantly larger effects in the exercising body part compared with non-
exercising body parts. Exercise intensity influences the magnitude of the EIH response, but the duration

of exercise appears to be of less importance. Isometric exercises also increased cuff pain tolerance and
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reduced temporal summation of pain, illustrating the potential for isometric exercise as a rehabilitation
procedure, also targeting the central mechanisms of pain. The effect of aerobic exercise on pain
tolerance was less consistent and no effect was demonstrated on temporal summation of pain. The EIH
response after aerobic exercise was increased in women and negatively correlated with age, however
no influence of level of regular physical activity was found. The EIH response after isometric exercise
was not influenced by age or gender. Patients with high pain sensitivity demonstrated reduced EIH
responses after aerobic and isometric exercises and facilitated temporal summation of pain following
high intensity aerobic exercise compared with patients with low pain sensitivity. Differences in
mechanisms for the EIH responses after aerobic and isometric exercises may explain the different
effect on central mechanisms of pain summation as well, as the difference in the EIH response after

low intensity exercises demonstrated (I and III).
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4. CURRENT PERSPECTIVES ON CONDITIONED PAIN MODULATION

This chapter describes the current perspectives on conditioned pain modulation in healthy subjects and

in patients with chronic pain.

4.1 Temporal and spatial manifestations of CPM in healthy subjects
In the current experiments, cold pressor test induced heterotopic and homotopic increases in manual

pressure pain thresholds during immersion of the hand and foot (I and II; Fig. 4.1) in agreement with

previous studies (Pud et al., 2005; Oono et al., 2011).

O Baseline During B Immediately after & 15 min after
1000 -

Manual Pressure Pain Threshold {kPa)

Guad Blcaps Trap Quad Bicaps Trap
Cold pressor test hand Cold pressor test foot

Fig. 4.1: Mean (+SEM) manual pressure pain threshold at the quadriceps muscle, biceps muscle and
trapezius muscle before, during, immediately after, and 15 min after cold pressor test at the dominant

hand and foot (*, significant difference compared with baseline; NK: P < 0.05; Raw data from I).

34



Pain tolerance increased (Fig. 4.2), and temporal summation of pain decreased significantly in
both the arm and leg after cold pressor test on the hand (Fig. 4.3). A previous study reported similar
findings in decreased cuff pain sensitivity assessed on the leg when conditioning stimulus was applied
on the arm (Graven-Nielsen et al.,, 2012). Reduction in temporal summation of mechanical pain
(Cathcart et al., 2009; Streff et al., 2011) and heat pain (Edwards et al., 2003a; Edwards et al., 2003b)
has previously been demonstrated after CPM paradigms. However, in the current experiments, the
stimulation intensity used for the temporal pain summation was increased after the cold pressor test, as
an attempt to account for the pain sensitivity changes, and still the temporal summation effect was
reduced.

The cold pressor tests used in the current experiments were perceived as painful by all subjects,
with most subjects reporting moderate to severe pain during cold water immersion (I and II). A
significant positive correlation between the intensity of pain during cold pressor test on the foot and
increase in heterotopic pressure pain threshold was found (I), but no association was found between the
intensity of pain during cold pressor test on the hand and increase in pressure pain thresholds (I and II).
This difference between cold pressor test on the hand and foot was unexpected. Having said that, this is
the first study to compare cold pressor test on different limbs and further research is warranted.
Although a clear relationship between the intensity of the conditioning stimulus and the strength of the
resultant CPM has been reported (Villanueva and Le Bars, 1995), the influence of the intensity of
perceived pain induced by a conditioning stimulus has been mixed. Some studies demonstrated a
correlation with the magnitude of the CPM response (Treister et al., 2010; Nir et al., 2012) and some
demonstrated no correlation with the magnitude of the CPM effect (Granot et al., 2008; Weissman-
Fogel et al., 2008; Nir et al., 2011).

A significant increase in manual pressure pain thresholds was in general only observed during
the cold pressor stimulation. This is in agreement with previous studies, reporting an increase in
pressure pain thresholds during noxious thermal stimulation, but not after (Kosek and Ordeberg, 2000b;
Leffler et al., 2002a; Oono et al., 2011). Other investigators have, however, found a significant CPM
response immediately after noxious stimulation (Pud et al., 2005) and up to 60 min after cold pressor

test (Washington et al., 2000), indicating longer-lasting effects.
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Cuff Pain Tolerance (kPs)
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Fig. 4.2: Mean (+SEM) pain tolerance at the arm and leg before, immediately after, and 15 min after after

cold pressor test on the hand (*, significant difference from baseline; NK: P < 0.05; Unpublished data from

experiment 1 and 2).
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Fig. 4.3: Mean (xSEM) VAS scores during 10 repeated cuff stimulations at PTT level before,
immediately after, and 15 min after cold pressor test on the hand. VAS scores are presented as mean
values from stimulations 1-4 (VAS-I), 5-7 (VAS-II), and 8-10 (VAS-III) (*, significant difference from
baseline; NK: P < 0.05; Unpublished data from e)g%eriment 1 and 2).



The increase in manual pressure pain thresholds was only observed during the cold pressor
stimulation (I and II), whereas the increase in pain tolerance and decrease in temporal summation of
pain was also observed after cold pressor test (Fig. 4.2 and 4.3). The equivocal results on the temporal
manifestations of the CPM response between manual algometry and cuff algometry may be due to the
different temporal and spatial aspects of assessment. First of all, cuff algometry was performed after
cold pressor test and not during, as was the case with manual algometry. Secondly, the equivocal
results suggest either that spatial integration is a major determinant in pain modulation, or that the
integration between spatial summation and temporal summation of pain is more sensitive to pain
modulation after cold pressor test. Finally, the CPM response may influence pain thresholds, pain
tolerance and temporal summation differently and a difference in the response on pain threshold, and

pain tolerance after a CPM paradigm has previously been demonstrated (Sowman et al., 2011).

4.2 Gender and age related differences in CPM
Recent human studies have shown significant gender differences in CPM response (Staud et al., 2003c;
Ge et al., 2004; Serrao et al., 2004; Arendt-Nielsen et al., 2008, Granot et al., 2008; Goodin et al. 2009;
Honigman et al., 2013) and, according to a recent review (Popescu et al., 2010), the majority of the
studies report significantly more efficient CPM in men compared with women. However, several other
studies (France and Suchowiecki, 1999; Baad-Hansen et al., 2005; Pud et al., 2005; Quiton and
Greenspan, 2007; Tousignant-Laflamme et al., 2008; Rosen et al., 2008; Cathcart et al., 2009; Wang et
al., 2010; Grashorn et al., 2013; Nahman-Averbuch et al., 2014; Zheng et al., 2014), as well as the
current experiments (I and II) demonstrated no influence of gender on the magnitude of the CPM
response. Yet, a gender difference in the temporal manifestation of the CPM response was
demonstrated. Young women demonstrated increased manual pressure pain thresholds during and
immediately after cold pressor test compared with men who only demonstrated increases in manual
pressure pain thresholds during cold pressor stimulation (II).

Age was not significantly correlated with the CPM response (I), which is in agreement with a
previous study (Nahman-Averbuch et al., 2014). Earlier studies using manual pressure pain (Lemly et
al., 2014) or heat pain (Washington et al., 2000; Edwards et al., 2003a; Lariviere et al., 2007; Riley et

al.,, 2010) as test stimuli, have established reduced CPM responses associated with ageing. The
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conflicting results may be related to different pain sensitivity assessment methodology or due to the
different age groups included in the studies. The study by Lemley et al. (2014) assessed pressure pain
thresholds and pain ratings before and after cold pressor test in two groups of subjects with a mean age

of 21.9 and 72.0 years, respectively, with only young subjects demonstrating a CPM response.

4.3 Influence of regular physical activity on CPM

Few studies have examined the relationship between regular physical activity and CPM response. In
this PhD study, the manifestations of the CPM response between normally active and inactive healthy
subjects were compared, and a robust increase in manual pressure pain thresholds was found in both
active and inactive subjects (II; Fig. 4.4). Although the effect size indicated that the inactive subjects
had a larger CPM response compared with active subjects, there was no significant difference in the
CPM response between groups. This was further supported by the lack of association between times
spent on physical activity and the CPM response during cold pressor test (II). A similar trend has
previously been demonstrated in endurance athletes demonstrating less reduction in heat pain after a
cold pressor test compared with healthy controls (Tesarz et al., 2013). Chronic pain has been associated
with an impaired CPM response (Lewis et al., 2012b, Appendix 2) and a reduced CPM response in
athletes could be due to regular pain during training and due to exercise-induced injuries as an
additional source of pain. In contrast, Geva and Defrin (2013) demonstrated an increased CPM
response in triathletes compared with controls. This study also showed that triathletes demonstrated
significantly less fear of pain compared with controls and that the CPM response was significantly
correlated with fear of pain and mental stress during training. This indicates that the more efficient pain
inhibition in triathletes may also relate to psychological factors. The relation between increased
physical activity and a greater CPM response was supported by Naugle and Riley (2014), who showed
that greater amount of self-reported physical activity, as well as greater amount of vigorous physical
activity, predicted a greater CPM response during cold pressor test. The conflicting results may be due
to different pain sensitivity assessment methodologies, with pressure pain used to evaluate the CPM
response in the current experiment (II) and heat pain used in the previous studies (Geva and Defrin,

2013; Tesarz er al., 2013; Naugle and Riley, 2013).
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Fig. 4.4: Mean (+SEM) manual pressure pain threshold at the quadriceps muscle and biceps muscle
before, during, immediately after, and 15 min after cold pressor test at the dominant hand in active and

inactive subjects (*, significant difference compared with baseline; NK: P < 0.05; Raw data from II).

39



4.4 CPM in patients with chronic pain

The assessment of the CPM response in clinical studies has provided insights into the function of the
pain inhibitory systems in chronic pain. Impaired CPM responses have previously been shown in long-
lasting pain conditions such as chronic pancreatitis (Olesen et al., 2010; Bouwense et al., 2013),
irritable bowel syndrome (Heymen et al., 2010), tension-type headache (Pielsticker et al., 2005;
Sandrini et al., 2006; Cathcart et al., 2010), fibromyalgia (Kosek and Hansson, 1997; Lautenbacher and
Rollman, 1997; de Souza et al., 2009; Normand et al., 2011; Paul-Savoie et al.,, 2012),
temporomandibular disorder (King et al., 2009), chronic whiplash associated disorder (Daenen et al.,
2013; Ng et al., 2014), and osteoarthritis (Kosek and Ordeberg, 2000a; Graven-Nielsen et al., 2012)
compared with asymptomatic controls. The present experiment extends these findings by showing a
reduced CPM response in chronic musculoskeletal pain patients with high pain sensitivity, compared
with patients with less pain sensitivity (IV; Fig. 4.5). Only patients with low pain sensitivity
demonstrated an increase in cuff pressure pain threshold and a decrease in pain ratings after cold
pressor test (IV; Fig. 4.5).

Cold pressor test did not affect temporal summation of pain in any of the pain sensitivity
groups, highlighting potential differences in the effect of cold pressor test on central mechanisms of
pain summation between healthy subjects (Fig. 4.3) and patients with chronic pain (IV). This finding is
in agreement with a previous study on pain patients with chronic widespread pain (Staud et al., 2003a).
A possible explanation is that patients with chronic musculoskeletal pain demonstrate facilitated
temporal summation of pain making central mechanisms of pain summation less likely to be reduced
by the competing mechanism of CPM. High pain sensitivity has recently been associated with impaired
pain inhibition in 29 women subjects demonstrating a significant negative correlation between pain
sensitivity assessed with the pain sensitivity questionnaire and pain modulation assessed by the offset
analgesia paradigm (Honigman et al., 2013). Furthermore, the CPM response was negatively correlated
with clinical peak pain intensity highlighting the importance of ongoing pain in the process of reduced
CPM in chronic musculoskeletal pain (IV). The association between clinical pain intensity and the
CPM response has previously been demonstrated in subjects with neuropathy (Nahman-Averbuch et

al., 2011; Pickering et al., 2014) but not in temporomandibular disorder (Oono et al., 2014).
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Fig. 4.5: Mean (+ SEM) pressure pain threshold at the non-dominant lower leg before,
immediately after, and 15 min after cold pressor test at the dominant foot in chronic
musculoskeletal pain patients with high pain sensitivity (HPS, n = 30) and low pain sensitivity

(LPS, n = 30) (*, significant difference compared with baseline. NK: P < 0.05; Raw data from IV).
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4.5 Mechanisms of CPM

The specific mechanisms involved in the CPM response in humans are largely unknown, but is
believed to represent the net outcome of multiple descending pain inhibitory mechanisms. The most
commonly used hypothesis to explain the CPM response to a painful condition stimulus, is the
activation of a spino-bulbo-spinal loop through the subnucleus reticularis dorsalis (SRD) in the medulla
(Villanueva et al., 1988), leading to an inhibition of wide-dynamic-range neurons in the dorsal horn (Le
Bars et al., 1979a; Le Bars et al., 1981a; Willer et al., 1984; Talbot et al., 1987; Price and McHaffie,
1988; De Broucker et al., 1990; Bouhassira et al., 1993). Activation of the opioid system has also been
linked with the CPM response (Le Bars et al., 1981b; Le Bars et al., 1981c; Bouhassira et al., 1992; Le
Bars et al., 1992) and injection of naloxone, in both animals and humans caused a reduction in the
inhibitory response after noxious thermal stimuli (Le Bars et al., 1981c; Willer et al., 1990; Sprenger et
al., 2011). A reduced CPM response has also been reported in patients treated with opioids (Ram et al.,
2008). These findings indicate involvement of an opioidergic mechanism in CPM, which could explain
the heterotopic and homotopic hypoalgesic response during cold water immersion (I, II, and IV).
However, naloxone does not completely abolish the CPM response (Sprenger et al., 2011) providing
evidence for a non-opioid mechanism.

