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ENGLISH SUMMARY 

Around one in five adults suffer from chronic pain and the evidence from 
clinical and experimental studies suggest that it is associated with 
impaired pain inhibition, increased stress and less efficient executive 
functions. Pain modulation can be understood as a dynamic balance 
between facilitative and inhibitory pain mechanisms in the descending 
pathways. Common approaches to measuring the net-effect of 
descending pain modulation in humans are the conditioned pain 
modulation (CPM) paradigms. These paradigms study the effect of a 
painful conditioning stimulus on a test stimulus, compared to an 
unconditioned test stimulus; and can be categorised as a bottom-up 
(stimulus driven) mechanism. Conversely, pain can also be modulated 
via top-down (goal-oriented) modulatory mechanisms including 
expectation and attention. Social stress can be considered a hybrid 
between bottom-up (in relation to contextual allostasis) and top-down 
(influenced by perception) modulatory mechanisms. Bottom-up and top-
down mechanisms are thought to share or have overlapping 
neurophysiological pathways. 
 
This PhD project, comprising three studies, explored how repetition 
alone and in combination with stress or attention influences CPM in 
healthy men. In Study-I, the influence of repeated, painful stimuli on pain 
sensitivity and CPM was explored in two experiments: Repeated bouts 
with the same (fixed) conditioning stimulus intensity; and repeated bouts 
with adapted conditioning intensity. In both experiments a control session 
was applied, which included two unconditioned test-stimuli. In addition to 
exploring the temporal dynamics of pain sensitivity with and without 
conditioning, Study-I also provided rationale for the methods in Study-II 
and III.  
 
Study-II combined a social stress model (Montreal Imaging Stress Task) 
and a comparable control-session with repeated pain measurements 
(with and without conditioning). In Study-III the Stroop task was used to 
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test the effects of attention on repeated painful stimuli (with and without 
conditioning). The overall aim of Study-II and III was to explore the effect 
of stress (Study-II) and attention (Study-III) on pain sensitivity and CPM, 
to explore the presumed interacting modulatory mechanisms. 
 
Study-I showed that CPM-measurements could be repeated four times in 
5-min bouts. Study-I also found the difference between the two test-
stimuli in each bout (i.e. CPM effects and Control effects) were different; 
repeated test-stimuli (control session) led to cyclic increases in pain 
sensitivity with negative ‘control effects’ while positive CPM effects were 
found in the CPM-bouts. The study suggests that the temporal dynamic 
changes in painful stimuli involve non-linear effects and that the 
difference between control effects and CPM effects can provide a 
nuanced insight to the balance between descending facilitation and 
inhibition in healthy volunteers. In Study-II, CPM effects were found in all 
four sessions (before and after stress as well as before and after 
control). However, no significant changes in CPM effects from stress or 
control sessions could be found. In Study-III, it was found that application 
of Stroop to repeated test-stimuli, with or without conditioning, reduced 
pain sensitivity but not CPM effects. Study-III suggests that bottom-up 
and top-down modulatory mechanisms are independent of each other 
and that they may be seen as complementary rather than auxiliary 
mechanisms. 
 
Individual differences in the response to conventional CPM paradigms 
provide indications for modality-specific differences. While the same 
modality was applied in all three studies an explorative analysis of the 
findings from all three studies suggest that 21% of the participants have 
a negative CPM effect during a pressure cuff CPM-paradigm. 
Furthermore, analysis indicates that responses to painful stimuli depend 
largely on how the individual reacts to the conditioning stimulus, rather 
than the test-stimulus.  
 
This PhD-project indicates that CPM is a reliable and stable paradigm to 
study bottom-up pain modulation. In addition, it was shown that 
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repeated, unconditioned test-stimuli lead to negative, but cyclic, ‘control 
effects’ over time rather than to accumulated effects. Finally, this project 
finds that neither social stress, nor attention had any significant influence 
on CPM; and that attention can lead to analgesia independently of CPM.  
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DANSK RESUME 

Ud af fem voksne vil én lide af kroniske smerter og det videnskabelige 
bevis, fra såvel kliniske som eksperimentelle studier, peger på, at der er 
en sammenhæng mellem kroniske smerter og smerteoverfølsomhed, øget 
stress og dårligere kognitive funktioner. Smertemodulation kan ses som 
en dynamisk balance mellem fremmende og hæmmende mekanismer i de 
signalvejene fra hjernen til rygmarven. Resultatet af de hæmmende og 
fremmende signaler (netto-effekten) måles ofte som med ”Konditioneret 
smertemodulation” (eng. Conditioned Pain Modulation, CPM). Denne 
særlige model sammenligner et konditioneret (smertepåvirket) smertefuldt 
stimulus (test-stimulus) med et ukonditioneret test-stimulus, og kan 
kategoriseres som en bottom-up (provokeret) mekanisme. På den anden 
side kan smerte også påvirkes af top-down (motiverede) mekanismer, 
som bl.a. forventninger og koncentration. Kontekstuel stress (social 
stress) kan betragtes som en hybrid mellem bottom-up og top-down fordi 
det på den ene side er skabt af kontekstuelle provokationer og på den 
anden side er påvirket af vores tanker. Bottom-up og top-down 
mekanismer menes at benytte de samme eller i overlappende signalveje i 
nervesystemet. 
 
Dette PhD-projekt, der består af tre studier, har undersøgt hvordan 
gentagelser alene og i kombination med stress eller koncentration påvirker 
CPM i raske mænd. Studie-I undersøgte hvordan smertesensitivitet og 
CPM blev påvirket af at blive gentaget med korte mellemrum i to forskellige 
eksperimenter: Gentagne runder med samme (fixed) intensitet af det 
konditionerende stimulus og gentagne runder med tilpasses (adapted) 
intensitet. Begge eksperimenter inkluderede desuden en kontrol-session 
med to test-stimuli uden konditionering. Studie-I skulle både give ny viden 
om hvordan gentagne runder af smertefulde stimuli påvirker raske mænd 
og bygge et metodisk rationale under de følgende studier.  
 
Studie-II kombinerede en social stress model (Montreal Imaging Stress 
Task), og en sammenlignelig kontrol-session, med gentagne smertefulde 
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stimulationer med og uden konditionering. Studie-III undersøgte 
relationerne mellem koncentration og gentagne smertefulde stimulationer 
med og uden konditionering, ved hjælp af Stroop-task. Det overordnede 
mål for Studie-II og III var at undersøge hvordan stress (Studie-II) og 
koncentration (Studie-III) påvirkede smertesensitivitet og CPM, under 
formodning af, at dette kan give ny viden om evt. overlappende signalveje. 
 
Studie-I viste at det er muligt at foretage fire på hinanden følgende CPM-
målinger i omgange på 5 minutter. Studiet viste også, at forskellen mellem 
de to smertemålinger i hver omgang (hhv. CPM-effekterne og control-
effekterne) gav forskellige resultater, hvor control-effekterne var negative 
og CPM-effekterne positive. Resultaterne peger på at smertefulde stimuli 
ikke udvikler sig lineært og at forskellen mellem control-effekter og CPM-
effekter kan give et mere nuanceret indblik i balancen mellem de 
hæmmende og fremmende signaler i det centrale nervesystem hos raske 
forsøgspersoner. Resultaterne fra Studie-II viser, at der var positive CPM-
effekter før og efter stress- samt før og efter kontrol-sessioner men at 
disse ikke er signifikant forskellige. I Studie-III viste resultaterne 
smerteoplevelsen i forbindelse med gentagne test-stimuli med og uden 
konditionering var reduceret i forbindelse med Stroop når man 
sammenligner med smerteoplevelsen uden Stroop, men der var ingen 
effekt af Stroop på CPM-effekterne. Resultaterne i Studie-III peger derfor 
på, at bottom-up og top-down modulation er uafhængige af hinanden, og 
at de skal ses som supplerende mere end som overlappende. 
 
Resultater i litteraturen peger på, at typen af stimuli har betydning for 
hvordan individer reagerer på smertefulde stimulationer. I en 
undersøgende analyse af resultaterne fra alle tre studier, hvor den samme 
metode blev brugt på samtlige forsøgspersoner, viser resultaterne, at 21% 
af forsøgspersonerne reagerer med negative CPM-effekter (øget 
smertesensibilitet). Analysen peger desuden på, at der ikke er forskel på 
hvordan forsøgspersonerne reagerer på smertefulde stimuli generelt, men 
at en del af forskellen består i hvordan de reagerer på konditionerende 
stimuli.  
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Dette PhD-projekt indikerer at CPM er en reliabel og stabil model til at 
undersøge bottom-up smertemodulation. Her ud over viser resultaterne, 
at gentagne smertefulde stimulationer, uden konditionering, medfører 
ikke-lineære påvirkninger over tid. Projektet peger desuden på, at hverken 
social stress eller koncentration har signikant indflydelse på CPM og at 
koncentration i sig selv kan have en smertelindrende effekt. 
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PREFACE 

The project leading to this PhD-thesis was initiated in May 2015. The data 
was collected at Aalborg University from October 2016 through March 
2018. Analysis and submission of the articles comprising this PhD-thesis 
was finalized in January 2019. The entire project was funded by the Center 
for Neuroplasticity and Pain (CNAP) and supported by the Danish National 
Research Foundation (DNRF121). The third study in this thesis was 
conducted in collaboration with associate professor David A. Seminowicz 
of the Department of Neural and Pain Sciences, School of Dentistry, 
Center to Advance Chronic Pain Research, University of Maryland, 
Baltimore, United States.  
 
The thesis summarises, compares and discusses the three studies in the 
light of the existing evidence. The first chapter introduces the topic of the 
project and chapter two provides a brief overview of pain modulation, as 
well as a contemporary understanding of the relationship of stress and 
attention on pain. The third and fourth chapters present the methods used 
to study pain sensitivity and descending pain modulation respectively, and 
explores the methods used to provoke them. Finally, in chapter six, 
conclusions are drawn and perspectives are proposed. 
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CHAPTER 1. INTRODUCTION 

By definition, pain is an experience and thus only available to the person 
who experiences it1. In modern medicine, researchers and clinicians have 
extensive knowledge about the body at a systems level, at a molecular 
level and even at a genetic level. Yet, there still remains an explanatory 
gap2  between what happens in the body and what a person perceives. 
This remains a scientific conundrum although treatment of pain has been 
everyday practice since the earliest of times by wise men, bonesetters and 
doctors who have been applying contemporary theories to their 
observations3. In their hallmark paper, Patrick D. Wall and Ronald 
Melzack, proposed for the first time in 1962 that molecular mechanisms in 
the spinal cord, not a psyche, were responsible for the modulation of 
nociceptive signals from the periphery and the experience of pain4,5. This 
monistic approach was later known as the Gate Control Theory6. Also, 
novel discoveries within the field of neuroscience, including 
neuroplasticity7-12, endogenous inhibition of nociception and pain through 
painful stimuli13,14, social stress15,16, and cognition17, have given an 
increased understanding of the relation between the body and painful 
experiences. 
 
Chronic pain is a considerable burden on the individual, their families and 
the society18,19. The prevalence of chronic, non-malignant pain is 
estimated to be around 19% in Europe20 and is associated with impaired 
pain inhibition21-24, comorbidities such as stress25-27, and less efficient 
executive functions21-23,28. Chronic widespread pain, which includes 
fibromyalgia syndrome, is estimated to affect 1 in 10 adults with twice the 
prevalence in women compared to men29,30. It has been suggested that 
heightened sensitivity to pain could be caused by dysfunctional pain 
inhibition21.  
 
When the perception of a painful stimulus (i.e. the pain sensitivity) is 
modulated by a heterotopic painful stimulus (conditioning stimulus), it is 
referred to as Conditioned Pain Modulation (CPM). CPM is believed to be 
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a proxy of the descending modulatory signals from subcortical regions of 
the CNS to the dorsal horn31. However, painful stimuli are not exclusive in 
utilising these neuronal pathways; similar activity is seen in situations 
involving cognitive load32 and stress33. 
 
A recent meta-analysis found a reduced CPM effect in patients with 
widespread pain34, compared with healthy volunteers and those with 
chronic low-back pain35. However, despite suggestions of impaired CPM 
in many clinical populations, it does not seem to be a good measure of 
clinical vulnerability36. Furthermore, only some patients suffering from 
painful syndromes37 have been found to have impaired hypothalamic-
pituitary responses, although it seems a fairly consistent finding in patients 
diagnosed with fibromyalgia38-40. This particular patient group have also 
been shown to have lower levels of cortisol, compared to healthy subjects 
and to patients with shoulder and neck pain41,42. A hallmark symptom of 
fibromyalgia is impairment of cognitive functions and studies find that 
attention is affected43-45. In summary, chronic pain – and widespread pain 
in particular – appears to be associated with dysfunctional CPM, 
dysfunctional stress-response and impaired cognitive functioning. 
 
