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Abstract 
 

Pain is a common and disabling symptom in people with Parkinson's disease, but the 
pathophysiological mechanisms underlying this phenomenon remain poorly understood.   Through 
the use of systematic review, meta-analysis techniques, functional magnetic resonance imaging and 
psychophysical methods for testing pain sensitivity, this thesis demonstrated that Parkinson’s 
disease patients had altered central nociceptive processing – characterised by an aberrant increase 
in brain nociceptive activity to innocuous pressure – and that that this phenomenon likely 
contributes to the development of clinical pain.  The brain pathways that have undergone 
nociceptive sensitisation predominantly subserve the affective and cognitive domains of pain rather 
than the sensory discriminative aspects, and may have arisen as a consequence of chronic pulsatile 
levodopa administration 

 These findings have significant implications on both management and future research directions on 
pain in Parkinson’s disease.  In particular, management of clinical pain in Parkinson’s disease should 
involve strategies designed to prevent and reverse dopamine-induced sensitisation and utilise 
treatments that deal more with affective and cognitive dimensions of pain rather than dealing with 
pain intensity, while future research should focus on identifying the root cause of sensitised 
nociceptive response in Parkinson’s disease patients and on developing techniques to better 
disengage this aberrant response. 

  



ii 
 

Declaration by author 
 

I declare this thesis is composed of my original work and contains no material previously published 
or written by another person except where references have been made in text.  The content of this 
thesis is the result of work I have carried out since commencement of my high degree candidature at 
Melbourne University. None of the work in this thesis has been submitted to qualify for the award of 
any other degree or diploma in any other tertiary institution. 

Publications included in this thesis: 
 
Sung S, Vijiaratnam N, Chan DWC, Farrell M, Evans AH.  Pain sensitivity in Parkinson's disease: 
Systematic review and meta-analysis. Parkinsonism Relat Disord. 2018 Mar;48:17-27. Incorporated 
into chapter 2 (methodology) and 3 (results). 
 

Contributor Statement of contribution 

Sung, S Designed methodology of systematic analysis (100%) 

Selection of papers for inclusion into analysis (50%) 

Performing systematic analysis and meta-analysis (100%) 

Interpreting results (80%) 

Writing paper (100%) 

Editing paper (20%) 

Chan, DWC Selection of papers for inclusion into analysis (50%) 

Vijiaratnam N Editing paper (50%) 

Formatting paper for submission (100%) 

Farrell M Interpreting results (10%) 

Editing paper (15%) 

Evans AH Interpreting results (10%) 

Editing paper (15%) 

 

 

  



iii 
 

Acknowledgements 
 

To begin, acknowledgements must be given to the Royal Melbourne Hospital Neuroscience 
Foundation and the Pfizer Australia Neuro Science Research Grant, for providing the necessary 
financial support required to carry out this work. I would also like to give thanks to the Melbourne 
brain centre, the Melbourne Health Neurology team (especially the Movement disorders 
department), and the radiology department at the Murdoch Children’s Research Institute for 
providing me with the support needed to perform this research. 

Of course, I owe a massive debt of gratitude to my two supervisors, Andrew Evans and Michael 
Farrell, who freely contributed so much of their time and effort over the years.  It was Andrew who 
provided me with the inspiration (and topic) to begin this journey, and it was thanks to his 
knowledge, boundless enthusiasm, positive feedback and assistance (to the point where I was 
intruding on his family time) that I was able to complete this journey.  Michael was equally 
instrumental to the completion of this work; for without his functional imaging and writing 
knowhow (essentially wizardry), none of this would have been remotely possible. 

Finally, I cannot thank my family enough for the support they have given me.  To my parents, for 
their unconditional love and tireless encouragement; to my sister, for her invaluable insights and 
guidance on how to complete a PhD; to Daniela, the love of my life, whose unwavering devotion 
helped sustain me during the most trying times; and to my son Ethan, whose impending birth gave 
me the final impetus needed to finish what I started. 

  



iv 
 

Table of contents 
 

ABSTRACT ................................................................................................................................................................ I 

DECLARATION BY AUTHOR ..................................................................................................................................... II 

PUBLICATIONS INCLUDED IN THIS THESIS: ............................................................................................................. II 

ACKNOWLEDGEMENTS .......................................................................................................................................... III 

TABLE OF CONTENTS ............................................................................................................................................. IV 

LIST OF ABBREVIATIONS ........................................................................................................................................ IX 

LIST OF TABLES ....................................................................................................................................................... X 

LIST OF FIGURES .................................................................................................................................................... XI 

LIST OF CHARTS .................................................................................................................................................... XII 

THESIS OVERVIEW .................................................................................................................................................. 1 

CHAPTER 1:  BACKGROUND AND LITERATURE REVIEW ......................................................................................... 3 

1.1 THE IMPORTANCE OF PAIN IN PD................................................................................................................... 3 
1.1.1 Pain is common in PD patients.......................................................................................................... 3 
1.1.2   Pain is an inherent symptom of PD and does not occur as a consequence of age or other 
comorbidities ................................................................................................................................................. 4 
1.1.3  Pain in PD matters, and negatively impacts on quality of life ...................................................... 5 
1.1.4 Pain in PD is poorly managed ........................................................................................................... 6 