Immersion of a body part in cold water produces sympathetically mediated heart rate and blood
pressure increases (Weise et al., 1993; Chalaye et al., 2013). Interestingly, recent studies demonstrated
a significant positive association between magnitude of the CPM response and increase in blood
pressure during a cold pressor test in healthy subjects (Chalaye et al., 2013) and in patients with
fibromyalgia (Chalaye et al., 2014), indicating that activation of a baroreceptor mechanism could be
involved in the CPM response.

Recent animal studies have also shown that systemic or local administration of a al-
adrenoceptor agonist and systemic administration of a selective o2-adrenoceptor agonist inhibit the
painful CPM response (Sanada et al., 2009, Makino et al., 2010) suggesting the involvement of
adrenergic neurons in the CPM response. Involvement of a baroreceptor mechanism and adrenergic
neurons could also explain the heterotopic and homotopic hypoalgesic response during cold water
immersion (I, II, and IV).

In summary, cold pressor test applied to the hand and foot produced multisegmental increases

in manual pressure pain thresholds during water immersion, as well as an increase in pain tolerance and
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a decrease in temporal summation of pain after water immersion. A significant association between the
CPM response and the perceived pain during water immersion was only found for cold pressor test on
the foot. The CPM response was not affected by age or level of physical activity, and the CPM
response during water immersion was comparable between men and women. Patients with high pain
sensitivity demonstrated a reduced CPM response after cold pressor test compared with patients with
low pain sensitivity. The CPM response was negatively correlated with the clinical peak pain intensity,

highlighting the importance of ongoing pain in the reduced CPM response.
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5. SIMILARITIES IN MANIFESTATIONS OF CPM AND EIH

Several similar manifestations between CPM and EIH were found in the current experiments (Table
5.1). Although the increase in manual pressure pain thresholds was larger during cold pressor tests,
compared with exercise conditions (I and II), robust multisegmental increases in manual pressure pain
thresholds were found in healthy men and women in relation to both paradigms (I and II). The CPM
response and the EIH response after aerobic exercise were not affected by level of physical activity (II).
The CPM response and the EIH response after isometric exercise were not affected by age and gender
(I), and reduction in central mechanisms of pain summation was found after both paradigms (III, Fig.
4.3). Impaired CPM and EIH responses were found in patients with high pain sensitivity (IV). The
similar manifestations between the CPM and EIH responses indicate a potential commonality in their
underlying mechanisms. The CPM response may be involved in the EIH response after both isometric
exercise (Lemley et al., 2014b) and aerobic exercise (Ellingson et al., 2013). To support this
hypothesis, the clinical experiment (IV) demonstrated that the EIH response after aerobic exercise was
predicted by the CPM response after cold pressor test, suggesting that individuals who demonstrated a
greater ability to activate the descending inhibitory systems reported greater hypoalgesia following
aerobic exercise. This relationship could also indicate that the increase in temporal summation of pain
after aerobic exercise in patients with high pain sensitivity may be due to impaired descending
inhibition. Ellingson et al. (2014) demonstrated a greater hypoalgesic response in 16 healthy women
after painful aerobic exercise compared with non-painful aerobic exercise, supporting the link between
the CPM and EIH responses. The relation between CPM and EIH could indicate similar mechanisms
underlying the hypoalgesic response. However, hypoalgesia has also been demonstrated after non-
painful aerobic exercise (Ellingson et al., 2014) indicating that the CPM response may work as an
additive effect after painful exercise. Lemley et al. (2014) demonstrated that the CPM response
predicted the EIH response after isometric exercise in healthy subjects, however this was not found in
the current clinical experiment (IV). In the experiments on healthy subjects (I and II), a weak but
significant correlation between the CPM and the EIH responses was demonstrated (II), supporting the
hypothesis of similar mechanisms. This correlation was not demonstrated in a larger sample size (I),
questioning the commonality of mechanisms underlying the CPM and EIH responses. These findings
are in agreement with previous studies, comparing the CPM response with the response to the offset

analgesia (OA) paradigm (Honigman et al., 2013; Nahman-Averbuch et al., 2014). Honigman et al.
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(2013) demonstrated a significant correlation between the maximal inhibitory responses in relation to
the CPM and OA paradigms. Interestingly, the study by Nahman-Averbuch et al. (2014) found no
significant correlation between the pain inhibitory responses, although similar methodology was used.
Although several similar manifestations between the CPM and EIH responses were found in the current
experiments, differences in temporal and spatial manifestations were also established (Table 5.1). First
of all, a significant increase in manual pressure pain thresholds was only observed during the cold
pressor stimulation (I, II), whereas eloquent increases were also found following exercise conditions (I
and II), signifying differences in the temporal manifestations. Secondly, a notable larger effect on
manual pressure pain thresholds at the remote sites, compared with the local site, was found during
cold pressor test on the foot, whereas the increase in manual pressure pain thresholds was significantly
larger in the exercising body part compared with remote sites after exercise conditions (I), showing
differences in the spatial manifestations. These differences in temporal and spatial manifestations of the

CPM and EIH responses indicate that partially different mechanisms may be involved.
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Table 5.1: A comparison of the temporal and spatial manifestations of CPM and EIH in healthy subjects and in patients with chronic

musculoskeletal pain

Temporal and
spatial mani-

festations

CPM EIH EIH
(cold pressor test) (aerobic exercise) (isometric exercise)
Pain thresholds: Pain thresholds: Pain thresholds:

Multisegmental 1 during
Larger effects in heterotopic
areas compared with homotopic
area

Pain tolerance:

Multisegmental 1 after

Multisegmental 1 after
Larger effects in exercising body

part compared with remote areas

Pain tolerance:

Multisegmental 1 after

Multisegmental 1 after
Larger effects in exercising body

part compared with remote areas

Pain tolerance:

Multisegmental 1 after

Healthy Temporal summation: Temporal summation: Temporal summation:
subjects Multisegmental | after No effect Multisegmental | after
Age: No influence Age: | EIH with 1 age Age: No influence
Influence of Gender: No influence during Gender: 1 in women Gender: No influence
age, gender conditioning stimuli, but 1
and level of duration in women
physical Physical activity: No influence Physical activity: No influence Physical activity: Unknown
activity
Manual pain thresholds: Manual pain thresholds: Manual pain thresholds:
Multisegmental 1 during Multisegmental 1 after Multisegmental 1 after
Cuff pain threshold: Cuff pain threshold: Cuff pain threshold:
Increase in patients with low Increase in patients with low pain Increase in patients with low pain
pain sensitivity. No effect in sensitivity. No effect in patients sensitivity. No effect in patients
Temporal and | patients with high pain with high pain sensitivity with high pain sensitivity
spatial mani- sensitivity
festations Pain tolerance: Pain tolerance: Pain tolerance:
Chronic Segmental 1 after Segmental 1 after Segmental 1 after
MSK Temporal summation: No effect | Temporal summation: Increase in Temporal summation: No effect
pain patients with high pain sensitivity.

No effect in patients with low pain

sensitivity

Influence of
clinical pain
and
psychological

distress

Predicted by clinical peak pain

intensity

No significant relation was found
The CPM response predicted the

EIH response after aerobic exercise

No significant relation was found
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6. CONCLUSIONS AND FUTURE PERSPECTIVES

Based on the results of the current PhD study, the following conclusions can be made (Fig. 6.1):

1. Cold pressor test (CPM response) as well as aerobic and isometric exercises (EIH responses)
produced multisegmental increases in manual pressure pain thresholds in healthy men and women (I
and II).

2. The CPM response and the EIH response after isometric exercise were not affected by age and
gender. The EIH response after aerobic exercise was increased in women (I) and decreased with
increasing age (III).

3. The increase in manual pressure pain thresholds was comparable between active and inactive men
and women during cold pressor tests and after aerobic exercise (II).

4. The temporal and spatial manifestations of hypoalgesia were partly different for the EIH and CPM
paradigms, and there was no consistent correlation between the maximal EIH response and the
maximal CPM response in healthy subjects (I and II).

5. High intensity exercise produced larger increases in manual pressure pain thresholds than low
intensity exercise (I).

6. Aerobic and isometric exercises increased pain tolerance, but only isometric exercises reduced
temporal summation of pain, illustrating the potential for isometric exercise as a rehabilitation
procedure, also targeting the central mechanisms of pain summation (III).

7. The EIH and CPM responses were partly impaired in chronic musculoskeletal pain patients with
high pain sensitivity compared with patients with low pain sensitivity (IV).

8. Aerobic exercise further facilitated temporal summation of pain in chronic musculoskeletal pain
patients with high pain sensitivity (IV).

9. The CPM response was predicted by clinical peak pain intensity, and the CPM response predicted
the EIH response after aerobic exercise (IV).

These findings have implications for future evaluation of the pain inhibitory systems as well as
for clinical practice. An impaired CPM response is commonly observed in clinical pain populations
with chronic pain of musculoskeletal (Normand et al., 2011; Graven-Nielsen et al., 2012), neuropathic
(Pickering et al., 2014) or visceral origin (King et al., 2009; Heyman et al. 2010). An impaired EIH

response has primarily been demonstrated in chronic pain of musculoskeletal origin, and it is currently
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unknown whether a reduced EIH response is also observed in other pain conditions. The evaluation of
the pain inhibitory systems with multiple paradigms (e.g. CPM and EIH) may provide additional
information about the pain inhibitory phenotype of the individual patient. For example, a patient may
have an intact CPM response but a reduced EIH response and vice versa. The CPM paradigm alone
may not be a sufficient paradigm to assess the wide scope of pain modulation, and multifaceted
assessment might therefore have an important role in future pain assessment.

In clinical practice, it may be recommended that clinicians evaluate pain sensitivity, as well as
the CPM and EIH responses, in addition to clinical pain, when considering treatment options utilizing
the descending inhibitory pain control. The current results imply that chronic musculoskeletal pain
patients with high pain sensitivity demonstrated less efficient pain inhibition. In conclusion, the present
work on EIH and CPM has provided new information on assessment of the pain inhibitory systems as
well as on the effect of different exercise modalities on the pain system. The results might be helpful to

improve assessment and treatment of chronic musculoskeletal pain disorders in the future.
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Aims

Conclusions

Fig. 6.1: Illustration of the aims and conclusions of the experiments.