1.1. AIMS OF THE PHD THESIS 

Neuroplasticity can be conceptualised as the ability of the nervous system 
to react to contextual changes through neuronal activity. At a clinical level, 
this is important because neuroplasticity is both regarded as a hallmark of 
persistent pain, and at the same time a possible pathway to treatment of 
persistent pain.  
 
The aims of the studies leading up to this PhD thesis were to explore the 
plasticity of CPM over time, under stress and during cognitive load (Figure 
1.1). See also Study aims, hypotheses and conclusions in Appendix B. 
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1.2. HYPOTHESES 

Based on the body of evidence available at the time of planning the studies 
comprising this thesis, it was hypothesised that: 

• Pain sensitivity with and without a parallel conditioning stimulus 
(CS) will habituate over four bouts within 20 minutes 

• The pressure intensity of a CS will habituate over four bouts within 
20 minutes 

• Social stress will affect CPM more than a control condition, and 
• Social stress will not reduce pain sensitivity 
• Cognitive load can affect pain sensitivity and CPM. 

 
1.3. OVERVIEW OF THE THESIS 

 
Figure 1.1 Overview of thesis 
The thesis explored the stability of pain sensitivity and conditioned pain 
modulation (CPM) over time (Study-I), under stress (Study-II) and during 
cognitive loading (Study-III). 
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1.4. STUDIES INCLUDED IN THE THESIS 

Study-I: Hoegh M, Petersen KK, Graven-Nielsen T. Effects of 
repeated conditioning pain modulation in healthy 
volunteers. Eur J Pain. June 2018. doi:10.1002/ejp.1279. 

 
Study-II:  Hoegh M, Poulsen JN, Petrini L, Graven-Nielsen T. The 

Effect of Stress on Repeated Painful Stimuli With And 
Without Painful Conditioning (under review) 

 
Study-III: Hoegh M, Seminowicz DA, Graven-Nielsen T. The Effect of 

Attention on Pain Sensitivity (under review) 
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CHAPTER 2. A MECHANISM-BASED 
APPROACH TO PAIN MODULATION 

While end-organ or line-labelling theories of pain46 do not convey the 
complexity of pain experiences, it is still helpful to acknowledge possible 
contributions from the specialised nociceptive system 47,48. A mechanism-
based approach includes a comprehensive understanding of how 
nociceptive stimuli are conveyed to the brain and can be conceptualised 
as shown in Figure 2.1.  
  

 
Schematic overview over peripheral (A), central 
(B) and descending (C) modulation. Peripheral 
and central sensitization are the substrate of 
primary and secondary hyperalgesia. 
Descending modulation includes facilitatory and 
inhibitory mechanisms, which are commonly 
measured by their net-effect on pain sensitivity. 
 
 
 

2.1. DESCENDING MODULATION OF NOCICEPTION 

It has been established that noxious stimuli can facilitate descending 
signals, with facilitatory and inhibitory capacities, and thus provide a 
substrate for multifaceted, neuronal modulation from subcortical nuclei at 
the level of the spinal cord49,50. Much attention has been given to this 
mechanism with an emphasis on the (net) inhibitory responses49 since it 
was described as diffuse noxious inhibitory controls (DNIC) by Le Bars 
and colleagues14,51. That nociceptive stimuli can lead to reduced pain 
sensitivity (i.e. that ‘pain inhibits pain’) has provided a framework for 
understanding how noxious stimuli can lead to a bottom-up pain inhibition. 
Other studies have found that cognition50 and stress52 can have analgesic 
effects on healthy subjects, thus providing evidence for top-down (i.e. 

Figure 2.1 Pain modulation 
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cognitive) pain inhibition. The underlying mechanisms for descending 
modulation of pain sensitivity have been studied extensively over the last 
40 years13,53 and several pathways have been suggested.  
 
At the most basic level, dynamic, descending modulation predicts that 
descending signals affect pre- and post-synaptic nociceptive signalling 
and that the net-response will either be pro-nociceptive (painful) or anti-
nociceptive (pain-reducing)54. In this framework, pain sensitivity in 
response to CPM and temporal summation of pain, can be seen on a 
spectrum with room for individual and contextual influences. It has also 
been suggested that saliency of any stimulus (sensory or not) is more 
closely related to the actual experience of pain than nociception itself55, 
indicating that attention and repeated exposure to nociception may 
change pain intensity and/or sensitivity. At a mechanistic level, however, 
there seems to be consensus that descending modulation, whether 
bottom-up or top-down, is related to the descending pathways that connect 
the higher cortical neurons with the spinal neurons via central areas of the 
sub-cortical, supra-spinal nervous system50. 
 
PAG-RVM Pathway 
The most well-described pathways involved in modulation of nociceptive 
transmission are the opiodergic-serotonergic-noradrenergic signalling 
pathways; from the periaqueductal grey area (PAG) in the midbrain via the 
rostroventromedial medulla (RVM) in the medulla oblongata to the spinal 
cord50,56, see Figure 2.2. Data also suggests that acetylcholine plays a role 
in this pathway and that it may have a particular function in attention-
related pain modulation via the amygdala57. 
 
Neurons in PAG (or RVM) can be activated by stimulus-driven, ascending 
nociceptive signals (bottom-up) and goal-driven, descending signals from 
the cortex or subcortical areas including the amygdala (top-down)58,59. In 
the RVM, two subsets of neurons (so-called off-cells and on-cells) project 
to the dorsolateral funiculus of the spinal cord where they have anti-
nociceptive and pro-nociceptive effects on pre- and post-synaptic 
cells58,60. It has been suggested that the PAG-RVM pathway rely on 
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GABAergic interneurons that disinhibit otherwise tonically inhibited anti-
nociceptive outputs at the spinal levels52.  
 
Locus Coeruleus  
Located in the pons, the locus coeruleus (LC) is an area of the brain 
frequently associated with descending, noradrenergic anti-nociception in 
the dorsal horn61. In fact, the LC is key for the DNIC and very likely to also 
play a major role in CPM62. Furthermore, projections between the LC and 
the noradrenergic pathways in the cortex suggests an intimate relation 
between the LC and cognitive function, including attention63.   
 

 
Figure 2.2 Schematic showing ascending and descending pathways 
Detailed schematic of ascending and descending pathways involved in 
modulation of nociception. Abbreviations: Rostroventromedial medulla (RVM), 
Locus Coeruleus (LC), Periaqueductal Grey Area (PAG), medial Prefrontal 
Cortex (mPFC), Anterior Cingulate Cortex (ACC). 
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Cortical involvement in pain-inhibition 
The associations between pain sensitivity and cortical activity are not fully 
understood although a relevant connection64,65 has been established. A 
landmark study showed that while experimental pain did associate with 
stimulus intensity, neuronal activity in the cortex did not55. Currently, the 
Default Mode Network theory is the dominant thinking/hypothesis. It 
proposes that activity in the brain at rest has a time-independent, stimulus-
dependent, brain-activation pattern66, which can be studied. However, 
developments to this theory suggest that brain activities are dynamic and 
therefore bound to change with cognition (e.g. attention) as well stimuli 
(e.g. high threshold pressure)67 which may end up confound many 
findings. Indeed, two phenotypes have been suggested; those who by 
default are more likely to attend to pain during pain, and those who by 
default are better at attending away during pain68,69. At a structural level 
there is evidence to suggest that attention away from pain, as well as 
stress, involves the frontal lobe (medial prefrontal cortex, mPFC), anterior 
cingulate cortex (ACC), amygdala and PAG50,58,70-72.  
 
Just as a conditioning, painful stimulus can activate descending pathways, 
it is believed that stress73, attention74, expectations75 and exercise76 can 
do the same.  
 
2.2. STRESS AND PAIN 

Stress is a normal response to changes in or around mammals when 
exposed to demands, which challenge homeostasis77,78. At a 
neurobiological level, stressful situations are closely associated with the 
hypothalamic-pituitary-adrenal (HPA) axis (Figure 2.3). This implies that 
triggers in the hypothalamus can signal to the adrenal medulla via the LC 
and other subcortical areas79. From the adrenal gland, monoamines and 
other signalling molecules are then secreted80. In parallel, but slightly 
slower, signals from the hypothalamus to the pituitary gland activate 
receptors on the cortex of the adrenal gland, via the bloodstream, which 
in turn releases corticosteroids (cortisol)75. The instant, neurochemical 
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signal to the adrenal medulla is responsible for the early responses in the 
nervous system (seconds to minutes), whereas the effect of 
corticosteroids will increase slowly thereafter73,79. 
 

 
 

The hypothalamic-pituitary-adrenal (HPA) axis. Signals from the 
hypothalamus are sent to the medulla of the adrenal gland as neurochemical 
signals via LC and via the pituitary gland as hormonal signals to the cortex of 
the adrenal gland. Circulating cortisol subsequently released from the adrenal 
gland will provide feedback to the hypothalamus. 
 
Cortisol can be easily measured in saliva but the relationship between 
saliva-cortisol and stressors is non-linear, which makes interpretations 
difficult81. Less than 10% of the produced cortisol is unbound at any time 
and this residue can be measured in blood, saliva and urine82. 
Furthermore, cortisol levels in the body have a diurnal rhythm, which mean 
that levels are higher in the morning albeit still under influence of daylight, 
physical activity and stressful events79,83. Besides diurnal changes in 
cortisol production, there are a myriad of factors that can influence the 
level of freely available cortisol, including sex hormones and oral 

Figure 2.3 HPA-axis	
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contraceptives81. Furthermore, the cortisol measurements are only 
moderately associated with perceived stress and the two should be 
considered supplementary to each other rather than alternatives81. 
Beyond these limitations, salivary cortisol is safe and stress-free to 
sample; relatively uncomplicated to analyse; and has moderate-high 
intersession reliability84.  
 
Peak-levels of cortisol are difficult to predict but it has been found to be 
increased at various time points from 10 to 40 minutes after a stressful 
event or task85,86. In healthy volunteers the physiological stress-responses 
are regulated by negative feedback mechanisms, including inhibition of 
corticotrophin releasing hormones and adrenergic neurons79.  
 
It has been suggested that stress can lead to reduction in pain sensitivity, 
so-call stress-induced analgesia, via similar or overlapping mechanisms 
as CPM52,72,87,88, including the PAG-RVM pathway52 with a possible 
predisposition towards cannabinoid-dependent mechanisms89,90. 
However, it is currently unknown whether stress-induced analgesia also 
relies on activation of the HPA-axis27. Also, a study found that 
pharmacological suppression of cortisol in healthy twins could impact the 
effectiveness of descending modulation (i.e. CPM), which signifies that 
dysregulation of cortisol may be relevant in clinical populations42,91. In 
addition cortisol could have a direct influence on nociception via co-
localisation of glucocorticoid receptors, substance P-receptors and 
CGRP-receptors92; and via regulation of cannabinoids27 in the dorsal horn.  
 
2.3. COGNITION AND PAIN 

Cognition is a highly complex phenomena that includes the process of 
conscious decision making (i.e. ‘thinking about things’), and despite 
common agreement that the brain is involved in cognition, the 
mechanisms are far from understood93. Moreover, patients with chronic 
pain suffer from impairment of executive functions, such as 
attention32,94,95. Likewise, patients with chronic pain show less efficient 
pain-inhibition during CPM compared to healthy individuals24,96. The 
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suggestion has been made that there is an overlap between the 
mechanisms associated with CPM and selective attention32,97-99 (see 
Chapter 2.1).  
 
Given that attention is a subjective construct, studies can collect first-hand 
reports on perceived attention (e.g. 0 equal to ‘no attention at all’ up to 10 
qualified as ‘highest possible attention’) or proxies such as reaction time. 
Experimental models for testing attention include the Dot-probe task 
(attentional bias), 3-Back task (working memory), variations of the Stroop 
task, and many more100.  
 