1.2  WHAT IS PAIN, AND HOW CAN WE INVESTIGATE IT? .......................................................................................... 6 
1.2.1 The dimensions of pain ..................................................................................................................... 7 
1.2.2 Nociception versus pain .................................................................................................................... 7 
1.2.3 Anatomy of the nociceptive system .................................................................................................. 8 
1.2.4 Chronic pain and relationship with sensitisation of the pain system .............................................. 10 
1.2.5 Clinical manifestations of pain sensitisation ................................................................................... 12 
1.2.6 Experimental human pain procedures ............................................................................................ 14 

1.2.6.1 Nociceptive stimulus .............................................................................................................................. 14 
Mechanical stimulation ........................................................................................................................................ 14 
Thermal stimulation ............................................................................................................................................. 15 
Electrical stimulation ............................................................................................................................................ 15 
Chemical stimulation ............................................................................................................................................ 16 

1.2.6.2 Pain assessment techniques .................................................................................................................. 16 
Psychophysical assessment tools ......................................................................................................................... 16 
Neural electrophysiology ...................................................................................................................................... 17 
Functional imaging ............................................................................................................................................... 18 

1.2.7 Criticisms of the evoked pain model in the study of chronic pain ................................................... 20 
1.3 CURRENT UNDERSTANDING OF PAIN IN PD .................................................................................................... 20 

1.3.1 Clinical characteristics of pain in PD ............................................................................................... 20 
1.3.2 The evidence for altered pain processing in PD .............................................................................. 22 

1.3.2.1 Evidence from clinical evoked pain sensitivity studies ........................................................................... 22 
1.3.2.2 Evidence from functional imaging studies ............................................................................................. 23 
1.3.2.3 Evidence from DBS studies .................................................................................................................... 23 
1.3.2.4 Evidence from genetic studies ....................................................................................................................... 24 

1.3.3 Hypothetical mechanisms underlying altered pain processing in PD ............................................. 25 



v 
 

1.3.3.1 Reduced dopaminergic activity may result in increased pain sensitivity ............................................... 26 
1.3.3.1.1 Preclinical studies .................................................................................................................................. 26 
1.3.3.1.2 Human studies ....................................................................................................................................... 29 

1.3.3.2 Deficiencies of other neurotransmitters may result in increased PD pain ............................................. 30 
1.3.3.3 Chronic pulsatile levodopa use induces central sensitisation of brain nociceptive pathways and results 
in altered pain processing ......................................................................................................................................... 31 

1.4 HYPOTHESES AND GOALS OF THIS PHD ......................................................................................................... 32 

CHAPTER 2:  EXPERIMENTAL METHODS ............................................................................................................... 34 

2.1  SYSTEMATIC REVIEW AND META-ANALYSIS..................................................................................................... 34 
2.1.1 Introduction .................................................................................................................................... 34 
2.1.2 Overall search strategy, data extraction and general statistics ..................................................... 34 
2.1.3 Specific study selection criteria and analysis methodology ............................................................ 35 

2.1.3.1 PD patients will have hyperalgesia on pain sensitivity testing compared to normal healthy controls .. 35 
2.1.3.1.1 Study selection .................................................................................................................................. 35 
2.1.3.1.2 Study quality assessment .................................................................................................................. 35 
2.1.3.1.3 Meta-analysis .................................................................................................................................... 37 

2.1.3.2 PD patients with clinical pain will demonstrate more hyperalgesia compared to those without pain .. 37 
2.1.3.2.1 Study selection .................................................................................................................................. 37 
2.1.3.2.2 Study quality assessment .................................................................................................................. 37 
2.1.3.2.3 Meta-analysis .................................................................................................................................... 38 

2.1.3.3 Dopaminergic medications will alter pain sensitivity in PD patients ..................................................... 39 
2.1.3.3.1 Study selection .................................................................................................................................. 39 
2.1.3.2.2 Study quality assessment .................................................................................................................. 39 
2.1.3.2.3 Meta-analysis .................................................................................................................................... 42 

2.2  FMRI AND PSYCHOPHYSICAL METHODS ........................................................................................................ 42 
2.2.1 Introduction .................................................................................................................................... 42 
2.2.2 Recruitment .................................................................................................................................... 43 

Inclusion criteria ........................................................................................................................................................ 43 
Exclusion criteria ....................................................................................................................................................... 43 

2.2.3 Participant preparation .................................................................................................................. 44 
2.2.4 Equipment and tools ....................................................................................................................... 44 

2.2.4.1 Pressure stimulus ................................................................................................................................... 44 
2.2.4.2 Temperature stimulus ............................................................................................................................ 45 
2.2.4.3  Rating scales........................................................................................................................................... 45 
2.2.4.4  MRI machine .......................................................................................................................................... 46 

2.2.5 Psychophysical procedures ............................................................................................................. 46 
2.2.5.1 Stimulus-dependent experimental procedures ..................................................................................... 46 

2.2.5.1.1 Determining pressure thresholds ...................................................................................................... 46 
2.2.5.1.2 Determining temperature thresholds ............................................................................................... 47 