Experiment 1

Experiment 2

1. Compare temporal and spatial
manifestations of CPM and EIH

2. Investigate gender and age effect
on CPM and EIH

3. Investigate dose-response on
EIH

4. Investigate the effect of exercise
on central mechanisms of pain

1. Compare CPM and EIH
between active and inactive
subjects

2. Investigate gender effect
on CPM and EIH

3. Investigate the effect of
exercise on central
mechanisms of pain

Experiment 3

1. Compare CPM and EIH between
patients with high and low pain
sensitivity

2. Investigate the effect of clinical
pain intensity and psychological
distress on CPM and EIH

3. Investigate the effect of exercise
on central mechanisms of pain

1. The temporal and spatial
manifestations of hypoalgesia
were partly different for the EIH
and CPM paradigms, and no
consistent significant correlation
between the EIH response and the
CPM response was found

2. The CPM response and the EIH
response after isometric exercise
were not affected by age and
gender. Part of the EIH response
after aerobic exercise was
increased in women and
negatively correlated with age

3. High intensity exercise
produced larger increases in
pressure pain thresholds than low
intensity exercise. No dose-
response pattern was found on the
effect of exercise on pain
tolerance and temporal summation
of pain

4. Isometric exercises increased
pain tolerance and reduced
temporal summation of pain

1. The increase in pressure
pain thresholds was
comparable between active
and inactive men and
women during cold pressor
tests and after aerobic
exercise

2. The CPM response
during cold pressor test and
the EIH response after
aerobic exercise were
comparable in men and
women

3. Aerobic exercise
increased pain tolerance but
did not significantly reduce
temporal summation of pain

1. The EIH and CPM responses were
partly impaired in patients with high
versus less pain sensitivity

2. The CPM response predicted the
EIH response after aerobic exercise
The CPM response was predicted by
clinical peak pain intensity

3. Aerobic exercise facilitated
temporal summation of pain in
patients with high pain sensitivity

‘CPM’: Conditioned Pain Modulation. ‘EIH’: Exercise-induced Hypoalgesia.
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SUMMARY

Temporal and Spatial Manifestations of Exercise-induced Hypoalgesia and Conditioned Pain

Modulation

Introduction: Impaired pain inhibition is believed to be involved in several chronic pain conditions.
Efficiency of the pain inhibitory pathways is typically assessed by paradigms of conditioned pain
modulation (CPM) or exercise-induced hypoalgesia (EIH). Still, the spatial and temporal
manifestations of the two paradigms have never been directly compared, and it is unknown whether the
paradigms provide equivalent data on pain inhibition. Furthermore, physical exercise is an important
component in the treatment and rehabilitation of patients with chronic musculoskeletal pain and a
comprehensive understanding of how exercise influences the nociceptive and pain inhibitory pathways
is necessary to optimize the clinical utility of exercise.

The aims of this PhD project were 1) to compare the temporal and spatial manifestation of EIH and
CPM, 2) to investigate the influence of age, gender and level of regular physical activity on CPM and
EIH, 3) to investigate the influence of exercise modality, intensity and duration on the EIH response in
healthy subjects, 4) to investigate the effect of exercise on central mechanisms of pain, and 5) to
investigate the influence of pain sensitivity and clinical pain characteristics on CPM and EIH in

patients with chronic musculoskeletal pain.

Methods: Three experiments were conducted. Experiment 1: 80 healthy subjects (40 women and 40
men) performed cold pressor tests on the hand and foot as well as aerobic and isometric exercises at the
arm and leg with different intensities and durations. Experiment 2: 56 healthy subjects (30 active and
26 inactive) performed a cold pressor test, an aerobic exercise and a control condition. Experiment 3:
61 patients with chronic musculoskeletal pain (31 with high pain sensitivity and 30 with low pain
sensitivity) performed cold pressor test, aerobic and isometric exercises and a control condition. In all
three experiments, pressure pain thresholds, pressure pain tolerances and temporal summation of pain
were assessed with manual algometry and computerized cuff algometry at local and distant body sites

before and after conditions.
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Results: Manual algometry and cuff algometry demonstrated good test-retest reliability.

Experiment 1 demonstrated robust multisegmental increases in manual pressure pain thresholds in men
and women during cold pressor tests and after high intensity aerobic and low and high intensity
1sometric exercise conditions. The CPM response and the EIH response after isometric exercises were
not affected by age or gender. Part of the EIH response after aerobic exercise was increased in women
and decreased with increasing age. Differences in temporal and spatial manifestations between the EIH
response and the CPM response were found, and there was no significant correlation between the
maximal EIH response and the maximal CPM response, indicating partly different mechanisms. The
increase in pressure pain thresholds was larger in the exercising body part compared with non-
exercising body parts, and high intensity exercise produced larger increases in pressure pain thresholds
than low intensity exercise. Isometric exercises also increased cuff pain tolerance and reduced temporal
summation of pain, illustrating the potential for isometric exercise as a rehabilitation procedure, also
targeting the central mechanisms of pain.

Experiment 2 demonstrated comparable multisegmental increases in manual pressure pain thresholds in
active and inactive men and women during cold pressor tests and after aerobic exercise, indicating that
physical inactivity does not alter the magnitude of the EIH and CPM responses compared to regular
physical activity. Aerobic exercise also increased cuff pain tolerance, but did not affect temporal
summation of pain.

Experiment 3 demonstrated partly impaired EIH and CPM responses in chronic musculoskeletal pain
patients with high versus less pain sensitivity. Aerobic exercise facilitated temporal summation of pain
in patients with high pain sensitivity. The CPM response was predicted by clinical pain intensity and
the EIH response after aerobic exercise was predicted by the CPM response.

These findings have implications for future evaluation of the pain inhibitory systems as well as
for clinical practice. The evaluation of pain inhibition with multiple paradigms (e.g. CPM and EIH)
may provide additional information about the pain inhibitory phenotype of the patient. For example, a
patient may have an intact CPM response but a reduced EIH response and vice versa. In clinical
practice, clinicians should evaluate general pain sensitivity, as well as the CPM and EIH responses in
addition to evaluating clinical pain when considering treatment options, utilizing the descending
inhibitory pain control. In conclusion, the present work on EIH and CPM may help guiding the choice

of exercise in future assessment and rehabilitation of chronic musculoskeletal pain patients.
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SAMMENDRAG (Danish summary)

Tids- og Rummazessige Manifestationer af Traeningsinduceret Smertelindring og Betinget

Smertemodulation

Indledning: Nedsat smerteh@mning menes at vere involveret i flere kroniske smertetilstande.
Effektiviteten af de smerteh®&mmende systemer vurderes typisk via den betingede smerte modulation
(CPM) eller treningsinduceret smertelindring (EIH). De tids- og rummassige manifestationer af CPM
og EIH er aldrig tidligere blevet direkte sammenlignet, og det er fortsat uvist, om paradigmerne giver
@kvivalent information om smerteh@mning. Traning er desuden en vigtig komponent i behandlingen
af patienter med kroniske smerter i bevaegeapparatet, og en stgrre forstaelse af, hvordan trening
pavirker smertesystemet og smerteh&mning, er ngdvendigt for at optimere den kliniske anvendelighed
af trening.

Formalene med dette ph.d.-projekt var 1) at sammenligne de tids- og rummassige manifestationer af
EIH og CPM, 2) at undersgge betydningen af alder, k¢n og graden af habituel fysisk aktivitet pa EIH
og CPM, 3) at undersgge betydningen at trnings-type, -intensitet og -varighed pa graden af EIH, 4) at
undersgge effekten af treening pa de centrale smertemekanismer, og 5) at undersgge hvilken indflydelse
smertesensitivitet og kliniske smerte karakteristika har pa CPM og EIH responsen hos patienter med

kroniske smerter i bevegeapparatet.

Metoder: Tre eksperimenter blev udfgrt. Eksperiment 1: 80 raske forsggspersoner (40 kvinder og 40
mend) udfgrte isvandstest pa hand og fod samt aerobe og isometriske trningsgvelser for arm og ben
ved forskellige intensiteter og varigheder. Eksperiment 2: 56 raske forsggspersoner (30 aktive og 26
inaktive) udfgrte isvandstest, aerob treening og en kontrolkondition. Eksperiment 3: 61 patienter med
kroniske smerter i bevageapparatet (31 med hgj smertesensitivitet og 30 med lav smertesensitivitet)
udfgrte isvandstest, aerob og isometrisk trening og en kontrolkondition. I alle tre eksperimenter blev
tryksmertetersklen, tryksmertetolerancen og tidsmassig summation af smerte ved gentagne trykstimuli
vurderet med handholdt trykalgometri og computerstyret cuffalgometri pa lokale og perifere steder pa

kroppen fgr og efter de forskellige konditioner.
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Resultater: Handholdt trykalgometri og computerstyret cuffalgometri viste god test-retest
pélidelighed. Eksperiment 1 viste robuste, multisegmentalt ggede tryksmerteterskler hos mend og
kvinder under isvandstest samt efter hgjintensitets aerob og lav- og hgjintensitets isometrisk treening.
CPM responsen og EIH responsen efter isometrisk trening var ikke pavirket af forsggspersonernes
alder eller kgn. EIH responsen efter aerob treening var stgrre hos kvinder, men aftagende med stigende
alder. Forskelle 1 tids- og rummassige manifestationer mellem EIH responsen og CPM responsen blev
fundet, og der var ingen konsistent korrelation mellem den maksimale EIH respons og den maksimale
CPM respons, hvilket indikerer forskellige mekanismer. Andringen i tryksmerteterskel var stgrst pa
den kropsdel, hvor treningen blev udfgrt sammenlignet med kropsdele, der ikke udfgrte treningen.
Hgjintensitets trening resulterede i en stgrre @ndring i tryksmertetersklen end lavintensitets tr&ning.
Isometrisk trening ggede ogsa smertetolerancen og reducerede den tidsmassige summation af smerte,
hvilket illustrerer potentialet for at isometrisk treening kan reducere de centrale smertemekanismer.
Eksperiment 2 viste sammenlignelige @ndringer i tryksmertetersklen hos aktive og inaktive mand og
kvinder under isvandstest og efter aerob traening, hvilket indikerer, at inaktivitet ikke reducerer
smerteh@mningen sammenlignet med regelmassig fysisk aktivitet. Aerob trening ggede
smertetolerancen, men pavirkede ikke den tidsmessige summation af smerten.

Eksperiment 3 viste delvist reduceret EIH og CPM i patienter med kroniske bevageapparatssmerter og
hgj smertesensitivitet i forhold til patienter med lav smertesensitivitet. Aerob trening ggede den
tidsmassige summation af smerte hos patienter med hgj smertesensitivitet. CPM responsen var
predikteret af den kliniske smerteintensitet, og EIH responsen efter aerob tr@ning var pradikteret af
CPM responsen.

Disse fund har implikationer for fremtidig undersggelse af de smerteh#mmende systemer og for
klinisk praksis. Fremtidig undersggelse af de smerteh@mmende systemer med multiple paradigmer (ex.
CPM og EIH) kan give yderligere information om det enkelte individs smerteh&emmende f&notype. For
eksempel kan en patient fremsta med en intakt CPM respons, men med en reduceret EIH respons eller
omvendt. I klinisk praksis bgr klinikere fremadrettet vurdere den generelle smertesensitivitet og CPM-
og EIH-responsen i tilleeg til vurdering af den kliniske smerteintensitet nar behandlingsmuligheder, der
pavirker de smertehemmende systemer, overvejes. De indevarende studier om EIH og CPM har givet

nye informationer om undersggelse af de smerteh@mmende systemer samt om effekten af forskellige
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treeningstyper pa smertesystemet. Resultaterne kan bidrage til at optimere fremtidig undersggelse og

behandling af patienter med kroniske smerter i bevageapparatet.

54



REFERENCES

Arendt-Nielsen, L., Andresen, T., Malver, L. P., Oksche, A., Mansikka, H., Drewes, A. M. (2012). A
double-blind, placebo-controlled study on the effect of buprenorphine and fentanyl on
descending pain modulation: a human experimental study. Clin J Pain 28:623-27.

Arendt-Nielsen, L., Nie, H., Laursen, M. B., Laursen, B. S., Madeleine, P., Simonsen, O. H., Graven-
Nielsen, T. (2010). Sensitization in patients with painful knee osteoarthritis. Pain 149:573-81.

Arendt-Nielsen, L., Sluka, K. A., Nie, H. L. (2008). Experimental muscle pain impairs descending
inhibition. Pain 140:465-71.

Arendt-Nielsen, L., Graven-Nielsen, T. (2002). Deep Tissue Hyperalgesia. Journal of Musculoskeletal
Pain 10:97-119.

Bahr, R., Hostmark, A. T., Newsholme, E. A., Gronnerod, O., Sejersted, O. M. (1991). Effect of
exercise on recovery changes in plasma levels of FFA, glycerol, glucose and catecholamines.
Acta Physiol Scand 143:105-15.

Bartholomew, J. B., Lewis, B. P., Linder, D. E., Cook, D. B. (1996). Post-exercise analgesia:
replication and extension. J Sports Sci 14:329-34.

Bartley, E. J., Rhudy, J. L. (2012). Endogenous inhibition of the nociceptive flexion reflex (NFR) and
pain ratings during the menstrual cycle in healthy women. Ann Behav Med 43:343-351.
Beecher, H. K. (1956). Relationship of significance of wound to pain experienced. ] Am Med Assoc

161:1609-13.