 
2.4. SUMMARY 

The mechanism-based approach provides a neurobiological correlate to 
pain sensitivity that can be modulated in the periphery, at the spinal level 
and in the higher areas of the CNS. A well-established method to study 
descending modulation of pain sensitivity in humans is the CPM-paradigm 
but other methods exist. Evidence suggests that descending modulation 
stimulated by attention101, nociception102 and emotional stress53 utilise the 
same brain regions, descending pathways and signalling molecules. 
Furthermore, the nervous system has the potential to be modulated (e.g. 
sensitisation or habituation) and thus displays an astonishingly high 
degree of adaptability and possibly individuality. The driving question in 
this thesis is therefore: how stable is the CPM-response when it is 
provoked repeatedly, or exposed to either social stressors or cognitive 
manipulations? 
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CHAPTER 3. PAIN SENSITIVITY 

3.1. ASSESSING PAIN SENSITIVITY 

Clinical manifestations of pain can often be spontaneous in nature, i.e. 
they appear in the absence of external stimuli. This is very common in 
inflammatory103,104, neuropathic105 and some widespread pain 
conditions106,107. Clinical examination of patients reporting pain commonly 
involves pain provocation tests108 such as the application of manual 
pressure or stress on specific tissues. Experimental pain can be induced 
by well-established paradigms, e.g. injection of hypertonic saline109, 
capsaicin110 or nerve-growth-factor111. Experimental pain can also be 
evoked by more short lasting stimuli including pressure112 and thermal 
stimuli113. Ideally, a dose-response relationship (Figure 3.1) between 
perceived pain and stimulus intensity is found in healthy subjects but 
certain factors, including individual (e.g. age114,115 and gender116,117) as 
well as contextual (e.g. stress and attention), play an important role in pain 
perception.  

 
 

Schematic showing the ideal relationship between stimulus and pain 
intensity (in green) and how hyperalgesia represents a shift to the left (in 
red).  

Figure 3.1 Stimulus-response graph 
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In clinical as well as experimental settings increased pain from a stimulus 
that normally causes pain is referred to as hyperalgesia. In order to assess 
pain sensitivity and its modulation, Study-I, II and III applied noxious test-
stimuli, which were intended to be painful, to healthy volunteers. The 
following section will introduce the methods and discuss the results.  
 
3.1. THE TEST STIMULUS 

A test-stimulus (TS) can be any noxious stimulus but the most commonly 
used are noxious heat or pressure118; although cold water17 and electrical 
stimuli119 are frequently used too. The TS is intended to evoke pain, which 
can then be quantified118 and recorded as pressure-pain detection 
threshold (PDT); pressure-pain tolerance threshold (PTT); sometimes as 
a stimulus intensity (e.g. kPa,℃, mA) equal to a pain-intensity (e.g. pain 
equal to 6 out of 10)112; or if the intensity of the test-stimulus is 
unmodifiable, exposure time (seconds) can be recorded as the output120.  
 
The different modalities (e.g. heat vs. pressure) do not produce identical 
results when it comes to pain sensitivity and CPM121,122. One reason may 
be that thermal stimuli affect nociceptors in the skin rather than the deeper 
tissues123; and mechanical stimuli, which are typically delivered via a 
probe124 or a cuff112, are considered appropriate for testing deeper tissues 
including the musculoskeletal system125. Reliability of heat as TS in CPM 
paradigms range from fair to excellent118. Intrasession reliability for 
pressure-pain threshold (administered via a probe) is excellent and both 
intra- and intersession reliability for pressure-pain detection threshold 
(measured by a pressure cuff on the calves) are good 112,126.  
 
All studies included in this thesis used the computerised pressure cuff 
algometry system and an overview of the protocols is shown in Figure 3.2. 
A more detailed overview is found in Appendix B. The user-independent 
pressure algometer system was attached to the calves of the participants 
throughout each experiment and the software allowed for meticulous 
programming to ensure easy interaction with the software used to 
modulate stress (Study-II) and attention (Study-III). 
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Figure 3.2 Pressure cuff protocols at a glance 
Pressure cuff algometry protocols at a glance. Baseline test were similar for 
all experiments. Repeated TS in Study-I and II measured thresholds while 
Study-III recorded pain intensities on an electronic visual analogue scale 
(VAS, 10 cm), see Appendix B for further details.  
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3.1.1. PRESSURE CUFF ALGOMETER 

The slowly increasing (1kPa/s) mechanical pressure, induced by 
computerized cuff algometry has been shown to be reliable112,127,128. A 
total of 90 baseline measurements of PDT and PTT were included in the 
three studies (see Figure 3.2). The pressure intensities equal to PDT or 
PTT, can be found in Table 3.1.  
 
Table 3.1 Pressure-pain intensities at baseline 

 Test stimulus (TS) 
N  PDT PTT 

Study-I (fixed) 27.1 ± 3.0 63.6 ± 4.9 20 
Study-I (adapted) 24.6 ± 2.9 64.4 ± 4.4 20 
Study-II 26.4 ± 2.4 65.8 ± 4.3 25 
Study-III 31.7 ± 2.3 68.7 ± 4.1 25 
Mean  27.6 ± 1.3 65.8 ± 2.2 90 

Pressure intensities in kPa (± SEM) at baseline 
 
Participants were instructed that “0 cm on VAS is equal to no pain” and 
that “10 is equal to the maximum tolerable pain”. PDT was defined as 1.0 
and in most cases PTT was equal to 10.0 on VAS (maximal pain) although 
some participants in Study-I did not reach VAS 10.0 before the limits of 
the pressure cuff machine (100 kPa)129. A recent study found that supra-
threshold pressure-pain ratings show good reliability (inter- and 
intrasession)130. In an analysis of the variance of test-stimuli from baseline 
PDT and PTT in all four experiments, no statistical differences were found 
between the mean (Figure 3.3). Analysis of all participants in the four 
experiments (n = 90) showed that mean PDT was 27.6 ± 1.3 kPa with a 
95% Confidence Interval (CI) of 25.0 – 30.2 kPa, while mean PTT was 
65.8 ± 2.2 kPa (95% CI 61.5 – 70.1 kPa). 
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A: Pressure (kPa) necessary to induce pain (PDT) presented as mean ± SEM 
for each of the four baseline measurements in Study-I, II and III. There is no 
statistical difference between the four means (ANOVA, P > 0.35) B: PTT in 
each of the four experiments presented as mean ± SEM.  
 
3.1.2. PHASIC PRESSURE TEST-STIMULUS 

In addition to the more conventional ramping pressure test-stimulus it was 
necessary to implement a phasic pressure test-stimulus paradigm in 
Study-III. Rather than slowly increasing the pressure and measuring PDT 
and PTT, the phasic test-stimulus was set to 100% of PTT at baseline. 
Earlier studies have tested the influence of Stroop on pressure-pain 
sensitivity and used phasic pressure measured on a VAS-scale to fit the 
measurements to the Stroop paradigm131,132. Both studies found that 
Stroop was associated with pain inhibition, however no studies have 

Figure 3.3 PDT and PTT at baseline 
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measured how long the effect of Stroop on pain sensitivity lasts . It was 
therefore decided to use a rapid, phasic TS (100 kPa/s for 5 seconds) 
rather than a ramping TS (1 kPa/s until PTT). Pilot studies showed that 5 
seconds with the phasic TS was enough time for the participants to rate 
the intensity of the stimulus on an electronic VAS. 
 
A phasic paradigm was used twice in other studies133,134. However, one 
study did not repeat the paradigm to assess reliability133 and the other 
reported poor reliability of both tonic and phasic heat-TS134. Accordingly, 
two identical sessions with four phasic test-stimuli (three of which were 
conditioned) were compared as part of Study-III (Figure 3.4).  
  

 
Figure 3.4 Phasic test-stimuli 
VAS scores (cm) during the first test-stimulus in each of the two sessions 
without Stroop in Study-III. 
 
The VAS scores (cm) of the first (unconditioned) TS were good (ICC = 0.8, 
95% CI = 0.53 – 0.91). For all four TS as a group, reliability was excellent 
(ICC = 0.96, 95% CI = 0.92 – 0.98). The average VAS scores of the two 
sessions (Pain-I and Pain-II) before conditioning was 5.9 ± 0.3 cm. These 
findings support the majority of existing literature on reliability of a pressure 
cuff TS135 although contrasts with the findings by Lie et al. (2017)134. 
Possible explanations for the discrepancy to Lie et al. (2017) can be both 
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gender and modality differences, as already mentioned, but could also 
relate to differences in the protocols: In Study-III participants did not move 
or remove the cuff between sessions, and sessions were identical as they 
were controlled by a computer (i.e. was user-independent). Also, the two 
sessions in Study-III were only separated by 5 minutes, whereas the 
sessions were separated by 30 mins in the study by Lie et al. (2017). 
 
3.2. THE CONDITIONING STIMULUS 

A conditioning stimulus (CS) is a painful stimulus applied to another part 
of the body during, in parallel to, or immediately after a test-stimulus. The 
CS can be any modality (thermal, chemical, electrical or 
mechanical118,136,137) and is thought to engage descending modulatory 
pathways (see Figure 2.2)138. The CS-modality may play a role in pain 
modulation137,139, and one study found that electrical and heat TS, tested 
separately, in combination with pressure cuff conditioning were unable to 
generate CPM effects126. A recent study combined pressure-pain and heat 
pain, with hot water CS and found similar results122. Two perspectives 
arise from these findings: CS may be more effective for CPM represented 
by the same physical modality as TS (e.g. pressure TS and pressure CS) 
or when the same structures are influenced by TS and CS (e.g. skin)126. 
The other perspective is that perceptually incongruent stimuli (e.g. burning 
vs. pressure) may work less well in a CPM paradigm compared to 
perceptually congruent stimuli122. While the first two perspectives relate to 
the neuroanatomical arrangement, the latter implies that perception 
influences the effect of CS on TS. To optimise the effect of CS, the 
automated pressure cuff system was used for CS in all three studies since 
it incorporated the abovementioned factors, and because it provided the 
benefit of a user-independent CS, which was implemented into the same 
software as was used for the TS in all three studies. 
 
In all four studies CS was applied to the calf muscle of the non-dominant 
leg while TS was applied to the dominant leg calf muscle. CS was defined 
as 70% of PTT on the non-dominant calf muscle and an analysis of 
variance found no differences between the pressure intensity of the CS 
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(kPa) between the four experiments (Figure 3.5 A), indicating a stable CS. 
The mean CS intensity (n = 90) was 42.8 ± 1.6 kPa (95% CI 39.6 – 46.0). 
Pain intensity of the CS was assessed on a numeric rating scale (NRS) from 
0 (no pain) to 10 (worst imaginable pain). Mean pain-intensity ratings are 
shown in Figure 3.5 B. 
 

 
Figure 3.5 Intensity of conditioning stimuli at baseline 

A: Intensity of the CS presented as mean ± SEM (kPa) for each of the four 
experiments showed no statistical differences (ANOVA: P > 0.91). B: Pain 
intensity of the CS (NRS, 0-10) was 5.8 in Study-I (fix, n = 10), 5.9 in Study-I 
(adap, n = 20), 4.5 in study-II (n = 25) and 4.6 in study-III (n = 25). 
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3.2.1. HABITUATION OF CONDITIONING STIMULI AND CPM? 

While the literature has focused primarily on pain facilitation over time (e.g. 
temporal summation of pain), habituation is known to play a role in pain 
sensitivity in healthy individuals as a result of tonic140 and phasic cuff-
pressure111,141. This was a focus in Study-I. 
 
It seems that a noxious CS is necessary for CPM paradigms to have effect 
and studies suggest an association between conditioning intensity and 
CPM effects may be present142,143,144. Moreover, a study has suggested 
that higher intensities are necessary to maintain pressure-induced pain 
over time due to habituation to the stimulus140. Study-I explored the 
influence of repeated bouts of CS on CPM. The primary concern was 
whether changes in CS over time (pressure or pain intensity) could 
influence CPM. It is plausible that a moderately painful stimulus (CS was 
equal to 70% of PTT, see Methods at a glance) can induce either 
facilitative or habituative responses depending on the delivery of the 
painful stimuli140,145. It would seem that tonic stimuli appear to lose 
saliency55 over time; while cuff-induced pressure or pin-prick repeated 10 
times with less than 3s between stimuli, will typically lead to facilitation 
(increased pain)24,141. To test this, Study-I was split into two experiments 
on the same cohort (n = 20). The two experiments were separated by 1-4 
weeks. In one study the same CS was used throughout the experiment 
(fixed according to baseline sensitivity) and in the other, CS was adapted 
changes in pain sensitivity on the non-dominant leg within each bout 
(adapted).  
 
Based on the existing literature it was hypothesised that a fixed intensity 
of the CS (i.e. 70% of PPT at baseline) would habituate over time, while 
an adjustment of CS-intensity within each bout would void habituation over 
time (see Appendix A.1 and Figure 3.6). No differences were found 
between baseline CS. As hypothesised, the pressure intensity of the 
adapted CS increased over the four bouts compared to baseline (P ≤ 0.05) 
and to comparable time points in the fixed experiment (P ≤ 0.01) as shown 
in Figure 3.6 A. The NRS-rating (pain intensity) of the CS was, however, 
not different between the two experiments (Figure 3.6 B). 
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Figure 3.6 Pressure and pain during conditioning (Study-I) 
A: Pressure intensity of the CS increased in the adapted experiment 
compared to baseline (*, P ≤ 0.05) and to the fixed CS (#, P < 0.01). B: Pain 
intensity (NRS) of the CS did not change over time and were not different 
between experiments. All data are displayed as mean + SEM. 
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3.3. EFFECTS OF REPEATED TEST-STIMULI WITHOUT 

CONDITIONING 

Most studies that have examined repeated TS have tested intra-session 
reliability (see Appendix A.1 for overview). One study tested repeated TS 
following up to two mins conditioning with cold water146 and concluded that 
dynamic changes in pain sensitivity increases the chances of detecting 
differences in CPM efficacy over time. In Study-I, repeated, unconditioned 
test-stimuli were used to study normal responses over time and as a 
control session for conditioned, repeated TS (see Figure 3.2). A recent 
study, tested six repetitions of heat- and pressure-induced painful stimuli 
respectively, and found an increase in pain rating (mean vs baseline), for 
both modalities122. In contrast, repeated painful test-stimuli with electrical 
stimulation147 and repeated pressure cuff128, which both show signs of 
habituation over time.  
 
To assess the difference between baseline and TS of the (unconditioned) 
control sessions in the two experiments in Study-I, a comparative analysis 
was conducted. The only difference between the two experiments was the 
additional TS on the non-dominant leg in the adapted experiment (used to 
calculate CS-intensity). Analysis shows that the mean of the repeated TS 
in the control session of the fixed experiment did not change compared to 
baseline (P = 0.3) and that there was a significant increase in PDT in the 
control-session of the adaptive experiment (P = 0.047); indicating that 
habituation only occurred over time when both legs were stimulated (see 
Figure 3.7). There are two possible explanations for this: Firstly, the 
additional TS on the non-dominant leg might unintentionally act as a serial 
CS and secondly, the additional TS on the non-dominant leg has 
increased the nociceptive/sensory barrage to the CNS and given less time 
without stimuli. It is possible that the two explanations could be reflecting 
the same mechanisms (i.e. more stimuli into the CNS). To measure this, 
it would be necessary to compare the protocol for the adapted experiment 
to a similar protocol but with three stimuli on the same leg. 
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Figure 3.7 Fixed and adaptive PDT (Study-I) 
Results from two paired T-test (baseline TS vs mean of all 8 TS in the control-
sessions) from the fixed- and adapted-experiments in Study-I (N = 20). No 
statistical difference was found in the fixed experiment (yellow bars) but PDT 
increased over time in the adapted experiment (P = 0.047), which may indicate 
habituation. 
 
The intention of the repeated TS in the control session of Study-I, was not 
to explore mean effects but to evaluate the effect of paired TS within each 
bout as a control for the repeated CPM session. Similar to the calculation 
of a CPM effect by subtracting threshold values during conditioning from 
threshold values without conditioning, it was suggested that a control 
effect could be calculated within each bout in a similar way (2nd TS 
subtracted from 1st TS). In this way a positive control effect would mean 
the same as a positive CPM effect, i.e. pain inhibition.  
 
Unexpectedly, in the control sessions there was a decrease in PDT from 
the first to the second TS (i.e. a negative control effect) in Study-I (see 
Figure 3.8). Mean control effect over the four bouts was minus 0.3 ± 0.9 
kPa for the fixed and minus 3.3 ± 1.3 kPa for the adapted experiment. 
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Due to the apparent cyclical change in PDT from the first to the second 
TS, the control effects are unlikely to be as a result of time-dependent 
habituation and so are more likely to relate to the repeated stimuli.  

 

 
Control effects in Study-I (N = 20) presented with in kPa with SEM. In the 
control session of the fixed CS experiment, two of the four control effects were 
positive, whereas all of the control effects were negative in the adapted 
experiment. 
 
The mean control effect over four bouts was closest to zero (neutral) in the 
fixed experiment, which seems most rational for a control condition. The 
influence of time on TS is, however, not trivial and future studies could look 
into the influence of bilateral vs unilateral TS. If the additional TS on the 
non-dominant leg in the adaptive experiment acted as a serial CS and thus 
led to CPM effects rather than control effects, it is interesting that these 
effects were negative since most people, including those in Study-I, react 
to CPM with positive effects (i.e. pain inhibition).  
 
 
3.4. CONDITIONED PAIN MODULATION 

A range of factors are associated with the effectiveness of CPM in healthy 
humans and understanding individual differences may help clinicians 
differentiate patients with existing chronic pain conditions21,35 and thereby 
personalise pain medicine148.   

Figure 3.8 Control effects graph 
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3.4.1. INDIVIDUAL RESPONSES TO CPM 

Larger CPM effects have been associated with 5-HTTLPR (an allele 
related to serotonin-transport), and CPM effects are generally larger in 
physically active people compared to less physically active149. Gender and 
hormonal status may also matter since higher CPM effects have been 
found in men compared to women117,149. In women, higher CPM effects 
are found during the ovulatory phase of the menstrual cycle149. CPM has 
been reported to be higher in younger adults compared to older149, 
however no effect of age on CPM was found in a large cohort of healthy 
men and women in Denmark140. In addition, cognitive factors, including 
positive expectations and attention towards the CS are also associated 
with larger CPM effects149. Interestingly, there seems to be some overlap 
between CPM effects and placebo (or nocebo) effects likely due to 
expectations playing a role in both situations150,151. Despite this overlap, 
the analgesic effects from CPM paradigms and placebo/nocebo are not 
correlated but may potentiate or neutralise each other when applied 
simultaneously50. 
 
Study-I, II and III included only healthy men to reduce any variability 
related to hormonal influence. The median age was 26 years (mean 29.4 ± 
1.2) and the age span was between 18-72 years of age. 
 
3.4.2. CATASTROPHIC THINKING 

Studies have suggested that catastrophic thinking can influence pain 
sensitivity152-154 and a negative correlation with CPM has been reported155. 
The pain catastrophizing scale (PCS) is a questionnaire that is frequently 
used in clinical and experimental pain to measure the influence of 
catastrophic thinking and pain156. In clinical populations pre-treatment 
scores above 24 points have been associated with higher pain scores 
post-treatment157. There are no cut-off scores for high vs. low pain 
‘catastrophizers’ in experimental pain settings but correlations between 
experimental pain sensitivity and the PCS have been found158.  
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In Study-II and Study-III the PCS152,159 was used to assess catastrophic 
thinking. The mean score (n = 50) was 9.6 ± 0.9 (of 52 possible points, 
Figure 3.9), which is slightly lower than a comparable cohort of 118 healthy 
Danish men (mean 10.3 ± 0.6)152. The results indicate that participants 
were not ‘catastrophizing’ about pain, and part of the reason why no 
correlations were found between catastrophic thinking and pain sensitivity 
or CPM in either of the studies, could relate to this.  

 
Figure 3.9 Pain Catastrophizing Scale 
Individual pain catastrophizing scores (PCS) in Study-II and Study-III (n = 50).  
 
3.4.3. ASSESSING CPM EFFECTS 

The common denominator in CPM paradigms are two painful TS; one TS 
alone and one in combination with CS (parallel or serial) at a heterotopic 
site118,160,161. The TS and CS do not have to be of similar modalities and 
the paradigms in general show good-moderate reliability118,135 although 
previous studies indicate that modality combinations may matter118,126,162. 
Pressure cuff algometry was used in all three studies in this thesis and the 
CPM effect was calculated by subtracting pain sensitivity from a TS during 
conditioning from a baseline TS161, and was considered positive if pain 
ratings were reduced or if increased stimulus intensity was tolerated during 
CS31. The difference between PDT for the conditioned and unconditioned 
TS at baseline in Study-I, II and III are shown in Figure 3.10.  
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PDT of a test-stimulus before and during CS in each of the four experiments. 
PDT was increased during conditioning compared to before conditioning 
(ANOVA: P < 0.0005), indicating a positive CPM effect at group-level (n = 90). 
 
In Study-I PTT was analysed during the experiments but effects were 
found to generally be smaller than for PDT and subsequently Study-II and 
III only analysed PDT-based CPM effects (see Table 3.2). The difference 
in CPM effects based on PDT compared to PTT may relate to ceiling 
effects since the limitations of the computerised pressure cuff machine 
does not allow for pressure above 100 kPa, which in some participants 
was insufficient to reach PTT. Another possible explanation is that 
accumulated effects influence PTT since the CS lasts longer before 
reaching PTT compared to PDT.  
 
The mean CPM effect, based on PDT in the four experiments (ANOVA: P = 
0.25), was 6.2 kPa ± 0.9 (95% CI: 4.4 – 8.0) equal to 17.1% of PDT. As can 
be seen in Table 3.2 there are consistent differences between CPM effects 
based on PDT compared to PTT (ANOVA: P < 0.0005) with no difference 
between the experiments. 

Figure 3.10 PDT with and without conditioning 
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Table 3.2 CPM effects 

CPM effects PDT PTT TS-SEM ηp2 
Study-I (fixed) 3.6 ± 2.0 1.6 ± 1.1 ± 3.0 0.146 
Study-I (adapted) 6.5 ± 1.6 2.6 ± 1.5 ± 2.9 0.454 
Study-II 7.2 ± 1.9 1.8 ± 1.8 ± 2.3 0.358 
Study-III 7.0 ± 1.7 0.1 ± 0.9 ± 2.3 0.507 
Mean ± SEM 6.1 ± 0.9 1.4 ± 0.7 ± 1.3 0.339 

CPM effects (± SEM) at baseline in the three studies (I, II, III). Mean CPM 
effects calculated as PDT are higher than those from PTT (P < 0.0005). TS-
SEM indicates the standard error of measurement in the unconditioned TS. 
Effect sizes (ηp2) are calculated individually and as a mean. The effect size 
(ηp2) was large163 in all studies but highest in Study-III.  
 
A recent reliability study137 suggested that positive CPM effects should be 
higher than SEM of the unconditioned TS, which in the case of all four 
experiments was true. The mean effect size was 0.339, and according to 
Richardson (2011) ηp2 above 0.138 can be considered ‘large’. However, a 
review on CPM methodology found an approximated median CPM effect 
of 29% but noted that variability is huge between studies164 indicating 
methodological and individual differences. A cohort study of 926 male 
participants from a random sample of the Danish population found a 
median CPM effect of 32.1% using a combination of the cold pressor test 
(as CS) and pressure algometry (as TS)117. If the increase in PDT during 
conditioning, compared to PDT before conditioning, is used to calculate 
the percentage increase in CPM on all baseline data in Study-I, II and III 
(N = 90), the pressure cuff paradigm in this project provided an increase 
of 17.1%, which is lower than previous findings. A likely explanation is the 
differences between modalities (heat, cold, pressure algometry) and 
deeper tissues (pressure cuff algometry). Despite these differences, 
recent studies using heat, probe-pressure and a combination of modalities 
suggest that CPM effects – albeit different in sizes – are stable over 
time122,137, which fits very well with the results of all three studies in this 
thesis (see Table 3.2). 
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A comprehensive study on the pressure cuff for use in CPM paradigms 
shows that higher intensity of the CS can lead to higher CPM effects112. 
To test if this was true on the complete dataset from all four experiments 
at baseline, a regression analysis was made. The analysis found a 
significant correlation suggesting that higher CS-intensity can predict 
20.6% of the variation in CPM effects (see Figure 3.11). 
 

 

Figure 3.11 Intensity of CS correlates with CPM effect  
There was a significant correlation between CS-intensity and CPM effects at 
baseline (P < 0.0005, n = 90) and higher CS-intensity predicted higher CPM 
effects (R2 = 0.206, Y = 0.803x + 37.8). 
 
3.4.4. NOVEL PARADIGMS FOR ASSESSING CPM (STUDY-III) 

In addition to CPM paradigms based on threshold assessment, a range of 
variations have been used to explore different aspects of descending 
modulation162,165-167. In Study-III it was necessary to use a phasic TS in 
combination with a conventional, tonic conditioning. Reliability of the 
conditioned TS in this paradigm was excellent (average of three 
conditioned TS) with ICC of 0.92 and 95% CI = 0.82 – 0.97. Average VAS 
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score of the two sessions (Pain-I and Pain-II, see Figure 3.4) during 
conditioning was 6.3 ± 0.3. Overall the phasic paradigm produced a mean 
CPM effect of minus 0.4 ± 0.2 cm on VAS in the reliability study, indicating 
a facilitative response. Two other studies have used a similar paradigm 
and only one found a positive CPM effect, which is smaller than CPM 
effects from a conventional paradigm133,134.  
 