Bement, M. H., Dicapo, J., Rasiarmos, R., Hunter, S. K. (2008). Dose response of isometric
contractions on pain perception in healthy adults. Med Sci Sports Exerc 40:1880-89.

Bement, M. H., Rasiarmos, R. L., DiCapo, J. M., Lewis, A., Keller, M. L., Harkins, A. L., Hunter, S.
K. (2009). The role of the menstrual cycle phase in pain perception before and after an
isometric fatiguing contraction. Eur J Appl Physiol 106:105-12.

Bement, M. H., Weyer, A., Hartley, S., Drewek, B., Harkins, A. L., Hunter, S. K. (2011). Pain
perception after isometric exercise in women with fibromyalgia. Arch Phys Med Rehabil 92:89-
95.

Bement, M. H., Drewek, B., Hunter, S. K. (2014). Men report greater pain relief following sustained
static contractions than women when matched for baseline pain. J Mot Behav 46:107-13.
Bertolini, G. R. F., Rosa, C. T., Silva, L. 1., Meireles, A., Rocha, B. P. (2012). Use of resistance
exercise as a factor antagonized by naloxone of analgesia in acute knee synovitis in wistar rats.

Rev Bras Med Esporte 18:126-29.

Biurrun Manresa, J. A., Fritsche, R., Vuilleumier, P. H., Oehler, C., Morch, C. D., Arendt-Nielsen, L.,
Andersen, O. K., Curatolo, M. (2014). Is the conditioned pain modulation paradigm reliable? A
test-retest assessment using the nociceptive withdrawal reflex. PloS One 9:e100241.

Bjorkedal, E., Flaten, M. A. (2012). Expectations of increased and decreased pain explain the effect of
conditioned pain modulation in females. J Pain Res 5:289-300.

Black, J., Chesher, G. B., Starmer, G. A., Egger, G. (1979). The painlessness of the long distance
runner. Med J Aust 1:522-23.

Bodnar, R. J., Romero, M. T., Kramer, E. (1988). Organismic variables and pain inhibition: roles of
gender and aging. Brain Res Bull 21:947-53.

55



Bouhassira, D., Le Bars, D., Bolgert, F., Laplane, D., Willer, J. C. (1993). Diffuse noxious inhibitory
controls in humans: a neurophysiological investigation of a patient with a form of Brown-
Sequard syndrome. Ann Neurol 34:536-43.

Bouhassira, D., Villanueva, L., Le Bars, D. (1992). Effects of systemic morphine on diffuse noxious
inhibitory controls: role of the periaqueductal grey. Eur J Pharmacol 216:149-56.

Bouwense, S. A., Ahmed Ali, U, ten Broek, R. P., Issa, Y., van Eijck, C. H., Wilder-Smith, O. H., van
Goor, H. (2013). Altered central pain processing after pancreatic surgery for chronic
pancreatitis. Br J Surg 100:1797-1804.

Brennum, J., Kjeldsen, M., Jensen, K., Jensen, T. S. (1989). Measurements of human pressure-pain
thresholds on fingers and toes. Pain 38:211-17.

Burrows, N. J., Booth, J., Sturnieks, D. L., Barry, B. K. (2014). Acute resistance exercise and pressure
pain sensitivity in knee osteoarthritis: a randomised crossover trial. Osteoarthritis Cartilage
22:407-14.

Baad-Hansen, L., Poulsen, H. F., Jensen, H. M., Svensson, P. (2005). Lack of sex differences in
modulation of experimental intraoral pain by diffuse noxious inhibitory controls (DNIC). Pain
116:359-65.

Cathcart, S., Winefield, A. H., Lushington, K., Rolan, P. (2010). Noxious inhibition of temporal
summation is impaired in chronic tension-type headache. Headache 50:403-12.

Cathcart, S., Winefield, A. H., Rolan, P., Lushington, K. (2009). Reliability of temporal summation and
diffuse noxious inhibitory control. Pain Res Manag 14:433-38.

Chalaye, P., Devoize, L., Lafrenaye, S., Dallel, R., Marchand, S. (2013). Cardiovascular influences on
conditioned pain modulation. Pain 154:1377-82.

Chalaye, P., Lafrenaye, S., Goffaux, P., Marchand, S. (2014). The role of cardiovascular activity in
fibromyalgia and conditioned pain modulation. Pain 155:1064-69.

Chen, A. C., Dworkin, S. F., Haug, J., Gehrig, J. (1989). Human pain responsivity in a tonic pain
model: psychological determinants. Pain 37:143-60.

Chesterton, L. S., Barlas, P., Foster, N. E., Baxter, G. D., Wright, C. C. (2003). Gender differences in
pressure pain threshold in healthy humans. Pain 101:259-66.

Chua, N. H., van Suijlekom, H. A., Vissers, K. C., Arendt-Nielsen, L., Wilder-Smith, O. H. (2011).
Differences in sensory processing between chronic cervical zygapophysial joint pain patients
with and without cervicogenic headache. Cephalalgia 31:953-63.

Cook, D. B., Stegner, A. J., Ellingson, L. D. (2010). Exercise alters pain sensitivity in Gulf War
veterans with chronic musculoskeletal pain. J Pain 11:764-72.

Daenen, L., Nijs, J., Roussel, N., Wouters, K., Van Loo, M., Cras, P. (2013). Dysfunctional pain
inhibition in patients with chronic whiplash-associated disorders: an experimental study. Clin
Rheumatol 32:23-31.

Daenen, L., Nijs, J., Cras, P., Wouters, K., Roussel, N. (2014). Changes in Pain Modulation Occur
Soon After Whiplash Trauma but are not Related to Altered Perception of Distorted Visual
Feedback. Pain Pract 14:588-98.

Dannecker, E. A., Koltyn, K. F., Riley, J. L., III, Robinson, M. E. (2002). The influence of endurance
exercise on delayed onset muscle soreness. J Sports Med Phys Fitness 42:458-65.

De Broucker, T., Cesaro, P., Willer, J. C., Le Bars, D. (1990). Diffuse noxious inhibitory controls in
man. Involvement of the spinoreticular tract. Brain 113:1223-34.

56



de Souza, J. B., Potvin, S., Goffaux, P., Charest, J., Marchand, S. (2009). The deficit of pain inhibition
in fibromyalgia is more pronounced in patients with comorbid depressive symptoms. Clin J
Pain 25:123-27.

Defrin, R., Tsedek, 1., Lugasi, 1., Moriles, 1., Urca, G. (2010). The interactions between spatial
summation and DNIC: effect of the distance between two painful stimuli and attentional factors
on pain perception. Pain 151:489-495.

Defrin, R., Ginzburg, K., Mikulincer, M., Solomon, Z. (2014). The long-term impact of tissue injury on
pain processing and modulation: A study on ex-prisoners of war who underwent torture. Eur J
Pain 18:548-58.

Delaney, G. A., McKee, A. C. (1993). Inter- and intra-rater reliability of the pressure threshold meter in
measurement of myofascial trigger point sensitivity. Am J Phys Med Rehabil 72:136-39.
Droste, C., Greenlee, M. W., Schreck, M., Roskamm, H. (1991). Experimental pain thresholds and

plasma beta-endorphin levels during exercise. Med Sci Sports Exerc 23:334-42.

Droste, C., Meyer-Blankenburg, H., Greenlee, M. W., Roskamm, H. (1988). Effect of physical exercise
on pain thresholds and plasma beta-endorphins in patients with silent and symptomatic
myocardial ischaemia. Eur Heart J Suppl N:25-33.

Drury, D., Stuempfle, K., Shannon, R., Miller, J. (2004). An investigation of exercise-induced
hypoalgesia after isometric and cardiovascular exercise. Journal of Exercise Physiology 7:1-5.

Drury, D. G., Greenwood, K., Stuempfle, K. J., Koltyn, K. F. (2005). Changes in pain perception in
women during and following an exhaustive incremental cycling exercise. J Sports Sci Med
4:215-22.

Edwards, R. R., Fillingim, R. B. (2001). Age-associated differences in responses to noxious stimuli. J
Gerontol A Biol Sci Med Sci 56:M180-85.

Edwards, R. R., Fillingim, R. B., Ness, T. J. (2003a). Age-related differences in endogenous pain
modulation: a comparison of diffuse noxious inhibitory controls in healthy older and younger
adults. Pain 101:155-165.

Edwards, R. R., Ness, T. J., Weigent, D. A., Fillingim, R. B. (2003b). Individual differences in diffuse
noxious inhibitory controls (DNIC): association with clinical variables. Pain 106:427-437.

Edwards, R. R., Mensing, G., Cahalan, C., Greenbaum, S., Narang, S., Belfer, 1., Schreiber, K. L.,
Campbell, C., Wasan, A. D., Jamison, R. N. (2013). Alteration in pain modulation in women
with persistent pain after lumpectomy: influence of catastrophizing. J Pain Symptom Manage
46:30-42.

Egger, G. J. (1979) Running High: The Inner Spaces of Jogging and how to Get There: Sun Books.

Ellingson, L. D., Koltyn, K. F., Kim, J. S., Cook, D. B. (2014). Does exercise induce hypoalgesia
through conditioned pain modulation? Psychophysiology 51:267-76.

Fillingim, R. B., Maixner, W., Kincaid, S., Silva, S. (1998). Sex differences in temporal summation but
not sensory-discriminative processing of thermal pain. Pain 75:121-27.

Focht, B. C., Koltyn, K. F. (2009). Alterations in pain perception after resistance exercise performed in
the morning and evening. J Strength Cond Res 23:891-97.

France, C. R., Suchowiecki, S. (1999). A comparison of diffuse noxious inhibitory controls in men and
women. Pain 81:77-84.

France, C. R., Suchowiecki, S. (2001). Assessing supraspinal modulation of pain perception in
individuals at risk for hypertension. Psychophysiology 38:107-113.

Fuller, A. K., Robinson, M. E. (1993). A test of exercise analgesia using signal detection theory and a
within-subjects design. Percept Mot Skills 76:1299-1310.

57



Galdino, G., Romero, T. R., Silva, J. F., Aguiar, D. C., de Paula, A. M., Cruz, J. S., Parrella, C,,
Piscitelli, F., Duarte, I. D., Di Marzo, V., Perez, A. C. (2014). The endocannabinoid system
mediates aerobic exercise-induced antinociception in rats. Neuropharmacology 77:313-24.

Garrett, P. H., Sarlani, E., Grace, E. G., Greenspan, J. D. (2013). Chronic temporomandibular disorders
are not necessarily associated with a compromised endogenous analgesic system. J Orofac Pain
27:142-50.

Ge, H. Y., Madeleine, P., Arendt-Nielsen, L. (2004). Sex differences in temporal characteristics of
descending inhibitory control: an evaluation using repeated bilateral experimental induction of
muscle pain. Pain 110:72-78.

Ge, H. Y., Nie, H., Graven-Nielsen, T., Danneskiold-Samsoe, B., Arendt-Nielsen, L. (2012).
Descending pain modulation and its interaction with peripheral sensitization following
sustained isometric muscle contraction in fibromyalgia. Eur J Pain 16:196-203.

Geber, C., Klein, T., Azad, S., Birklein, F., Gierthmuhlen, J., Huge, V., Lauchart, M., Nitzsche, D.,
Stengel, M., Valet, M., Baron, R., Maier, C., Tolle, T., Treede, R. D. (2011). Test-retest and
interobserver reliability of quantitative sensory testing according to the protocol of the German
Research Network on Neuropathic Pain (DFNS): a multi-centre study. Pain 152:548-56.

Geva, N., Defrin, R. (2013). Enhanced pain modulation among triathletes: A possible explanation for
their exceptional capabilities. Pain 154:2317-23.

Gibson, S. J., Helme, R. D. (2001). Age-related differences in pain perception and report. Clin Geriatr
Med 17:433-56.

Goodin, B. R., Kronfli, T., King, C. D., Glover, T. L., Sibille, K., Fillingim, R. B. (2013). Testing the
relation between dispositional optimism and conditioned pain modulation: does ethnicity
matter? J Behav Med 36:165-74.

Goodin, B. R., McGuire, L., Allshouse, M., Stapleton, L., Haythornthwaite, J. A., Burns, N., Mayes, L.
A., Edwards, R. R. (2009). Associations between catastrophizing and endogenous pain-
inhibitory processes: sex differences. J Pain 10:180-90.

Granot, M., Weissman-Fogel, 1., Crispel, Y., Pud, D., Granovsky, Y., Sprecher, E., Yarnitsky, D.
(2008). Determinants of endogenous analgesia magnitude in a diffuse noxious inhibitory control
(DNIC) paradigm: do conditioning stimulus painfulness, gender and personality variables
matter? Pain 136:142-49.