 
Figure 3.12 Ranked distribution of CPM effects 
Ranked distribution of CPM effects in Study-III (n = 25). On the left side CPM 
effects in the phasic sessions (mean of both sessions) are shown as change 
in cm on VAS. On the right side CPM effects at baseline in the conventional 
CPM paradigm are shown (kPa). 
 
In conventional CPM paradigms, an estimated 20% of healthy individuals 
will show a negative CPM response21,117,168. In the cohort used for Study-
III, four subjects (16%) had a negative response during the conventional 
CPM-paradigm, while half of the participants had a negative CPM 
response in the new phasic paradigm (see Figure 3.12). These results 
align with the existing evidence133,134 and suggest that the new phasic 
paradigm yields smaller effects. It is possible that the difference between 
paradigms reflect TS duration, which in the conventional paradigm lasts 
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up-to 100s compared to only 5s in the phasic paradigm. It could also relate 
to a difference in compression rates between the conventional (1 kPa/s) 
and phasic (100 kPa/s). Albeit speculative, the phasic paradigm could 
identify subtle individual differences related to the efficacy of the 
underlying mechanisms of CPM. 
 
3.4.5. PRO- AND ANTI-NOCICEPTIVE PHENOTYPES? 

It has been proposed that dynamic responses to nociceptive stimuli could 
place individuals on a spectrum between pro- and anti-nociceptive 
phenotypes54. This was explored in subgroup analysis21,121 and a recent 
study suggests that the user-independent pressure cuff algometry method 
could be appropriate for studying differences between CPM responders 
and CPM non-responders137. The distribution of the CPM effects at 
baseline in all three studies is shown in Figure 3.13.  

 
Figure 3.13 Ranked distribution of CPM effects at baseline 
19 assessments showed negative CPM effects at baseline (n = 90) in kPa 
(Study-I, II and III). 
 
In the four experiments, a total of 21% (19 assessments) had a negative 
response to the CS compared to before CS at baseline (Figure 3.13), and 
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could thus be classified on the pro-nociceptive spectrum and considered 
CPM non-responders.  
 

 

PDT was higher during conditioning for CPM-responders (in green: #, P < 
0.0005) and compared to TS+CS for CPM non-responders (*, P = 0.002), 
while PDT was lower for the CPM non-responders during conditioning 
compared to before (in red: #, P = 0.01) as would be expected. No differences 
were found between TS between the two subgroups (P = 0.9). Data from 
Study-I, II and III. 
 
An analysis of the full dataset (n = 90) finds no differences between 
responders and non-responders for the unconditioned TS (P = 0.9), 
indicating that subjects respond differently to the CS, not the TS (Figure 
3.14). Potvin and Marchand (2016) used thermal pain threshold as TS and 
cold water as CS on healthy controls and patients with fibromyalgia. No 
data was provided regarding the difference in pain threshold for healthy 
controls but for the fibromyalgia participants, pain threshold was 38.7℃ 
and 38.9℃ for CPM non-responders and CPM-responders, respectively21. 

Figure 3.14 CPM-responders vs CPM non-responders at baseline 
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These data were not analysed or discussed by the authors but they could 
be interpreted to align with the results found across this study. It is unlikely 
that peripheral sensitisation would fully explain the mechanism underlying 
these findings as it could not account for bilateral effects. The difference 
in CPM effect at baseline could support the idea that application of a CS 
(i.e. bilateral, parallel stimulation) relates to central mechanisms, possibly 
via summation-like effects.  
 
Together this indicates that the cohorts respond normally to conventional 
CPM (approximately 80:20 distribution between anti-:pro-nociceptive 
phenotypes) and that CPM non-responders are not ‘immune’ to CS, rather 
they fall into a pro-nociceptive phenotype. 
 
In Study-III the phasic paradigm without Stroop also found no difference 
between TS for the two subgroups (P = 0.7). Furthermore, this paradigm 
seemed to enhance the pro-nociceptive effects of CS in the CPM-non-
responder group (Figure 3.15; *, P = 0.01). The two studies that have used 
phasic TS did not provide data to explore subgroup differences but 
McPhee and Graven-Nielsen (2018)133 showed no main effect of phasic 
pressure cuff CPM and reported no data on pain thresholds, while Lie et 
al. (2017)134 report only that a tonic heat TS reached higher CPM effects 
than a phasic and that there was not a positive mean CPM effect in all 
individual bouts.  
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VAS scores (cm) for the average of the 1st phasic test-stimuli (TS) and the 
average of the 2nd-4th phasic test-stimuli (with tonic conditioning, TS+CS). 
Participants who responded with pain facilitation to conditioning (n = 13) were 
classified as CPM-non-responder phenotype. TS+CS was lower during for 
CPM-responders (*, P = 0.01) compared to CPM non-responders. Both 
subgroups showed significant differences between TS and TS+CS, albeit in 
opposite directions (#, P < 0.05). No differences were found between TS 
between the two subgroups (P = 0.7). Data from Study-III. 
 
Based on the existing evidence a phasic TS in combination with a tonic 
CS seems to be less effective to test CPM in healthy volunteers. The 
phasic TS alone seems reliable and in combination with a tonic CS it may 
be a relevant paradigm to differentiate between individuals who ‘facilitate’ 
during bilateral stimuli (TS + CS) and those who ‘inhibit’ pain (i.e. CPM-
responders). Future studies could explore this paradigm if the aim is to 
further subgroup healthy men. 
 

Figure 3.15 CPM-responders and CPM non-responders (phasic TS) 
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3.5. SUMMARY  

There are relevant modality-dependent differences for TS and it may be 
relevant to choose TS-modality based on tissue depth (skin vs. 
musculoskeletal tissue). The choice of CS-modality may also be important 
and indications from the evidence base suggest that it should match the 
physiological and perceptual qualities of the TS to optimise CPM effects. 
 
Pressure cuff is a reliable paradigm, both when pressure is applied slowly 
(1 kPa/s) and instantly (100 kPa/s), and PDT as well as pressure 
intensities were similar across the three studies. Tonic pressure effect 
(e.g. CS) is likely to habituate over time although the consequences are 
unknown. The temporal dynamics of repeated TS are likely to be 
influenced by habituation and a range of unknown factors, which could be 
relevant to study in the future.  
 
A positive CPM effect was found in all three studies at baseline and a 
combined analysis of all data from Study-I, II and III indicate that pressure 
cuff algometry provided stable and reliable CPM effects with an acceptable 
effect size for CPM effects calculated on the differences between PDT, 
with and without conditioning stimuli. Across all four experiments 21% of 
the participants had a negative CPM effect based on PDT, which is in 
alignment with the existing evidence. 
 
A phasic TS appears to be best suited to study facilitation during repeated, 
painful stimuli or to subgroup facilitators from inhibitors. The model may 
hold potential for studying descending facilitation in healthy subjects but 
effects are likely lower compared to conventional CPM paradigms, which 
is methodologically important (e.g. for power calculations). Interestingly, 
results from this project show that CPM-responders and CPM non-
responders react alike to TS without CS. It is unknown why healthy people 
may react differently to a parallel CS and it is suggested that differences 
between unilateral and bilateral stimulations may be relevant targets for 
future studies. 
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CHAPTER 4. TEMPORAL STABILITY 
OF CPM  

Study-I 

The effect of repeated, unconditioned TS on healthy men has been 
discussed in Chapter 3. A study in healthy volunteers and patients with 
migraine showed that repeated CPM-testing was able to detect subtle 
dysfunctions in those with migraine, which were not found in the first 
bout169. This could indicate that modulation of CPM over time is dynamic 
and possibly a more subtle way to study individual differences in 
descending modulation129. Despite this, no studies have previously 
focused on how CPM effects are influenced over repeated bouts in healthy 
volunteers. 
 
4.1. REPEATED CPM EFFECTS 

CPM is considered a reliable paradigm that tests the net-effects of 
descending facilitation and inhibition in humans (see Chapter 3.4). 
Evidence suggests, however, that CPM effects are not the only possible 
tests for descending modulation and “non-CPM paradigms” such as 
exercise170 and placebo171 have also been found to be analgesic. 
Interestingly, CPM effects appear to be transient in nature while exercise-
induced analgesia last longer (15 mins or more)96.  
 
The pressure cuff paradigm has been shown to be able to repeat painful 
TS in the same location without signs of peripheral sensitisation128. Both 
heat and pressure TS, however, may habituate over time when applied in 
the same location128,172,173 (see Chapter 3). This could potentially affect 
the efficacy of the CS and influence the CPM effect, since studies show 
that CS must be perceived as painful in order to give a CPM effect144,160. 
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Even in the presence of a painful CS, different CPM effects can be found 
in the same individuals, depending on modality174. 
 
In Study-I, repeated CPM effects were calculated within each bout as 
described in Chapter 3.3. Individual CPM effects for each bout are shown 
in Figure 4.1. 
 
The mean CPM effect from all four bouts was 3.2 ± 0.7 kPa (fixed) and 2.8 
± 0.8 kPa (adapted) and CPM effects were higher than control effects (P 
< 0.0005) providing the first evidence for repeatability of CPM effects in 5-
min bouts. One other study has reported the effect of repeated CPM-bouts 
in healthy subjects169 albeit in a different paradigm and with heat as TS. 
Like Study-I, this study found positive CPM effects in each of the bouts, 
which strongly indicates that CPM effects are transient and not likely to 
accumulate when repeated in 5-minute bouts129,169.  
 

 
Figure 4.1 Repeated CPM effects 
Repeated CPM effects in each of the four bouts in both experiments (Study-
I). Analysis showed a main effect indicating that CPM effects in the fixed 
experiment were 4.4 ± 1.8 kPa higher than in the adapted experiment (*, P = 
0.02). 
 
There has not been much research exploring  the role of CS in repeated 
CPM-bouts. Study-I found that a fixed CS generates higher CPM effects 
compared to an adapted CS (Figure 4.1). This is unexpected since 
previous studies have found a correlation between CS-intensity and CPM 
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effects112. However, it aligns with other studies, which indicate that 
perceived pain from the CS may be more important than the actual 
intensity, and that increased intensity in itself does not give higher CPM 
effects175,176.  
 
There was a difference in CS-intensity between the two experiments in 
Study-I, and as a consequence also longer duration of the CS in the 
adapted compared to the fixed experiment. Three studies find that duration 
of the CS has no effect on single-bout CPM112,142,177, indicating that the 
difference between the results in the two experiments are not related to 
duration.  
 
Another possibility is that the additional TS in the adaptive experiment 
could have influenced the CS as in serial conditioning. If this was the case, 
however, the pain ratings should decrease (as a sign of pain inhibition), 
which did not occur in Study-I.  
 
Based on the current evidence base, it is uncertain why the two 
experiments in Study-I show different results but it seems that the fixed 
CS paradigm is more likely to provide the largest CPM effects129. 
 
 
4.2. A NET-CPM EFFECT? 

Study-I explored dynamic changes in repeated TS with and without 
conditioning (i.e. CPM and control effects). An explorative analysis was 
conducted to understand the relationship between these two effects under 
the assumption that they share all properties but the CS (within each 
experiment). By subtracting the control effects from the CPM effects in 
each bout a ‘netCPM effect’ was found (Figure 4.2). A positive netCPM 
effect should represent an increase in CPM effects after the change in 
control effects is considered, and it is suggested that the netCPM effect 
can be interpreted as a proxy for the balance between habituation and 
sensitisation.  
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Figure 4.2 NetCPM effects 
The netCPM effect in each bout for the fixed and adapted experiments. The 
fixed-conditioning experiment increased over time (*, P = 0.03). No difference 
was found for the adapted experiment P = 0.5) and a trend was found for 
differences between the two netCPM effects (P = 0.07). 
 
As it turned out, the netCPM effect accumulated over time (P = 0.03) when 
the same (i.e. fixed) CS-intensity was used throughout the experiment; 
whereas no significant netCPM effects were found for PDT during the 
adapted conditioning experiment (Figure 4.2).  
 