Grashorn, W., Sprenger, C., Forkmann, K., Wrobel, N., Bingel, U. (2013). Age-dependent decline of
endogenous pain control: exploring the effect of expectation and depression. PloS One
8:€75629.

Graven-Nielsen, T., Babenko, V., Svensson, P., Arendt-Nielsen, L. (1998). Experimentally induced
muscle pain induces hypoalgesia in heterotopic deep tissues, but not in homotopic deep tissues.
Brain Res 787:203-10.

Graven-Nielsen, T., Mense, S., Arendt-Nielsen, L. (2004). Painful and non-painful pressure sensations
from human skeletal muscle. Exp Brain Res 159:273-83.

Graven-Nielsen, T., Wodehouse, T., Langford, R. M., Arendt-Nielsen, L., Kidd, B. L. (2012).
Normalization of widespread hyperesthesia and facilitated spatial summation of deep-tissue
pain in knee osteoarthritis patients after knee replacement. Arthritis Rheum 64:2907-16.

Grosen, K., Vase, L., Pilegaard, H. K., Pfeiffer-Jensen, M., Drewes, A. M. (2014). Conditioned Pain
Modulation and Situational Pain Catastrophizing as Preoperative Predictors of Pain following
Chest Wall Surgery: A Prospective Observational Cohort Study. PloS One 9:€90185.

58



Guieu, R., Blin, O., Pouget, J., Serratrice, G. (1992). Nociceptive threshold and physical activity. Can J
Neurol Sci 19:69-71.

Gurevich, M., Kohn, P. M., Davis, C. (1994). Exercise-induced analgesia and the role of reactivity in
pain sensitivity. J Sports Sci 12:549-59.

Haier, R. J., Quaid, K., Mills, J. C. (1981). Naloxone alters pain perception after jogging. Psychiatry
Res 5:231-32.

Harkins, S. W., Chapman, C. R. (1976). Detection and decision factors in pain perception in young and
elderly men. Pain 2:253-64.

Hassett, A. L., Williams, D. A. (2011). Non-pharmacological treatment of chronic widespread
musculoskeletal pain. Best Pract Res Clin Rheumatol 25:299-309.

Heymen, S., Maixner, W., Whitehead, W. E., Klatzkin, R. R., Mechlin, B., Light, K. C. (2010). Central
processing of noxious somatic stimuli in patients with irritable bowel syndrome compared with
healthy controls. Clin J Pain 26:104-9.

Hoffman, M. D., Lee, J., Zhao, H., Tsodikov, A. (2007). Pain perception after running a 100-mile
ultramarathon. Arch Phys Med Rehabil 88:1042-48.

Hoffman, M. D., Shepanski, M. A., Mackenzie, S. P., Clifford, P. S. (2005). Experimentally induced
pain perception is acutely reduced by aerobic exercise in people with chronic low back pain. J
Rehabil Res Dev 42:183-90.

Hoffman, M. D., Shepanski, M. A., Ruble, S. B., Valic, Z., Buckwalter, J. B., Clifford, P. S. (2004).
Intensity and duration threshold for aerobic exercise-induced analgesia to pressure pain. Arch
Phys Med Rehabil 85:1183-87.

Honigman, L., Yarnitsky, D., Sprecher, E., Weissman-Fogel, 1. (2013). Psychophysical testing of
spatial and temporal dimensions of endogenous analgesia: conditioned pain modulation and
offset analgesia. Exp Brain Res 228:493-501.

Janal, M. N., Colt, E. W., Clark, W. C., Glusman, M. (1984). Pain sensitivity, mood and plasma
endocrine levels in man following long-distance running: effects of naloxone. Pain 19:13-25.

Jarrett, M. E., Shulman, R. J., Cain, K. C., Deechakawan, W., Smith, L. T., Richebe, P., Eugenio, M.,
Heitkemper, M. M. (2014). Conditioned Pain Modulation in Women With Irritable Bowel
Syndrome. Biol Res Nurs 16:368-77.

Jensen, K., Andersen, H. O., Olesen, J., Lindblom, U. (1986a). Pressure-pain threshold in human
temporal region. Evaluation of a new pressure algometer. Pain 25:313-23.

Jensen, M. P., Karoly, P., Braver, S. (1986b). The measurement of clinical pain intensity: a comparison
of six methods. Pain 27:117-26.

Jensen, R., Rasmussen, B. K., Pedersen, B., Lous, L., Olesen, J. (1992). Cephalic muscle tenderness and
pressure pain threshold in a general population. Pain 48:197-203.

Jespersen, A., Amris, K., Graven-Nielsen, T., Arendt-Nielsen, L., Bartels, E. M., Torp-Pedersen, S.,
Bliddal, H., Danneskiold-Samsoe, B. (2013). Assessment of pressure-pain thresholds and
central sensitization of pain in lateral epicondylalgia. Pain Med 14:297-304.

Jespersen, A., Dreyer, L., Kendall, S., Graven-Nielsen, T., Arendt-Nielsen, L., Bliddal, H.,
Danneskiold-Samsoe, B. (2007). Computerized cuff pressure algometry: A new method to
assess deep-tissue hypersensitivity in fibromyalgia. Pain 131:57-62.

Johannesson, U., de Boussard, C. N., Brodda Jansen, G., Bohm-Starke, N. (2007). Evidence of diffuse
noxious inhibitory controls (DNIC) elicited by cold noxious stimulation in patients with
provoked vestibulodynia. Pain 130:31-39.

59



Kadetoff, D., Kosek, E. (2007). The effects of static muscular contraction on blood pressure, heart rate,
pain ratings and pressure pain thresholds in healthy individuals and patients with fibromyalgia.
Eur J Pain 11:39-47.

Kemppainen, P., Hamalainen, O., Kononen, M. (1998). Different effects of physical exercise on cold
pain sensitivity in fighter pilots with and without the history of acute in-flight neck pain attacks.
Med Sci Sports Exerc 30:577-82.

Kemppainen, P., Pertovaara, A., Huopaniemi, T., Johansson, G. (1986). Elevation of dental pain
threshold induced in man by physical exercise is not reversed by cyproheptadine-mediated
suppression of growth hormone release. Neurosci Lett 70:388-92.

Kemppainen, P., Pertovaara, A., Huopaniemi, T., Johansson, G., Karonen, S. L. (1985). Modification
of dental pain and cutaneous thermal sensitivity by physical exercise in man. Brain Res 360:33-
40.

Kemppainen, P., Paalasmaa, P., Pertovaara, A., Alila, A., Johansson, G. (1990). Dexamethasone
attenuates exercise-induced dental analgesia in man. Brain Res 519:329-32.

Khan, J., Benavent, V., Korczeniewska, O. A., Benoliel, R., Eliav, E. (2014). Exercise-Induced
Hypoalgesia Profile in Rats Predicts Neuropathic Pain Intensity Induced by Sciatic Nerve
Constriction Injury. J Pain (Epub ahead of print).

King, C. D., Goodin, B., Kindler, L. L., Caudle, R. M., Edwards, R. R., Gravenstein, N., Riley, J. L.,
3rd, Fillingim, R. B. (2013). Reduction of conditioned pain modulation in humans by
naltrexone: an exploratory study of the effects of pain catastrophizing. J Behav Med 36:315-27.

King, C. D., Wong, F., Currie, T., Mauderli, A. P., Fillingim, R. B., Riley, J. L., 3rd (2009). Deficiency
in endogenous modulation of prolonged heat pain in patients with Irritable Bowel Syndrome
and Temporomandibular Disorder. Pain 143:172-178.

Knauf, M. T., Koltyn, K. F. (2014). Exercise-Induced Modulation of Pain in Adults with and without
Painful Diabetic Neuropathy. J Pain 15:656-63 .

Knudsen, L., Drummond, P. D. (2009). Cold-induced limb pain decreases sensitivity to pressure-pain
sensations in the ipsilateral forehead. Eur J Pain 13:1023-29.

Kodesh, E., Weissman-Fogel, I. (2014). Exercise-induced hypoalgesia - interval versus continuous
mode. Appl Physiol Nutr Metab 39:829-34.

Koltyn, K. F. (2000). Analgesia following exercise: a review. Sports Med 29:85-98.

Koltyn, K. F. (2002). Exercise-induced hypoalgesia and intensity of exercise. Sports Med 32:477-87.

Koltyn, K. F., Arbogast, R. W. (1998). Perception of pain after resistance exercise. Br J Sports Med
32:20-24.

Koltyn, K. F., Garvin, A. W., Gardiner, R. L., Nelson, T. F. (1996). Perception of pain following
aerobic exercise. Med Sci Sports Exerc 28:1418-21.

Koltyn, K. F., Knauf, M. T., Brellenthin, A. G. (2013). Temporal summation of heat pain modulated by
isometric exercise. Eur J Pain 17:1005-11.

Koltyn, K. F., Trine, M. R., Stegner, A. J., Tobar, D. A. (2001). Effect of isometric exercise on pain
perception and blood pressure in men and women. Med Sci Sports Exerc 33:282-90.

Koltyn, K. F., Umeda, M. (2006). Exercise, hypoalgesia and blood pressure. Sports Med 36:207-14.

Koltyn, K. F., Umeda, M. (2007). Contralateral attenuation of pain after short-duration submaximal
isometric exercise. J Pain 8:887-92.

Koltyn, K.F., Brellenthin, A.G., Cook, D.B., Sehgal, N., Hillard, C. (2014). Mechanisms of Exercise-
Induced Hypoalgesia J Pain, doi: 10.1016/j.jpain.2014.09.006.

60



Kosek, E., Ekholm, J. (1995). Modulation of pressure pain thresholds during and following isometric
contraction. Pain 61:481-86.

Kosek, E., Ekholm, J., Hansson, P. (1995). Increased pressure pain sensibility in fibromyalgia patients
1s located deep to the skin but not restricted to muscle tissue. Pain 63:335-39.

Kosek, E., Ekholm, J., Hansson, P. (1996). Modulation of pressure pain thresholds during and
following isometric contraction in patients with fibromyalgia and in healthy controls. Pain
64:415-23.

Kosek, E., Hansson, P. (1997). Modulatory influence on somatosensory perception from vibration and
heterotopic noxious conditioning stimulation (HNCS) in fibromyalgia patients and healthy
subjects. Pain 70:41-51.

Kosek, E., Lundberg, L. (2003). Segmental and plurisegmental modulation of pressure pain thresholds
during static muscle contractions in healthy individuals. Eur J Pain 7:251-58.

Kosek, E., Ordeberg, G. (2000a). Abnormalities of somatosensory perception in patients with painful
osteoarthritis normalize following successful treatment. Eur J Pain 4:229-38.

Kosek, E., Ordeberg, G. (2000b). Lack of pressure pain modulation by heterotopic noxious
conditioning stimulation in patients with painful osteoarthritis before, but not following,
surgical pain relief. Pain 88:69-78.

Kosek, E., Roos, E. M., Ageberg, E., Nilsdotter, A. (2013). Increased pain sensitivity but normal
function of exercise induced analgesia in hip and knee osteoarthritis--treatment effects of
neuromuscular exercise and total joint replacement. Osteoarthritis Cartilage 21:1299-1307.

Ladouceur, A., Tessier, J., Provencher, B., Rainville, P., Piche, M. (2012). Top-down attentional
modulation of analgesia induced by heterotopic noxious counterstimulation. Pain 153:1755-62.

Lannersten, L., Kosek, E. (2010). Dysfunction of endogenous pain inhibition during exercise with
painful muscles in patients with shoulder myalgia and fibromyalgia. Pain 151:77-86.

Lariviere, M., Goffaux, P., Marchand, S., Julien, N. (2007). Changes in pain perception and descending
inhibitory controls start at middle age in healthy adults. Clin J Pain 23:506-10.

Lautenbacher, S., Kunz, M., Burkhardt, S. (2008). The effects of DNIC-type inhibition on temporal
summation compared to single pulse processing: does sex matter? Pain 140:429-35.

Lautenbacher, S., Kunz, M., Strate, P., Nielsen, J., Arendt-Nielsen, L. (2005). Age effects on pain
thresholds, temporal summation and spatial summation of heat and pressure pain. Pain 115:410-
18.

Lautenbacher, S., Rollman, G. B. (1997). Possible deficiencies of pain modulation in fibromyalgia.
Clin J Pain 13:189-96.

Lautenbacher, S., Roscher, S., Strian, F. (2002). Inhibitory effects do not depend on the subjective
experience of pain during heterotopic noxious conditioning stimulation (HNCS): a contribution
to the psychophysics of pain inhibition. Eur J Pain 6:365-74.

Le Bars, D., Chitour, D., Clot, A. M. (1981a). The encoding of thermal stimuli by diffuse noxious
inhibitory controls (DNIC). Brain Res 230:394-99.

Le Bars, D., Chitour, D., Kraus, E., Clot, A. M., Dickenson, A. H., Besson, J. M. (1981b). The effect of
systemic morphine upon diffuse noxious inhibitory controls (DNIC) in the rat: evidence for a
lifting of certain descending inhibitory controls of dorsal horn convergent neurones. Brain Res
215:257-74.

Le Bars, D., Chitour, D., Kraus, E., Dickenson, A. H., Besson, J. M. (1981c). Effect of naloxone upon
diffuse noxious inhibitory controls (DNIC) in the rat. Brain Res 204:387-402.

61



Le Bars, D., Dickenson, A. H., Besson, J. M. (1979a). Diffuse noxious inhibitory controls (DNIC). L.
Effects on dorsal horn convergent neurones in the rat. Pain 6:283-304.

Le Bars, D., Dickenson, A. H., Besson, J. M. (1979b). Diffuse noxious inhibitory controls (DNIC). II.
Lack of effect on non-convergent neurones, supraspinal involvement and theoretical
implications. Pain 6:305-27.

Le Bars, D., Willer, J. C., De Broucker, T. (1992). Morphine blocks descending pain inhibitory
controls in humans. Pain 48:13-20.

Leffler, A. S., Hansson, P., Kosek, E. (2002a). Somatosensory perception in a remote pain-free area
and function of diffuse noxious inhibitory controls (DNIC) in patients suffering from long-term
trapezius myalgia. Eur J Pain 6:149-59.

Leffler, A. S., Kosek, E., Lerndal, T., Nordmark, B., Hansson, P. (2002b). Somatosensory perception
and function of diffuse noxious inhibitory controls (DNIC) in patients suffering from
rheumatoid arthritis. Eur J Pain 6:161-76.

Lemley, K. J., Drewek, B., Hunter, S. K., Hoeger Bement, M. K. (2014a). Pain relief after isometric
exercise is not task-dependent in older men and women. Med Sci Sports Exerc 46:185-91.

Lemley, K. J., Hunter, S. K., Hoeger Bement, M. K. (2014b). Conditioned Pain Modulation Predicts
Exercise-Induced Hypoalgesia in Healthy Adults. Med Sci Sports Exerc (Epub ahead of print)..

Lemming, D., Graven-Nielsen, T., Sorensen, J., Arendt-Nielsen, L., Gerdle, B. (2012). Widespread
pain hypersensitivity and facilitated temporal summation of deep tissue pain in whiplash
associated disorder: an explorative study of women. J Rehabil Med 44:648-57.

Leonard, G., Goffaux, P., Mathieu, D., Blanchard, J., Kenny, B., Marchand, S. (2009). Evidence of
descending inhibition deficits in atypical but not classical trigeminal neuralgia. Pain 147:217-
23.

Lewis, G. N., Heales, L., Rice, D. A., Rome, K., McNair, P. J. (2012a). Reliability of the conditioned
pain modulation paradigm to assess endogenous inhibitory pain pathways. Pain Res Manag
17:98-102.

Lewis, G. N., Rice, D. A., McNair, P. J. (2012b). Conditioned pain modulation in populations with
chronic pain: a systematic review and meta-analysis. J Pain 13:936-44.

Liebano, R. E., Vance, C. G., Rakel, B. A., Lee, J. E., Cooper, N. A., Marchand, S., Walsh, D. M.,
Sluka, K. A. (2013). Transcutaneous electrical nerve stimulation and conditioned pain
modulation influence the perception of pain in humans. Eur J Pain 17:1539-46.

Makino, K., Kohase, H., Sanada, T., Umino, M. (2010). Phenylephrine suppresses the pain modulation
of diffuse noxious inhibitory control in rats. Anesth Analg 110:1215-21.

Mannerkorpi, K., Henriksson, C. (2007). Non-pharmacological treatment of chronic widespread
musculoskeletal pain. Best Pract Res Clin Rheumatol 21:513-34.

Martel, M. O., Wasan, A. D., Edwards, R. R. (2013). Sex differences in the stability of conditioned
pain modulation (CPM) among patients with chronic pain. Pain Med 14:1757-68.

McMurray, R. G., Forsythe, W. A., Mar, M. H., Hardy, C. J. (1987). Exercise intensity-related
responses of beta-endorphin and catecholamines. Med Sci Sports Exerc 19:570-74.

Meeus, M., Hermans, L., Ickmans, K., Struyf, F., Van Cauwenbergh, D., Bronckaerts, L., De Clerck, L.
S., Moorken, G., Hans, G., Grosemans, S., Nijs, J. (2014). Endogenous Pain Modulation in
Response to Exercise in Patients with Rheumatoid Arthritis, Patients with Chronic Fatigue
Syndrome and Comorbid Fibromyalgia, and Healthy Controls: A Double-Blind Randomized
Controlled Trial. Pain Pract (Epub ahead of print).

62



Meeus, M., Nijs, J., Van de Wauwer, N., Toeback, L., Truijen, S. (2008). Diffuse noxious inhibitory
control is delayed in chronic fatigue syndrome: an experimental study. Pain 139:439-48.

Meeus, M., Roussel, N. A., Truijen, S., Nijs, J. (2010). Reduced pressure pain thresholds in response to
exercise in chronic fatigue syndrome but not in chronic low back pain: an experimental study. J
Rehabil Med 42:884-90.

Meeus, M., Van Oosterwijck, J., Ickmans, K., Baert, 1., Coppieters, 1., Roussel, N., Struyf, F., Pattyn,
N., Nijs, J. (2013). Interrelationships between pain processing, cortisol and cognitive
performance in chronic whiplash-associated disorders. Clin Rheumatol (Epub ahead of print).

Melzack, R. (1975). Prolonged relief of pain by brief, intense transcutaneous somatic stimulation. Pain
1:357-73.

Melzack, R., Wall, P. D. (1965). Pain mechanisms: a new theory. Science 150:971-79.

Merskey, H., Bogduk, N. (1994) Classification of chronic pain: descriptors of chronic pain syndromes
and definitions of pain terms, second edition. Seattle: IASP Press.

Michaux, G., Anton, F., Erpelding, N., Streff, A. (2010). Comments on "Recommendations on
terminology and practice of psychophysical DNIC testing" by Yarnitsky et al., 14 (4), 339. Eur
J Pain 14:1068-69.

Misra, G., Paris, T. A., Archer, D. B., Coombes, S. A. (2014). Dose-response effect of isometric force
production on the perception of pain. PloS One 9:e88105.

Moont, R., Pud, D., Sprecher, E., Sharvit, G., Yarnitsky, D. (2010). 'Pain inhibits pain' mechanisms: Is
pain modulation simply due to distraction? Pain 150:113-20.

Nahman-Averbuch, H., Granovsky, Y., Coghill, R. C., Yarnitsky, D., Sprecher, E., Weissman-Fogel, 1.
(2013). Waning of "conditioned pain modulation": a novel expression of subtle pronociception
in migraine. Headache 53:1104-15.

Nahman-Averbuch, H., Martucci, K. T., Granovsky, Y., Weissman-Fogel, 1., Yarnitsky, D., Coghill, R.
C. (2014). Distinct brain mechanisms support spatial vs temporal filtering of nociceptive
information. Pain (Epub ahead of print).

Nahman-Averbuch, H., Yarnitsky, D., Granovsky, Y., Sprecher, E., Steiner, M., Tzuk-Shina, T., Pud,
D. (2011). Pronociceptive pain modulation in patients with painful chemotherapy-induced
polyneuropathy. J Pain Symptom Manage 42:229-38.

Naugle, K. M., Fillingim, R. B., Riley, J. L., 3rd (2012). A meta-analytic review of the hypoalgesic
effects of exercise. J Pain 13:1139-50.

Naugle, K. M., Naugle, K. E., Fillingim, R. B., Riley, J. L., 3rd (2014a). Isometric Exercise as a Test of
Pain Modulation: Effects of Experimental Pain Test, Psychological Variables, and Sex. Pain
Med 15:692-701.

Naugle, K. M., Naugle, K. E., Fillingim, R. B., Samuels, B., Riley, J. L., 3rd (2014b). Intensity
Thresholds for Aerobic Exercise-Induced Hypoalgesia. Med Sci Sports Exerc46:817-25.
Naugle, K. M., Riley, J. L., 3rd (2014). Self-reported Physical Activity Predicts Pain Inhibitory and

Facilitatory Function. Med Sci Sports Exerc 46:622-29.

Ness, T. J., Lloyd, L. K., Fillingim, R. B. (2014). An endogenous pain control system is altered in
subjects with interstitial cystitis. J Urol 191:364-70.

Newcomb, L. W., Koltyn, K. F., Morgan, W. P., Cook, D. B. (2011). Influence of preferred versus
prescribed exercise on pain in fibromyalgia. Med Sci Sports Exerc 43:1106-13.

Neziri, A. Y., Scaramozzino, P., Andersen, O. K., Dickenson, A. H., Arendt-Nielsen, L., Curatolo, M.
(2011). Reference values of mechanical and thermal pain tests in a pain-free population., Eur J
Pain 15:376-83.

63



Ng, T. S., Pedler, A., Vicenzino, B., Sterling, M. (2014). Less Efficacious Conditioned Pain
Modulation and Sensory Hypersensitivity in Chronic Whiplash-associated Disorders in
Singapore. Clin J Pain 30:436-42.

Nie, H., Arendt-Nielsen, L., Andersen, H., Graven-Nielsen, T. (2005). Temporal summation of pain
evoked by mechanical stimulation in deep and superficial tissue. J Pain 6:348-55.

Nielsen, M. M., Mortensen, A., Sorensen, J. K., Simonsen, O., Graven-Nielsen, T. (2009). Reduction
of experimental muscle pain by passive physiological movements. Man Ther 14:101-9.

Niesters, M., Aarts, L., Sarton, E., Dahan, A. (2013). Influence of ketamine and morphine on
descending pain modulation in chronic pain patients: a randomized placebo-controlled cross-
over proof-of-concept study. Br J Anaesth 110:1010-16.

Nir, R. R., Granovsky, Y., Yarnitsky, D., Sprecher, E., Granot, M. (2011). A psychophysical study of
endogenous analgesia: the role of the conditioning pain in the induction and magnitude of
conditioned pain modulation. Eur J Pain 15:491-97.

Nir, R. R., Yarnitsky, D., Honigman, L., Granot, M. (2012). Cognitive manipulation targeted at
decreasing the conditioning pain perception reduces the efficacy of conditioned pain
modulation. Pain 153:170-76.

Normand, E., Potvin, S., Gaumond, I., Cloutier, G., Corbin, J. F., Marchand, S. (2011). Pain inhibition
is deficient in chronic widespread pain but normal in major depressive disorder. J Clin
Psychiatry 72:219-24.

Nussbaum, E. L., Downes, L. (1998). Reliability of clinical pressure-pain algometric measurements
obtained on consecutive days. Phys Ther 78:160-69.

Olausson, B., Eriksson, E., Ellmarker, L., Rydenhag, B., Shyu, B. C., Andersson, S. A. (1986). Effects
of naloxone on dental pain threshold following muscle exercise and low frequency
transcutaneous nerve stimulation: a comparative study in man. Acta Physiol Scand 126:299-
305.

Olesen, S. S., Brock, C., Krarup, A. L., Funch-Jensen, P., Arendt-Nielsen, L., Wilder-Smith, O. H.,
Drewes, A. M. (2010). Descending inhibitory pain modulation is impaired in patients with
chronic pancreatitis. Clin Gastroenterol Hepatol 8:724-30.

Olesen, S. S., van Goor, H., Bouwense, S. A., Wilder-Smith, O. H., Drewes, A. M. (2012). Reliability
of static and dynamic quantitative sensory testing in patients with painful chronic pancreatitis.
Reg Anesth Pain Med 37:530-36.

Oono, Y., Wang, K., Svensson, P., Arendt-Nielsen, L. (2011). Conditioned pain modulation evoked by
different intensities of mechanical stimuli applied to the craniofacial region in healthy men and
women. J Orofac Pain 25:364-75.

Oono, Y., Wang, K., Svensson, P., Arendt-Nielsen, L. (2012). Conditioned pain modulation evoked by
a mechanical craniofacial stimulus is not influenced by noxious stimulation of the
temporomandibular joint. J Orofac Pain 26:105-16.