In conventional, single-bout CPM paradigms, the difference between a 
conditioned TS and an unconditioned TS is believed to represent the net 
balance between facilitative and inhibitory descending modulation24; yet it 
also represents one end of the dynamic pain spectrum54 in most healthy 
individuals (anti-nociception). The netCPM uses the same logic but 
implements time as a factor without moving to the pro-nociceptive end of 
the spectrum. While the concept is unpretentious it is by no means 
assumed that netCPM represents the mere linear difference between 
conditioned and unconditioned TS over time. Rather, it may be a simplified 
method to encapsulate the net-response of CS over time, given that the 
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two TS are equally affected by time; and a way to exclude methodological 
confounders (e.g. type-I errors). In other words, netCPM could be a way 
to explore the dynamic interplay between TS with and without the influence 
of a CS. 
 
As mentioned earlier, studies suggest that CPM effects are stable over 
time122,137 and data from Study-I, II and III add to this that individual 
responses to CPM (i.e. inhibition or facilitation) relate less to the TS than 
to the CS. Knowledge regarding the influence of accumulated effects in 
control- and CPM effects are unknown and will likely involve transient 
adaptations to the stimuli and possibly be influenced by the intensity of the 
stimuli. In future studies, it would be interesting to understand more about 
how the 1st TS is influenced by the 2nd TS in the previous bout (serial 
conditioning), considering that two CS can eradicate the CPM effect178 and 
the possibility that  there could be ceiling effects for CPM.  
 
4.3. SUMMARY 

Study-I explored CPM effects over time and results indicate that the effects 
of repetitions are influenced by additional factors compared to single-
measurements and further research is necessary to understand how best 
to use this paradigm. Based on Study-I, it seems that CPM- and control 
effects can be measured repeatedly over 20 minutes and that netCPM 
effects should increase over time in healthy men. At the same time, the 
results indicate a high degree of complexity related to temporal dynamics 
in nociceptive signalling during repeated painful stimuli. Consequently, it 
appears that repeated measures will not be ideal to study simple time-
bound changes such as treatment-effects over a period of 20 minutes. 
Rather it is suggested that repeated stimuli can provide additional insight 
to the intricate balance between descending facilitation and descending 
inhibition in humans. Importantly, nothing in the results seems to indicate 
that repeated painful stimuli increase risks of type-I errors. Standard 
protocols record repeated measures but use the average for calculation of 
threshold179 and CPM effects117. It could be argued that individual 
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measurements may give more information about the ability of the CNS to 
adapt to noxious stimuli. 
 
Overall, it is likely that repeated assessment of pain sensitivity is 
influenced by multiple factors (e.g. habituation and non-linear effects) and 
future studies should pay attention to such factors and include a control-
session to account for temporal dynamics of repeated measures. For 
repeated CPM-measurement, a fixed conditioning intensity based on 
individual PTT at baseline is recommended because of more stable 
responses in both CPM- and control-sessions.  
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CHAPTER 5. STRESS MODULATION 
OF PAIN SENSITIVITY AND CPM  

Study-II 

Stress, like pain, is an experience that has biological correlates and it 
could affect the balance between the descending facilitation and inhibition 
of nociception via overlapping pathways (see Chapter 2.1).  
 
A range of stressors such as cold water, mirror drawing, anger recall, mock 
job-interviews and various mental tasks have been applied to facilitate 
acute stress in humans180. Responses to experimental stress can be 
measured via biomarkers or self-report. Measurement of self-perceived 
stress has been used in relation to social stressors78,181 where it can be 
measured on a 11-point Likert scale (0 being no stress and 10 being 
maximum stress). Questionnaires, such as the widely used Perceived 
Stress Scale, have been used in cohort studies but are less ideal for acute, 
experimental stress because of its short-lived nature182-184. Proxies of the 
biological stress-responses can be measured in ‘real-time’ (e.g. heart rate 
variability185) and the slower cortisol pathway, which is the most commonly 
used biomarker of a physiological stress-response58,72,84,88,186,187.  
 
5.1. MONTREAL IMAGING STRESS TASK 

At least three experimental paradigms have been established to induce 
cognitive stress based on contextual stressors such as negative feedback 
during mental arithmetic or mock job interviews188-190. Many studies have 
used social stress to explore the relationship between perceived stress, 
biological correlates (see Appendix A.2) and pain sensitivity in healthy 
humans181,191-200. The Trier Social Stress Task188 is a well-established, 
resource demanding paradigm that implements more elements than most, 
including a mock-job-interview and an arithmetic task – both in front of a 
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panel of trained assistants who give negative feedback during the stress-
session. The Montreal Imaging Stress Task190 (MIST) was developed to 
be used in an fMRI scanner and with less resources than the Trier Social 
Stress Task190. It has been used to study the influence of perceived stress 
and stress-related cortisol changes on pain sensitivity and CPM 
experiments181,201. Since this was the aim for Study-II, the MIST was ideal. 
The MIST can be modified to fit individual protocols and has the option to 
include a control-task (MIST-control) in addition to the stress-task (MIST-
stress), see Figure 5.2. Prior to the present work, no studies had compared 
the effects of MIST-stress on pain sensitivity or CPM to the effects of 
MIST-control on pain sensitivity or CPM. 
 

 

Figure 5.1 Montreal Imaging Stress Task 
A schematic showing the interface of the MIST-software. The stress-task (left) 
included a performance indicator providing incorrect, negative feedback as 
well as other stressors. 
 
Increased levels of salivary cortisol have been shown to correlate with the 
MIST-stress paradigm but not with MIST-control190, and two pain-related 
studies have found increased cortisol during MIST-stress compared to 
baseline181,191.  
 
The sessions in MIST (stress, control) are built into a software application 
that contains a computerized algorithm and the ability to deliver an output 
based on performance. The software adjusts arithmetic tasks according to 
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settings (e.g. ‘stress’ or ‘control’) and to the individual so that time 
restraints and levels of difficulty are adjusted depending on responses 
from the participant. During the stress task, the ideal setting will allow the 
participant to answer correctly 40-50% of the time, while in the control task 
the ideal setting will allow 90% correct answers190,191.  
 
The stress paradigm differentiates from the control by application of 
negative feedback to the participant (performance indicator and a 
stressing, high tone of increasing intensity indicating the time left to 
calculate each task). The performance indicator is set to always suggest 
that the participant is performing under average. Finally, the researcher 
gives the participant negative feedback (verbally) in accordance with a 
manuscript. The feedback from the researcher may indicate that the 
results are too low and that the data might have to be discarded if 
performance requirements are not met.  
 
 
5.2. PAIN SENSITIVITY AND STRESS  

In Study-II, the effect of MIST on repeated TS with and without CS was 
explored in addition to the effect of stress and control on CPM. Studies 
have previously looked at the relationship between pain and stress with 
similar methods181,191,192 and found associations between CPM and/or 
pain sensitivity and salivary cortisol and/or perceived stress. However, 
there is still a lot of uncertainty with regard to the interaction between pain 
sensitivity and perceived or ‘biological’ stress191. It was hypothesised that 
CPM would be further reduced by stress than a during the control session. 
 
Previously, two studies have found an association between social stress 
and hyperalgesia192,198 whereas the majority of the literature has found no 
change in pressure-pain sensitivity during acute, experimental 
stress84,91,181,191,193-195,201 (see Appendix A.2). MIST-stress has been used 
twice to study changes in pain sensitivity during stress. In one of these, 
perceived stress was associated with heat-pain hyperalgesia192 while the 
other study found no change in heat-pain thresholds181.  
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PDT was measured in repeated test-stimuli with and without conditioning 
before and after MIST-stress and MIST-control. MIST-sessions were 
separated by a 15-minute break. 
 
In Study-II, TS with and without conditioning were compared before and 
after MIST-stress and MIST-control, respectively, and no significant 
changes were seen (Figure 5.3; P > 0.36). The results are in keeping with 
existing studies181,194,196,197,199,200,202,203, suggesting that stress and pain 
sensitivity are unrelated and independent of modality (e.g. pressure, cold 
and heat). The robustness of pressure-pain thresholds is well 
established198-200 and in the context of a competing stressor, acute pain 
could be considered more salient204, at least theoretically, providing a 
conceptual understanding of why acute pain is not affected by social 
stress. 
 

Figure 5.2 Stress (MIST) protocol 
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Figure 5.3 PDT before and after stress and control 
Average PDT for the unconditioned test-stimuli (A) and conditioned test-
stimuli (B) did not change as a consequence of MIST compared to MIST-
control (P > 0.36, n = 25). Data from Study-II. 
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5.3. CPM EFFECTS AND STRESS 

CPM effects can be reduced during social stress181,191-193 with only a single 
study reporting that stress does not affect CPM196. Four studies. which 
found an effect of perceived stress on CPM, used heat-pain as stimuli. 
Nilsen et al. (2012), found an effect of stress on heat-evoked CPM and 
although data on pressure-pain was collected, this was not analysed 
because of indications of carry-over effects193. Cathcart et al. (2010), who 
did not find any effect of perceived stress on CPM, used pressure-pain for 
TS and occlusion for CS196. The existing findings may indicate some 
influence of modality but it is also relevant to note CPM effects during 
experimental stress were compared to baseline/recovery181,191,192, 
listening to music193 or reading newspapers196, rather than to a 
comparable control-session.  
 
In Study-II, CPM was measured twice before and twice after CPM-stress 
and CPM-control, respectively. More measurements were not possible 
due to the expected timeline of peak salivary cortisol (see below). PDT 
was increased during conditioning in all four sessions compared to PDT 
of the unconditioned TS, i.e. there was a significant CPM effect in all four 
CPM-sessions (Figure 5.4, P < 0.011). Contrary to the hypothesis, no 
significant differences were found between CPM before and after MIST-
stress or between MIST-stress and MIST-control (Figure 5.5). 
 
The results of Study-II show significant effects of conditioning; but no 
significant difference before and after social stress; or when compared to 
a control. While this supports the ability of the repeated TS, with and 
without CS, to show CPM effects; it contradict four previous studies on 
CPM and stress reporting a decrease in CPM effectiveness during 
stress181,191-193.  
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Figure 5.4 PDT before vs after stress and control 
There was a significant increase in PDT during conditioning compared to 
before conditioning in all four sessions in Study-II (N = 25, P < 0.011). No 
significant differences were found between TS or conditioned TS before or 
after MIST-stress or MIST-control (P > 0.18), indicating that there was no 
effect of MIST-stress on pain sensitivity. 
 

 

CPM effects before MIST-stress and MIST-control (left side) and after MIST-
stress and MIST-control (right side) were not significantly different (P > 0.36). 
Likewise, there were no differences between CPM effects before compared to 
after MIST or MIST-control (P > 0.68, n = 25). 

Figure 5.5 CPM effects before and after stress and control 
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The four studies that were able to show an effect of stress on CPM used 
heat as TS and heat or ischemia for CS, but as stated by Nilsen et al. 
(2012)193 the effects were small-to-medium and results might be modality 
specific. Cathcart et al. (2010)196, used pressure for TS and ischemia for 
CS and found no differences in CPM between the stress-condition and 
‘reading newspapers’. Despite discrete neuroanatomical differences in 
skin compared to musculoskeletal tissue (e.g. a subset of pressure-
sensitive afferents in the lateral spinal nucleus, which only respond to 
deep-tissue stimulation205), no obvious explanation for any modality 
difference exists but future studies, using comparable control conditions, 
could explore this topic.  
 
 
5.4. CPM, CORTISOL AND PERCEIVED STRESS 

A correlation between perceived stress and CPM has previously been 
described181,191,192, whereas the same studies did not find a correlation 
between cortisol and CPM. Others have found that morning cortisol may 
mask an effect from a stress task189.  The majority of studies measure 
CPM less than five minutes post-stress181,191-199,203 leaving very little time 
for cortisol to influence the nociceptive mechanisms, although a single 
study suggests that effects may be delayed since they found no change in 
pain sensitivity immediately after stress but pain reduction 15 minutes 
later200.  
 
A single study using social stress, found a negative correlation between 
cortisol and hypoalgesia200 and no studies found any positive association 
between CPM and cortisol (see Appendix A.2). Four studies found 
changes in cortisol albeit with quite different definitions: Gaab et al. 
(2017)203 found increased cortisol 10 minutes after Trier Social Stress 
Task compared to a matched control; Bement et al. (2010)197 and Geva et 
al. (2018)191 showed increased salivary cortisol compared to baseline 
measurements; and Geva (2014)181 showed increased cortisol after MIST 
compared to both baseline and rest. The last study (Geva et al., 2016)192 
found a borderline main difference in salivary cortisol. The literature on 
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social stress and cortisol, therefore, does not provide data to support a 
correlation between CPM and cortisol, only weak evidence in relation to 
pain sensitivity and no clear evidence on cortisol response after mental 
arithmetic.  
 