Oono, Y., Wang, K., Baad-Hansen, L., Futarmal, S., Kohase, H., Svensson, P., Arendt-Nielsen, L.
(2014). Conditioned pain modulation in temporomandibular disorders (TMD) pain patients. Exp
Brain Res 232:3111-19.

Otto, M. W., Dougher, M. J. (1985). Sex differences and personality factors in responsivity to pain.
Percept Mot Skills 61:383-90.

Padawer, W. J., Levine, F. M. (1992). Exercise-induced analgesia: fact or artifact? Pain 48:131-35.

Paris, T. A., Misra, G., Archer, D. B., Coombes, S. A. (2013). Effects of a force production task and a
working memory task on pain perception. J Pain 14:1492-1501.

64



Paul-Savoie, E., Marchand, S., Morin, M., Bourgault, P., Brissette, N., Rattanavong, V., Cloutier, C.,
Bissonnette, A., Potvin, S. (2012). Is the deficit in pain inhibition in fibromyalgia influenced by
sleep impairments? Open Rheumatol J 6:296-302.

Pickering, G., Jourdan, D., Eschalier, A., Dubray, C. (2002). Impact of age, gender and cognitive
functioning on pain perception. Gerontology 48:112-118.

Pickering, G., Pereira, B., Dufour, E., Soule, S., Dubray, C. (2014). Impaired modulation of pain in
patients with postherpetic neuralgia. Pain Res Manag 19:e19-23.

Pielsticker, A., Haag, G., Zaudig, M., Lautenbacher, S. (2005). Impairment of pain inhibition in chronic
tension-type headache. Pain 118:215-23.

Pokhrel, B. R., Malik, S. L., Ansari, A. H., Paudel, B. H., Sinha, R., Sinha, M. (2013). Effect of Sub-
maximal Exercise Stress on Cold Pressor Pain: A Gender Based Study. Kathmandu Univ Med J
(KUMJ) 11:54-59.

Polianskis, R., Graven-Nielsen, T., Arendt-Nielsen, L. (2001). Computer-controlled pneumatic pressure
algometry--a new technique for quantitative sensory testing. Eur J Pain 5:267-77.

Polianskis, R., Graven-Nielsen, T., Arendt-Nielsen, L. (2002a). Modality-specific facilitation and
adaptation to painful tonic stimulation in humans. Eur J Pain 6:475-84.

Polianskis, R., Graven-Nielsen, T., Arendt-Nielsen, L. (2002b). Pressure-pain function in desensitized
and hypersensitized muscle and skin assessed by cuff algometry. J Pain 3:28-37.

Polianskis, R., Graven-Nielsen, T., Arendt-Nielsen, L. (2002c). Spatial and temporal aspects of deep
tissue pain assessed by cuff algometry. Pain 100:19-26.

Popescu, A., LeResche, L., Truelove, E. L., Drangsholt, M. T. (2010). Gender differences in pain
modulation by diffuse noxious inhibitory controls: a systematic review. Pain 150:309-18.

Price, D. D., McHaffie, J. G. (1988). Effects of heterotopic conditioning stimuli on first and second
pain: a psychophysical evaluation in humans. Pain 34:245-52.

Pud, D., Sprecher, E., Yarnitsky, D. (2005). Homotopic and heterotopic effects of endogenous
analgesia in healthy volunteers. Neuroscience letters 380:209-213.

Pud, D., Granovsky, Y., Yarnitsky, D. (2009). The methodology of experimentally induced diffuse
noxious inhibitory control (DNIC)-like effect in humans. Pain 144:16-19.

Quiton, R. L., Greenspan, J. D. (2007). Sex differences in endogenous pain modulation by distracting
and painful conditioning stimulation. Pain 132:S134-49.

Racine, M., Tousignant-Laflamme, Y., Kloda, L. A., Dion, D., Dupuis, G., Choiniere, M. (2012). A
systematic literature review of 10 years of research on sex/gender and pain perception - part 2:
do biopsychosocial factors alter pain sensitivity differently in women and men? Pain 153:619-
35.

Ram, K. C., Eisenberg, E., Haddad, M., Pud, D. (2008). Oral opioid use alters DNIC but not cold pain
perception in patients with chronic pain - new perspective of opioid-induced hyperalgesia. Pain
139:431-38.

Razavi, M., Hansson, P. T., Johansson, B., Leffler, A. S. (2013). The influence of intensity and
duration of a painful conditioning stimulation on conditioned pain modulation in volunteers.
Eur J Pain 18:853-61.

Reeves, J. L., Jaeger, B., Graff-Radford, S. B. (1986). Reliability of the pressure algometer as a
measure of myofascial trigger point sensitivity. Pain 24:313-21.

Rezaii, T., Hirschberg, A. L., Carlstrom, K., Ernberg, M. (2012). The influence of menstrual phases on
pain modulation in healthy women. J Pain 13:646-55.

65



Riley, J. L., 3rd, Cruz-Almeida, Y., Glover, T. L., King, C. D., Goodin, B. R., Sibille, K. T., Bartley, E.
J., Herbert, M. S., Sotolongo, A., Fessler, B. J., Redden, D. T., Staud, R., Bradley, L. A.,
Fillingim, R. B. (2014). Age and race effects on pain sensitivity and modulation among middle-
aged and older adults. J Pain 15:272-82.

Riley, J. L., 3rd, King, C. D., Wong, F., Fillingim, R. B., Mauderli, A. P. (2010). Lack of endogenous
modulation and reduced decay of prolonged heat pain in older adults. Pain 150:153-60.

Riley, J. L., 3rd, Robinson, M. E., Wise, E. A., Myers, C. D., Fillingim, R. B. (1998). Sex differences
in the perception of noxious experimental stimuli: a meta-analysis. Pain 74:181-87.

Riley, J. L., 3rd, Robinson, M. E., Wise, E. A., Price, D. D. (1999). A meta-analytic review of pain
perception across the menstrual cycle. Pain 81:225-35.

Ring, C., Edwards, L., Kavussanu, M. (2008). Effects of isometric exercise on pain are mediated by
blood pressure. Biol Psychol 78:123-28.

Rolke, R., Baron, R., Maier, C., Tolle, T. R., Treede, R. D., Beyer, A., Binder, A., Birbaumer, N.,
Birklein, F., Botefur, 1. C., Braune, S., Flor, H., Huge, V., Klug, R., Landwehrmeyer, G. B.,
Magerl, W., Maihofner, C., Rolko, C., Schaub, C., Scherens, A., Sprenger, T., Valet, M.,
Wasserka, B. (2006). Quantitative sensory testing in the German Research Network on
Neuropathic Pain (DFNS): standardized protocol and reference values. Pain 123:231-43.

Roosink, M., Renzenbrink, G. J., Buitenweg, J. R., van Dongen, R. T., Geurts, A. C., [jzerman, M. J.
(2011). Somatosensory symptoms and signs and conditioned pain modulation in chronic post-
stroke shoulder pain. J Pain 12:476-85.

Rosen, A., Feldreich, A., Dabirian, N., Ernberg, M. (2008). Effect of heterotopic noxious conditioning
stimulation on electrical and pressure pain thresholds in two different anatomical regions. Acta
Odontol Scand 66:181-88.

Roy, R. S., MacDermid, J. C., Orton, B., Tran, T., Faber, K. J., Drosdowech, D., Athwal, G. S. (2009).
The concurrent validity of a hand-held versus a stationary dynamometer in testing isometric
shoulder strength. J Hand Ther 22:320-26.

Ruble, S. B., Hoffman, M. D., Shepanski, M. A., Valic, Z., Buckwalter, J. B., Clifford, P. S. (2005).
Thermal pain perception after aerobic exercise. Arch Phys Med Rehabil 86:1019-23.

Sanada, T., Kohase, H., Makino, K., Umino, M. (2009). Effects of alpha-adrenergic agonists on pain
modulation in diffuse noxious inhibitory control. ] Med Dent Sci 56:17-24.

Sandrini, G., Rossi, P., Milanov, I., Serrao, M., Cecchini, A. P., Nappi, G. (2006). Abnormal
modulatory influence of diffuse noxious inhibitory controls in migraine and chronic tension-
type headache patients. Cephalalgia 26:782-89.

Sarlani, E., Grace, E. G., Reynolds, M. A., Greenspan, J. D. (2004). Sex differences in temporal
summation of pain and aftersensations following repetitive noxious mechanical stimulation.
Pain 109:115-23.

Schliessbach, J., Siegenthaler, A., Streitberger, K., Eichenberger, U., Nuesch, E., Juni, P., Arendt-
Nielsen, L., Curatolo, M. (2013). The prevalence of widespread central hypersensitivity in
chronic pain patients. Eur J Pain 17:1502-10.

Serrao, M., Rossi, P., Sandrini, G., Parisi, L., Amabile, G. A., Nappi, G., Pierelli, F. (2004). Effects of
diffuse noxious inhibitory controls on temporal summation of the RIII reflex in humans. Pain
112:353-60.

Skou, S. T., Graven-Nielsen, T., Rasmussen, S., Simonsen, O. H., Laursen, M. B., Arendt-Nielsen, L.
(2013). Widespread sensitization in patients with chronic pain after revision total knee
arthroplasty. Pain 154:1588-94.

66



Skou, S. T., Graven-Nielsen, T., Rasmussen, S., Simonsen, O. H., Laursen, M. B., Arendt-Nielsen, L.
(2014). Facilitation of pain sensitization in knee osteoarthritis and persistent post-operative
pain: A cross-sectional study. Eur J Pain 18:1024-31.

Smith, M. T., Edwards, R. R., McCann, U. D., Haythornthwaite, J. A. (2007). The effects of sleep
deprivation on pain inhibition and spontaneous pain in women. Sleep 30:494-505.

Smits, E. S., Selles, R. W., Huygen, F. J., Duraku, L. S., Hovius, S. E., Walbeehm, E. T. (2014).
Disordered conditioned pain modulation system in patients with posttraumatic cold intolerance.
J Plast Reconstr Aesthet Surg 67:68-73.

Soares, J., Naffah-Mazzacoratti, M. G., Cavalheiro, E. A. (1994). Increased serotonin levels in
physically trained men. Braz J] Med Biol Res 27:1635-38.

Sowman, P. F., Wang, K., Svensson, P., Arendt-Nielsen, L. (2011). Diffuse noxious inhibitory control
evoked by tonic craniofacial pain in humans. Eur J Pain 15:139-45.

Sparling, P. B., Giuffrida, A., Piomelli, D., Rosskopf, L., Dietrich, A. (2003). Exercise activates the
endocannabinoid system. Neuroreport 14:2209-11.

Sprenger, C., Bingel, U., Buchel, C. (2011). Treating pain with pain: supraspinal mechanisms of
endogenous analgesia elicited by heterotopic noxious conditioning stimulation. Pain 152:428-
39.

Stark, T., Walker, B., Phillips, J. K., Fejer, R., Beck, R. (2011). Hand-held Dynamometry Correlation
With the Gold Standard Isokinetic Dynamometry: A Systematic Review. PM R 3:472-79.

Staud, R., Cannon, R. C., Mauderli, A. P., Robinson, M. E., Price, D. D., Vierck, C. J., Jr. (2003a).
Temporal summation of pain from mechanical stimulation of muscle tissue in normal controls
and subjects with fibromyalgia syndrome. Pain 102:87-95.

Staud, R., Robinson, M. E., Vierck, C. J., Jr., Cannon, R. C., Mauderli, A. P., Price, D. D. (2003b).
Ratings of experimental pain and pain-related negative affect predict clinical pain in patients
with fibromyalgia syndrome. Pain 105:215-22.

Staud, R., Robinson, M. E., Vierck, C. J., Jr., Price, D. D. (2003c). Diffuse noxious inhibitory controls
(DNIC) attenuate temporal summation of second pain in normal males but not in normal
females or fibromyalgia patients. Pain 101:167-74.

Staud, R., Robinson, M. E., Price, D. D. (2005). Isometric exercise has opposite effects on central pain
mechanisms in fibromyalgia patients compared to normal controls. Pain 118:176-84.

Steinberg, L. L., Sposito, M. M., Lauro, F. A., Tufik, S., Mello, M. T., Naffah-Mazzacoratti, M. G.,
Cavalheiro, E. A., Silva, A. C. (1998). Serum level of serotonin during rest and during exercise
in paraplegic patients. Spinal Cord 36:18-20.