For convenience, saliva sampling was preferred over serum or urine 
sampling in Study-II. Cortisol was sampled at baseline and several times 
in Study-II (see Figure 5.6). To avoid unnecessary variance only healthy 
men were included and all sampling was done in the morning. Participants 
were instructed to avoid exercise, smoking, coffee and food three hours 
prior to baseline. 
 
 

 
Figure 5.6 Sampling of salivary cortisol (Study-II) 
Sampling of salivary cortisol in Salivette® was done five times during the study 
with respect to expected peak values (approx. 20 min after MIST-stress) and 
with sufficient time to expect cortisol levels to return to baseline (50 mins post 
MIST-stress190). 
 
MIST-stress and MIST-control resulted in 45.3 ± 0.6 % and 90.1 ± 2.1 % 
correct answers, respectively, indicating a successful manipulation. 
Participants confirmed this in self-report. However, salivary cortisol 
measurements did not change over time (Figure 5.7).  
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Study-II salivary cortisol was measured at baseline and four times during the 
study. Changes between measurements (Δ-cortisol) are shown. There was 
no difference between cortisol measurements (P = 0.85, n = 25). 
 
No correlations were found between cortisol and PDT (P > 0.2) but a study 
suggested that individual variations in cortisol-recovery after stress may 
be a relevant factor91. An explorative regression analysis was made 
between Δ-cortisol 1 and the change in pain sensitivity before and after 
MIST-stress. The analysis showed small, but significant correlation 
between Δ-cortisol 1 and conditioned TS  (R2 = 0.19, P = 0.03). No 
associations were found for PDT of the unconditioned TS. The result 
suggests that the pain sensitivity during CS is most reduced in participants 
with the highest change in Δ-cortisol 1. This is in alignment with Godfrey 
et al. (2016), who found that less efficient CPM (i.e. less change) after 
dexamethasone was associated with lower recovery in cortisol91. 
 
The correlation was only present for conditioned TS, and while 
speculative, it could be interesting to investigate if individual differences in 
CPM effects after MIST-stress are linked to the CS, as was proposed for 
repeated CPM effects (see Chapter 3.4.5). This interpretation could fit with 
the literature, which found no effect of stress on pain sensitivity181,194-

197,199,200,203; but rather that CPM and cortisol share mechanisms199,200, 
which are utilised under different situations. Furthermore, future studies 

Figure 5.7 Changes in salivary cortisol 



PROVOKING THE PLASTICITY OF DESCENDING MODULATION IN HEALTHY HUMANS 

71 

could explore whether repeated bouts of CPM can encapsulate changes 
over a period of time rather than at a specific time-point. 
 
The results from Study-II on the relationship between cortisol and CPM 
echo the diversity of existing literature. As was the case for Geva et al. 
(2016), Study-II found borderline significant changes in cortisol. However, 
they tested participants later in the day (1 p.m.). Nonetheless, results 
suggest that the change in cortisol between baseline and the first post-
stress measurement correlated with the change in conditioned, but not 
unconditioned, TS between pre- and post-stress pain measurements.  
 
The results in Study-II also indicated that CPM effects were not influenced 
by morning cortisol since no differences were found for participants tested 
at 8.30am compared to those tested at 10.30am. This is in line with one 
other study, which showed that pressure-induced pain and CPM (heat-TS, 
cold-CS) did not vary during the day206.  
 
5.5. SUMMARY 

Findings seem to suggest that social stress has little influence on pain 
sensitivity. The relationship between perceived stress and CPM is still 
unclear but results from Study-II highlight that methodological 
considerations in relation to control conditions are essential for the 
interpretation of existing and future studies. Furthermore, the relationship 
between cortisol and CPM is unclear but future studies should explore if 
cortisol recovery after stress can explain individual variability in CPM-
responses during or after stress. 
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CHAPTER 6. COGNITIVE MODULATION 
OF PAIN SENSITIVITY AND CPM  

STUDY-III 

6.1. STROOP TASK 

One of the most commonly applied paradigms in studies of the relationship 
between selective attention and pain sensitivity is the Stroop Task (see 
Appendix A.3 for overview). The Stroop Task was originally developed to 
test the capability of an individual to react against primary responses under 
time pressure97. Study-III used Numbers Stroop Task68,207, which in 
essence requires a participant to stick to one rule (count and report the 
amount of words as quickly and correctly as possible) under conditions 
where there is congruency (e.g. the word ‘two’ written twice) or 
incongruency (e.g. the word ‘one’ written twice). The words were displayed 
on a computer screen (see Figure 6.1) and responses were made on a 
numeric keyboard with the keys for each of the four options highlighted. 
Outcome measures are reaction time (ms) and accuracy (as a percentage) 
of the responses207. Each participant was asked to finish three sessions 
with each four bouts of Stroop Numbers (1 min). 
 

The Stroop task was displayed on a 
computer screen. During the test 
congruent and incongruent statements 
were shown and between each 
statement a fixation cross was shown. 
After each 1-min trial participants were 
informed to rate pain intensity of the test-
stimulus. 

 

Figure 6.1 Stroop Task interface 
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A majority of the studies on Stroop and pain sensitivity conclude that pain 
sensitivity is reduced in healthy volunteers after the Stroop task, even after 
confounders have been taken into account32,131,132,208-210, however, a 
single study found that Stroop testing leads to hyperalgesia99 and it has 
also been found that the effect of Stroop declines with age211.  
 
6.2. ATTENTION, DISTRACTION AND STROOP 

Attention (i.e. cognitive load) is closely related to distraction (i.e. conscious 
focus away from something specific, e.g. a painful stimulus) and research 
has shown that distraction is analgesic212. Methodologically, the difference 
between attention to (e.g. Stroop Task) and distraction from a painful 
stimulus may only be the sequence of the stimuli: In order for the 
participant to focus on Stroop Task first and pain afterwards, the painful 
stimulus must be placed between the individual Stroop-sessions. If Stroop 
was intended to be a distraction task, the painful stimulus should have 
been produced in parallel to the Stroop-sessions. 
 
The Stroop Numbers test was used in Study-III to explore the relationship 
between pain sensitivity, CPM and selective attention. The advantage with 
Stroop over e.g. 3-back or simpler method of mental arithmetic was that 
results could be quantified as reaction time (ms) and correct answers (as 
a percentage) simultaneously. The competitive element of being quick and 
correct appealed to the participants in the pilot study, who also found that 
Stroop was good at maintaining their focus on a task. Also, the paradigm 
could be designed to work in tandem with the pressure cuff algometry 
system, and had the advantage of being easily translated into both Danish 
and English.  
 
In Study-III, three Stroop sessions were included of which one only served 
as a control condition. In the control session, TS was equal to 90% of PDT 
(i.e. not painful). There were no statistical differences between reaction 
time or accuracy between the three sessions. However, during congruent 
trials participants were significantly more accurate and had shorter 
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reaction time compared to incongruent trials (Figure 6.2), indicating 
successful assimilation of the paradigm68. 
 

 
Figure 6.2 Stroop performance 
Accuracy (A) and reaction time (B) were not different between the three 
Stroop-sessions in Study-III (P = 0.3) but congruent and incongruent trials 
were different from each other (P < 0.0005). Together these results suggest 
successful implementation of Stroop and no effect of pain on Stroop from TS 
and CS.  
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In the two sessions with painful stimuli, Stroop and TS were run in 
sequence. Attention (i.e. focus on Stroop Task) was deliberately not run in 
parallel to the painful stimuli. First of all because a study, which combined 
painful stimuli with Stroop did not find any effect on pain sensitivity213 and 
secondly because this could be considered more a test of distraction, 
which was not the aim of this study. 
 
6.3. STROOP AND PAIN SENSITIVITY 

The majority of previous studies exploring the effect of Stroop on pain 
sensitivity show that Stroop correlates with reduced pain sensitivity, 
although a single study reported increased electrically induced pain 
sensitivity with increased cognitive load99 (see also Appendix A.3). 
However, two other studies, which also used electrical TS, found Stroop 
to be associated with pain inhibition210,214 indicating that modality is 
unlikely to explain the difference in pain sensitivity. The remaining studies 
have shown that Stroop has a pain inhibitory effect on cold-induced pain32, 
capsaicin209 and pressure-induced pain131,132. The difference in modalities 
used to study Stoop effects on pain sensitivity further supports that the 
effect is independent of modality. 
 
As hypothesised, Study-III found that Stroop has an analgesic effect, i.e. 
TS VAS scores were lower during Stroop compared to without Stroop 
(Figure 6.3). This is in line with the existing literature32,131,132,208-210,214. 
 
Since no differences between congruent and incongruent tasks were 
found, it is suggested that selective attention rather than cognitive load is 
the most likely explanation. Two other studies found no difference between 
congruent and incongruent tasks131,132. The only study to report a 
difference between the two tasks208 had participants rate pain intensity 
only once on completion of both tasks and thus is likely to be subject to 
recall bias215.  
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In addition to attention, results may be influenced by placebo/nocebo 
effects including expectations50. Methodologically this was managed by 
randomisation between sessions and application of control conditions 
(without pain, without Stroop and without CS). Furthermore, results show 
that there are no differences between a conditioned and an unconditioned 
test-stimulus in combination with Stroop suggesting that expectations are 
unlikely to play a role151,175. Rather, it would seem that attention in itself 
has the capacity to inhibit pain, independent of expectation and 
conditioning32,131,132,208-210. 
 
 

 
Figure 6.3 PDT before and during Stroop-task 
The first TS in Study-III (n = 25) was unconditioned in all sessions (left). The 
following three TS were conditioned in the “Phasic TS±CS, no Stroop” session 
and the “Phasic TS±CS with Stroop” session. The mean of all three TS in each 
session is shown (right). VAS scores of the first (all unconditioned) TS were 
lower during “Phasic TS with Stroop” compared to the “Phasic TS±CS, no 
Stroop” (*, P = 0.03). Both Stroop-sessions were lower than the “Phasic 
TS±CS, no Stroop” during the last three TS (P < 0.05) although the “Phasic 
TS±CS, with Stroop” was also conditioned. 
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6.4. STROOP AND CPM 

Previously, four studies have looked at the effect of Stroop on 
CPM209,211,216,217, however, none of them controlled for baseline CPM-
responses or compared the effect of Stroop on CPM to a control session. 
One of the studies found that Stroop reduced experimental pain more in 
healthy controls than in patients with functional dyspepsia, and that more 
abdominal pain correlated with reduced pain inhibition during Stroop in the 
patients209. The other three studies reported a correlation between CPM-
efficacy and reaction time211,216,217 albeit results were not significant in one 
study211 and no CPM effects were found in the other two216,217. See 
Appendix A.3 for overview. 
 

 
Figure 6.4 Effects before and during Stroop 
Difference between the first and mean of the following three TS are shown for 
each of the three sessions in Study-III. The difference is equal to CPM effects 
in “Phasic TS±CS, no Stroop” and “Phasic TS±CS with Stroop” but no 
conditioning was applied in the “Phasic TS with Stroop” session. Analysis 
shows no difference between the three (P = 0.7) and no interaction with CPM-
responders and CPM non-responders (P = 0.2) in Study-III. 
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Contrary to the hypothesis, no differences in CPM were found between 
the three sessions (P = 0.9), indicating that there was no effect of Stroop 
on CPM effects in Study-III (Figure 6.4).  
 
In Study-III, differences between CPM-responders and CPM non-
responders were analysed (see Chapter 4) and results show that Stroop, 
albeit hypoalgesic, could not change a facilitative response during CS into 
an inhibitory response (i.e. could not ‘reverse a negative CPM’). Also, 
participants with an inhibitory response to CS did not show any 
significantly different responses during Stroop in combination with a CS 
(i.e. no change in participants with a positive CPM effect). These results 
were interpreted to suggest that Stroop and CPM did not have auxiliary 
effects in Study-III.  
 
Overall, these results indicate that CPM and Stroop both have analgesic 
effects, but that they have different effects on healthy men. In support of 
this, a recent study concludes that attention and CPM both have analgesic 
effects but that they seem not to accumulate147. Three studies looked at 
correlations between CPM and Stroop and one found no correlation214, 
which support the findings in Study-III, while the two others report positive 
correlations between CPM and Stroop32,209.  
 
Neither of the abovementioned findings provides a clear picture of the 
relationship between Stroop and CPM. Even in the case of overlapping 
mechanisms, studies using BOLD-signals to measure brain activity found 
that there are individual differences in responses to painful stimuli and 
Stroop with some participants being more prone to focus on the painful 
stimuli and others on Stroop68 and that this may be reflected in the 
dynamic, rather than structural, functions of the brain69,70,101. Thus, it could 
be the case that stimulus-driven (bottom-up) and goal-oriented (top-down) 
modulation of pain59,218 may involve the same pathways but with different 
dynamics, depending on individual differences.  
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6.5. SUMMARY 

Selective attention has analgesic properties, which appear to utilise 
different mechanisms as those involved in CPM. This conclusion is based 
on the findings that the reduction in pain scores (VAS) during Stroop alone 
(Phasic TS with Stroop) was significantly larger than the first, 
unconditioned TS as well as the three conditioned TS in the Phasic 
TS±CS, no Stroop session (see Figure 6.3).  
 
Study-III indicates that even participants who experienced increased pain 
intensity during the phasic paradigm (with and without CS) could benefit 
from attention-analgesia. Thus, Study-III concludes that painful stimuli and 
attention both have the capacity to reduce pain sensitivity. 
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CHAPTER 7. CONCLUSION 

Pain modulation can occur after painful stimuli (bottom-up) or related to 
goal-oriented tasks such as stress and attention (top-down) and an 
overlap of the neural substrate behind both phenomena has been 
suggested. Thus, the aim of this thesis was to explore the dynamic stability 
of conditioned pain modulation (CPM) and to explore the suggested 
overlap between attention and stress with pain modulation. Results are 
summarised in Figure 7.1. 
 
Figure 7.1 Findings from Study-I, II and III 

 

Findings from Study-I, II and III at a glance. 1: The conventional CPM-
paradigm was successful in all three studies in reducing pain sensitivity during 
conditioning. 2: Repeated test-stimuli without conditioning lead to an increase 
in pain sensitivity over time. 3: Repeated test-stimuli with conditioning 
decreased pain sensitivity over time when compared to a control-condition. 
The difference (i.e. netCPM effect) between control- and CPM effects 
increased over time. 4: Stress had no significant effect on pain sensitivity. 5: 
Stress had no significant effect on CPM. 6: Pain sensitivity was higher in 
sessions without Stroop compared to sessions with Stroop. 7: Pain sensitivity 
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had no effect on Stroop performance and Stroop Task did not affect CPM 
effects. 
 
It was hypothesised that CPM effects and the effectiveness of a CS would 
adapt over time. While it was true that pain ratings (NRS) during CS were 
reduced over time, results suggest that CPM and CS-intensity can be 
maintained over time. Furthermore, it was found that the conventional 
CPM-paradigm showed stable responses in all three studies. In addition, 
a novel paradigm with phasic TS was tested and found reliable.  
 
In the conventional CPM-paradigm, 21% of the datasets (n = 90) showed 
pain facilitation during conditioning (i.e. negative CPM effects). In the 
phasic CPM-paradigm, 52% of the participants (n = 25) had a negative 
CPM effect, possibly indicating that it could have potential for studying pain 
facilitation in future studies.   
 
Over time, CPM effects increase more than the effects of repeated, control 
stimuli without conditioning. Furthermore, it is suggested that repeated TS 
with and without conditioning may be a subtle model to test for the balance 
between descending inhibitory and facilitatory mechanisms in clinical 
subgroups.  
 
Explorative analysis on the full dataset from all three studies suggest that 
different responses to CPM (i.e. facilitatory or inhibitory net-effect) relates 
more to the CS than the TS. In support of these findings, a small, negative 
correlation between changes in cortisol and changes in conditioned, but 
not unconditioned, TS was found in Study-II. This could imply that stress 
and painful conditioning may have overlapping mechanisms, albeit with no 
detectable effect on pain sensitivity or CPM effect. 
 
In Study-II, normal responses to conditioning were found (i.e. pain 
inhibition) and CPM effects were not influenced by a stress-control. 
Moreover, there was no effect of social stress on pain sensitivity, which 
supports the existing literature. However, Study-II also found no effect of 
social stress on CPM, which is in alignment with a single study and in 
disagreement with four reports of reduced CPM effects during stress. The 
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most likely reason for this discrepancy is modality-specific differences 
between heat and pressure induced pain thresholds. The findings in 
Study-II could indicate that an overlap between CPM- and stress-
mechanisms is either too small to affect the stability of CPM during acute 
stress or too multifaceted to be detected in the applied model. Study-II 
concludes that future studies should include a control-session and that the 
modality should be carefully considered.  
 
Study-III shows that attention has an analgesic effect on TS induced pain 
and that pain from the CS and/or test-stimuli did not influence Stroop-
performance, which is in line with the hypothesis. There were no significant 
differences in the effectiveness of Stroop between CPM-responders and 
CPM non-responders, which could indicate that CPM and attention 
activate descending modulation in different, not overlapping, ways. In 
other words, while the conditioning stimulus may be essential to 
understand individual differences in CPM and stress-related influences on 
CPM, there seems to be no interaction between attention and the 
conditioning stimulus. In support of this theory, attention was insufficient 
to change pain facilitation in CPM non-responders into inhibition during 
repeated, painful stimuli, indicating an independent rather than auxiliary 
mechanism. It is thus concluded that attention and CPM are both capable 
of activating descending modulation, and they are complementary rather 
than supplementary to each other.  
 
In conclusion, this project indicates that bottom-up pain modulation (CPM) 
is only discreetly influenced by stress-related changes. Furthermore, top-
down modulation (attention) is likely to achieve pain modulatory effects 
independently of those utilised by bottom-up modulation. From a clinical 
perspective, this suggests that individual differences are likely to play a 
major role in how patients respond to painful stimuli during stress and 
cognitive challenges, and that CPM may not be a clinical marker of top-
down pain modulatory capacities. 
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Appendix A. Overview of the literature 
 
Appendix A.1 – A.3 summarises literature on repeated TS and CPM (A.1); 
social stress, pain sensitivity and CPM (A.2); and Stroop, pain sensitivity 
and CPM (A.3) in healthy volunteers. Studies that have also examined 
clinical populations have been summarised for the data related to healthy 
subjects only. 
 
Literature searching used PubMed, keywords in Google Scholar and 
reference lists in studies with a specific relation to any of the three studies. 
Literature searches have been ongoing throughout the period (from 2016) 
but have not been structured beyond what is mentioned here. 
 
The following keywords have been applied for the structured search on 
PubMed and Google Scholar: 
CPM: Conditioned pain modulation, CPM, pain modulation, DNIC, diffuse 
noxious inhibitory controls, heterotopic noxious conditioning stimulation, 
endogenous analgesia, counter irritation 
Stress: Social stress, acute experimental stress, Trier Social Stress Task, 
Montreal Imaging Stress Task, Saliva cortisol, perceived stress, stress 
induced hypoalgesia, stress induced hyperalgesia, stress analgesia, 
stress induced pain modulation 
Stroop: Stroop, Stroop Task, Attention task, cognitive load, top-down 
inhibition of pain, cognitive analgesia, cognitive induced hyperalgesia. 
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Table A.1: Repeated pain sensitivity and CPM in healthy 
volunteers 
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Table A.2: Social stress, pain sensitivity and CPM in healthy 
volunteers 
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Appendix B. Overview of the studies 
Study aims, hypotheses and conclusions 
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Methods at a glance 
 

 

Measure Procedure Study-I Study-II Study-III 

Participants Healthy men 
(18-80 years)  N = 20 N = 25 N = 25 

Test stimulus 
(dominant leg) 

Tonic, ramping  
1 kPa/s until PTT 
duration 0-100 s 
 

X X X 

Phasic  
100 kPa/s equal to PTT at 
baseline 
duration 5 s 
 

  X 

Phasic  
100 kPa/s equal to 90% of 
PDT (at baseline) 
duration 5 s 

  X 

Conditioning 
stimulus 
(non-dominant leg) 

Tonic  
100 kPa/s equal to 70% of 
PTT at baseline (fixed) 
7.5 cm torniquets 
 

duration  
< 104 s 

duration  
< 100 s 

duration  
= 210 s 

Tonic 
100 kPa/s equal to 70% of 
PTT (adapted), 7.5 cm 
torniquets 

duration < 104 
s   

Number of stimuli 
per session/bout 

Test-stimuli  8 stimuli 6 stimuli 4 stimuli 

Conditioning stimuli 4 stimuli 2 stimuli 1 stimulus 

Condition pain 
modulation 

Baseline ‘standard’ CPM 
(pressure-cuff) 
 

X X X 

Conventionel CPM  X X  
Phasic CPM   X 
Number of CPM-
measurements total 4 2 3 

Repeated test-
stimuli (control 
session) 

Pre- and post-measurement 
comparison 
 

 X  

Unconditioned control-
session X ( X ) X 

Randomisation Randomised order of 
experimental sessions X  X 

Pain sensitivity 
measures 

Electronic visual analogue 
scale, VAS (test-stimuli) 
 

X X X 

Numeric rating scale, NRS 
(conditioning stimuli) 
 

X X X 

Pressure pain detection 
threshold (1.0 on VAS) 
quantified in kPa 
 

X X X 

Pressure pain tolerance 
threshold (10.0 on VAS or 
100 kPa) 

X     

Stress Perceived stress (NRS)  X X 
Saliva cortisol (ng/ml)  X  

Attention Perceived focus (NRS)   X 
Catastrophizing Pain Catastrophizing Scale  X X 
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Study-I | Effects of repeated conditioning pain modulation in 
healthy volunteers 
 

 
Please see https://onlinelibrary.wiley.com/doi/abs/10.1002/ejp.1279 
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Study-II | The Effect of Stress on Repeated Painful Stimuli With 
And Without Painful Conditioning 
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Study-III | The Effect of Attention on Pain Sensitivity 
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Abstract: Background

The efficacy of descending pain control is assessed as the difference in pain sensitivity
during a heterotopic, painful conditioning, compared to before (conditioning pain
modulation, CPM). Attention-related changes in pain sensitivity may involve similar
mechanisms as CPM and can be assessed with the Stroop-task, in which participants
report the number of words on a screen, either congruent or incongruent with the value
of the words.

Methods

Healthy men (n=25) underwent a cuff-algometry CPM-assessment where the pressure-
pain detection (PDT) and tolerance thresholds (PTT) were recorded on one leg with
and without conditioning on the contralateral leg. Two identical sessions of four test-
stimuli equal to PTT (5s, 1-min interval, scored on a visual analogue scale, VAS) with a
painful conditioning from the second to the last test-stimulus were performed.
Subsequently, test-stimuli were applied between four Stroop-sessions with painful
conditioning (Stroop-pain-conditioning) or without (Stroop-pain).

Results

The VAS scores in the first two sessions showed excellent reliability (ICC=0.92). VAS
scores were lower in sessions with Stroop compared to sessions without Stroop
(P=0.05). Participants were sub-grouped into CPM-responders and CPM-non-
responders according to CPM-effects in the first two sessions. CPM-non-responders
(n=13) showed facilitation to repeated noxious stimuli in all sessions with no effect of
conditioning or Stroop (P=0.02).

Conclusion

Attention can inhibit experimental pain but is not able to change a negative CPM-effect
into a positive, suggesting that attention and CPM utilize different mechanisms.
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Summary

ISSN (online): 2246-1302
ISBN (online): 978-87-7210-407-2

Dette PhD-projekt, der består af tre studier, har undersøgt, hvordan gent-
agelser alene og i kombination med stress eller koncentration påvirker 
Conditioned Pain Modulation (CPM) i raske mænd.
Studie-I undersøgte, hvordan smertesensitivitet og CPM blev påvirket af at 
blive gentaget med korte mellemrum og havde til formål at give ny viden 
om, hvordan gentagne runder af smertefulde stimuli påvirker raske mænd. 
Studie-II undersøgte hvordan akut, social stress påvirker smertefulde stim-
ulationer med og uden konditionering. Formålet var at belyse om stress har 
en direkte relation til CPM. Studie-III undersøgte, hvordan koncentration 
både med og uden gentagne, smertefulde stimulationer kan påvirke eksper-
imentelle smerter. Formålet var at belyse om koncentration og CPM kan 
supplere hinanden.
Resultaterne indikerer, at CPM er en reliabel og stabil model til at undersøge 
bottom-up smertemodulation. Her ud over viser resultaterne, at gentagne 
smertefulde stimulationer, uden konditionering, medfører ikke-lineære på-
virkninger over tid. Projektet peger desuden på, at hverken social stress eller 
koncentration har signifikant indflydelse på CPM og at koncentration i sig 
selv kan have en smertelindrende effekt.
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