Sternberg, W. F., Bokat, C., Kass, L., Alboyadjian, A., Gracely, R. H. (2001). Sex-dependent
components of the analgesia produced by athletic competition. J Pain 2:65-74.

Streff, A., Michaux, G., Anton, F. (2011). Internal validity of inter-digital web pinching as a model for
perceptual diffuse noxious inhibitory controls-induced hypoalgesia in healthy humans. Eur J
Pain 15:45-52.

Sutton, K. S., Pukall, C. F., Chamberlain, S. (2012). Diffuse noxious inhibitory control function in
women with provoked vestibulodynia. Clin J Pain 28:667-74.

Svensson, P., Hashikawa, C. H., Casey, K. L. (1999). Site- and modality-specific modulation of
experimental muscle pain in humans. Brain Res 851:32-38.

Swain, D.P., Abernathy, K.S., Smith, C.S., Lee, S.J., Bunn, S.A. (1994). Target heart rates for the
development of cardiorespiratory fitness. Med Sci Sports Exerc 26:112-6.

67



Talbot, J. D., Duncan, G. H., Bushnell, M. C. (1989). Effects of diffuse noxious inhibitory controls
(DNICs) on the sensory-discriminative dimension of pain perception. Pain 36:231-38.

Talbot, J. D., Duncan, G. H., Bushnell, M. C., Boyer, M. (1987). Diffuse noxious inhibitory controls
(DNICs): psychophysical evidence in man for intersegmental suppression of noxious heat
perception by cold pressor pain. Pain 30:221-32.

Teepker, M., Kunz, M., Peters, M., Kundermann, B., Schepelmann, K., Lautenbacher, S. (2014).
Endogenous pain inhibition during menstrual cycle in migraine. Eur J Pain 18:989-98.

Tesarz, J., Gerhardt, A., Schommer, K., Treede, R. D., Eich, W. (2013). Alterations in endogenous pain
modulation in endurance athletes: An experimental study using quantitative sensory testing and
the cold-pressor task. Pain 154:1022-29.

Tesarz, J., Schuster, A. K., Hartmann, M., Gerhardt, A., Eich, W. (2012). Pain perception in athletes
compared to normally active controls: a systematic review with meta-analysis. Pain 153:1253-
62.

Tousignant-Laflamme, Y., Page, S., Goffaux, P., Marchand, S. (2008). An experimental model to
measure excitatory and inhibitory pain mechanisms in humans. Brain Res 1230:73-79.

Treister, R., Eisenberg, E., Gershon, E., Haddad, M., Pud, D. (2010). Factors affecting - and
relationships between-different modes of endogenous pain modulation in healthy volunteers.
Eur J Pain 14:608-14.

Tuveson, B., Leffler, A. S., Hansson, P. (2006). Time dependent differences in pain sensitivity during
unilateral ischemic pain provocation in healthy volunteers. Eur J Pain 10:225-32.

Tuveson, B., Leffler, A. S., Hansson, P. (2007). Heterotopic noxious conditioning stimulation (HNCS)
reduced the intensity of spontaneous pain, but not of allodynia in painful peripheral neuropathy.
Eur J Pain 11:452-62.

Tuveson, B., Leffler, A. S., Hansson, P. (2009). Influence of heterotopic noxious conditioning
stimulation on spontaneous pain and dynamic mechanical allodynia in central post-stroke pain
patients. Pain 143:84-91.

Umeda, M., Newcomb, L. W., Ellingson, L. D., Koltyn, K. F. (2010). Examination of the dose-
response relationship between pain perception and blood pressure elevations induced by
isometric exercise in men and women. Biol Psychol 85:90-96.

Umeda, M., Newcomb, L. W., Koltyn, K. F. (2009). Influence of blood pressure elevations by
isometric exercise on pain perception in women. Int J Psychophysiol 74:45-52.

Unruh, A. M. (1996). Gender variations in clinical pain experience. Pain 65:123-67.

Vaegter, H. B., Handberg, G., Graven-Nielsen, T. (2014). Similarities between exercise-induced
hypoalgesia and conditioned pain modulation in humans. Pain 155:158-67.

Valencia, C., Kindler, L. L., Fillingim, R. B., George, S. Z. (2012). Investigation of central pain
processing in shoulder pain: converging results from 2 musculoskeletal pain models. J Pain
13:81-89.

Valencia, C., Kindler, L. L., Fillingim, R. B., George, S. Z. (2013). Stability of conditioned pain
modulation in two musculoskeletal pain models: investigating the influence of shoulder pain
intensity and gender. BMC Musculoskeletal Disord 14:182.

Van Oosterwijck, J., Nijs, J., Meeus, M., Lefever, 1., Huybrechts, L., Lambrecht, L., Paul, L. (2010).
Pain inhibition and postexertional malaise in myalgic encephalomyelitis/chronic fatigue
syndrome: an experimental study. J Intern Med 268:265-78.

68



Van Oosterwijck, J., Nijs, J., Meeus, M., Van Loo, M., Paul, L. (2012). Lack of endogenous pain
inhibition during exercise in people with chronic whiplash associated disorders: an
experimental study. J Pain 13:242-54.

Vecchiet, L., Marini, 1., Colozzi, A., Feroldi, P. (1984). Effects of aerobic exercise on muscular pain
sensitivity. Clin Ther 6:354-63.

Vierck, C. J., Jr., Staud, R., Price, D. D., Cannon, R. L., Mauderli, A. P., Martin, A. D. (2001). The
effect of maximal exercise on temporal summation of second pain (windup) in patients with
fibromyalgia syndrome. J Pain 2:334-44.

Villanueva, L., Bouhassira, D., Bing, Z., Le Bars, D. (1988). Convergence of heterotopic nociceptive
information onto subnucleus reticularis dorsalis neurons in the rat medulla. J Neurophysiol
60:980-1009.

Villanueva, L., Le Bars, D. (1995). The activation of bulbo-spinal controls by peripheral nociceptive
inputs: diffuse noxious inhibitory controls. Biol Res 28:113-25.

Vo, L., Drummond, P. D. (2014). Analgesia to pressure-pain develops in the ipsilateral forehead after
high- and low-frequency electrical stimulation of the forearm. Exp Brain Res 232:685-93.
Walton, D. M., Macdermid, J. C., Nielson, W., Teasell, R. W., Chiasson, M., Brown, L. (2011).
Reliability, standard error, and minimum detectable change of clinical pressure pain threshold

testing in people with and without acute neck pain. J Orthop Sports Phys Ther 41:644-50.

Wand-Tetley, J. I. (1956). Historical methods of counter-irritation. Ann Phys Med 3:90-99.

Wang, K., Svensson, P., Sessle, B. J., Cairns, B. E., Arendt-Nielsen, L. (2010). Painful conditioning
stimuli of the craniofacial region evokes diffuse noxious inhibitory controls in men and women.
J Orofac Pain 24:255-61.

Washington, L. L., Gibson, S. J., Helme, R. D. (2000). Age-related differences in the endogenous
analgesic response to repeated cold water immersion in human volunteers. Pain 89:89-96.

Weise, F., Laude, D., Girard, A., Zitoun, P., Siche, J. P., Elghozi, J. L. (1993). Effects of the cold
pressor test on short-term fluctuations of finger arterial blood pressure and heart rate in normal
subjects. Clin Auton Res 3:303-10.

Weissman-Fogel, 1., Sprecher, E., Pud, D. (2008). Effects of catastrophizing on pain perception and
pain modulation. Exp Brain Res 186:79-85.

Whiteley, R., Jacobsen, P., Prior, S., Skazalski, C., Otten, R., Johnson, A. (2012). Correlation of
isokinetic and novel hand-held dynamometry measures of knee flexion and extension strength
testing. J Sci Med Sport 15:444-50.

Whiteside, A., Hansen, S., Chaudhuri, A. (2004). Exercise lowers pain threshold in chronic fatigue
syndrome. Pain 109:497-99.

Wilder-Smith, C. H., Li, X., Shen, L., Cao, Y., Ho, K. Y., Wong, R. K. (2013). Dysfunctional
endogenous pain modulation in patients with functional dyspepsia. Neurogastroenterol Motil
26:489-98.

Wilder-Smith, O. H., Schreyer, T., Scheffer, G. J., Arendt-Nielsen, L. (2010). Patients with chronic
pain after abdominal surgery show less preoperative endogenous pain inhibition and more
postoperative hyperalgesia: a pilot study. J Pain Palliat care Pharmacother 24:119-28.

Willer, J. C., Le Bars, D., De Broucker, T. (1990). Diffuse noxious inhibitory controls in man:
involvement of an opioidergic link. Eur J Pharmacol 182:347-55.

Willer, J. C., Roby, A., Le Bars, D. (1984). Psychophysical and electrophysiological approaches to the
pain-relieving effects of heterotopic nociceptive stimuli. Brain 107:1095-1112.

69



Wilson, H., Carvalho, B., Granot, M., Landau, R. (2013). Temporal stability of conditioned pain
modulation in healthy women over four menstrual cycles at the follicular and luteal phases.
Pain 154:2633-38.

Wonders, K. Y., Drury, D. G. (2011). Exercise Intensity as a Determinant of Exercise Induced
Hypoalgesia. Journal of Exercise Physiology 14:134-44.

Woodrow, K. M., Friedman, G. D., Siegelaub, A. B., Collen, M. F. (1972). Pain tolerance: differences
according to age, sex and race. Psychosom Med 34:548-56.

Yarnitsky, D., Crispel, Y., Eisenberg, E., Granovsky, Y., Ben-Nun, A., Sprecher, E., Best, L. A,
Granot, M. (2008). Prediction of chronic post-operative pain: pre-operative DNIC testing
identifies patients at risk. Pain 138:22-28.

Yarnitsky, D. (2010a). Conditioned pain modulation (the diffuse noxious inhibitory control-like effect):
its relevance for acute and chronic pain states. Curr Opin Anaesthesiol 23:611-15.

Yarnitsky, D., Arendt-Nielsen, L., Bouhassira, D., Edwards, R. R., Fillingim, R. B., Granot, M.,
Hansson, P., Lautenbacher, S., Marchand, S., Wilder-Smith, O. (2010b). Recommendations on
terminology and practice of psychophysical DNIC testing. Eur J Pain 14:339.

Yarnitsky, D., Granot, M., Nahman-Averbuch, H., Khamaisi, M., Granovsky, Y. (2012). Conditioned
pain modulation predicts duloxetine efficacy in painful diabetic neuropathy. Pain 153:1193-98.

Yarnitsky, D., Granot, M., Granovsky, Y. (2014). Pain modulation profile and pain therapy: Between
pro- and antinociception. Pain 155:663-65.

Yarnitsky, D., Bouhassira, D., Drewes, A. M., Filingim, R. B., Granot, M., Hansson, P., Landau, R.,
Marchand, S., Matre, D., Nilsen, K. B., Stubhaug, A., Treede, R. D., Wilder-Smith, O. H. G.
(2014). Recommendations on practice of conditioned pain modulation (CPM) testing. Eur J
Pain: In Press.

Yu, X. M., Mense, S. (1990). Response properties and descending control of rat dorsal horn neurons
with deep receptive fields. Neuroscience 39:823-31.

Zheng, Z., Wang, K., Yao, D., Xue, C. C., Arendt-Nielsen, L. (2014). Adaptability to pain is associated
with potency of local pain inhibition, but not conditioned pain modulation: A healthy human
study. Pain 155:968-76.

@ktedalen, O., Solberg, E. E., Haugen, A. H., Opstad, P. K. (2001). The influence of physical and
mental training on plasma beta-endorphin level and pain perception after intensive physical
exercise. Stress and Health 17:121-27.

70



APPENDIXES

Appendixes 1-4 are summaries of experimental and clinical studies on CPM and EIH in humans.
Ongoing literature searches in the following databases: PubMed, Web of Science, Embase, CINAHL
and PEDro, has been conducted throughout the study period. The following keywords were used for
searches on CPM: ‘conditioned pain modulation’, ‘CPM’, ‘pain modulation’, ‘endogenous pain
modulation’, ‘counterirritation’, ‘endogenous analgesia’, ‘heterotopic noxious conditioning
stimulation’, ‘diffuse noxious inhibitory controls’, ‘DNIC’. The following keywords were used for
searches on EIH: ‘exercise-induced hypoalgesia’, ‘EIH’, ‘exercise-induced analgesia’, ‘EIA’, ‘exercise
analgesia’ and ‘exercise hypoalgesia’. Furthermore, the reference list from each identified study and
review was examined for studies that were not identified through the databases. However, the
summaries are not part of a systematic literature review on CPM and EIH and thus may not be

complete.
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