2.2.5.2 Response-dependent experimental procedures .................................................................................... 47 
2.2.5.2.1 Determining pressure-induced pain ratings ...................................................................................... 47 
2.2.5.2.2 Determining temperature-induced pain ratings ............................................................................... 48 

2.2.6 MRI scanning procedures ................................................................................................................ 48 
2.2.6.1 Patient procedures ............................................................................................................................ 48 
2.2.6.2 MRI procedures ................................................................................................................................. 48 

2.2.6.2.1 BOLD data acquisition and analysis ........................................................................................... 49 
2.2.6.2.2 BOLD Signal Time Series Analysis .............................................................................................. 50 
2.2.6.2.3 PASL acquisition and processing ............................................................................................... 50 

CHAPTER 3:  PAIN SENSITIVITY IN PD: SYSTEMATIC REVIEW AND META-ANALYSIS ............................................ 51 

3.1 INTRODUCTION ........................................................................................................................................ 51 
3.2 METHODS .............................................................................................................................................. 51 



vi 
 

3.3 RESULTS ................................................................................................................................................. 52 
3.3.1 Study selection ................................................................................................................................ 52 
3.3.2 Study characteristics ....................................................................................................................... 54 

3.3.2.1 Quality assessment ................................................................................................................................ 54 
3.3.2.2 Demographics ........................................................................................................................................ 55 
3.3.2.3 Study methodologies and outcomes ..................................................................................................... 56 

3.3.2.3.1 Heat pain ........................................................................................................................................... 58 
3.3.2.3.2 Cold pain ........................................................................................................................................... 58 
3.3.2.3.3 Electricity ........................................................................................................................................... 59 
3.3.2.3.4 Pressure ............................................................................................................................................ 59 
3.3.2.3.5 Medication status.............................................................................................................................. 60 

3.3.2.4 Study results .......................................................................................................................................... 60 
3.3.2.4.1 PD patients off medications versus HC off medications ........................................................................ 61 
3.3.2.4.2 PD patients on medications versus HC off medications ........................................................................ 64 
3.3.2.4.3 PD patients on medications versus HC on medications ......................................................................... 64 

3.3.2.5 Meta-analysis of PD patients off medications versus HC off medications ............................................. 65 
3.3.2.5.1 Heat pain ........................................................................................................................................... 65 
3.3.2.5.2 Cold pain ........................................................................................................................................... 65 
3.3.2.5.3 Pressure pain ..................................................................................................................................... 66 
3.3.2.5.4 Electrical pain .................................................................................................................................... 66 

3.4 DISCUSSION ............................................................................................................................................ 66 

CHAPTER 4:  SYSTEMIC REVIEW AND META-ANALYSIS OF PAIN SENSITIVITY IN PD PATIENTS AND ITS 
ASSOCIATION WITH CLINICAL PAIN AND RESPONSE TO DOPAMINERGIC STIMULATION .................................... 69 

4.1 INTRODUCTION ............................................................................................................................................... 69 
4.2 METHODS .............................................................................................................................................. 70 
4.3 RESULTS ................................................................................................................................................. 71 

4.3.1 Study selection overview ................................................................................................................. 71 
4.3.2 PDP versus PDNP results ................................................................................................................. 72 

4.3.2.1 Study quality .......................................................................................................................................... 72 
4.3.2.2  Clinical characteristics ............................................................................................................................ 73 
4.3.2.3  Methodologies and outcome measures ................................................................................................ 75 

Heat pain: ............................................................................................................................................................. 75 
Electrical pain: ...................................................................................................................................................... 75 
Cold pain: .............................................................................................................................................................. 76 
Pressure / ischaemic pain: .................................................................................................................................... 76 

4.3.2.4 Study results .......................................................................................................................................... 76 
4.3.2.5  Meta-analysis of PDP versus PDNP ........................................................................................................ 76 
4.3.2.6 Sensitivity analysis of meta-analysis for PDP versus PDNP .................................................................... 77 

4.3.3 Med ON versus Med OFF results ..................................................................................................... 78 
4.3.3.1  Study quality .......................................................................................................................................... 78 
4.3.3.2  Clinical characteristics (Med ON versus Med OFF) ................................................................................ 82 
4.3.3.3  Methodologies and outcome measures ................................................................................................ 83 

4.3.3.3.1 Methods for determining Med ON and Med OFF ............................................................................. 83 
4.3.3.3.2 Pain sensitivity methods and outcome measures ............................................................................. 85 

4.3.3.4  Study results .......................................................................................................................................... 88 
4.3.3.5 Meta-analysis of Med OFF versus Med ON ............................................................................................ 89 
4.3.3.6 Sensitivity analysis for meta-analysis of Med OFF versus Med ON ........................................................ 89 

4.4 DISCUSSION ............................................................................................................................................ 90 

CHAPTER 5:  PAIN AND DYSKINESIA MAY SHARE COMMON PATHOPHYSIOLOGICAL MECHANISMS – AN FMRI 
STUDY ............................................................................................................................................................ 93 

5.1 INTRODUCTION OF HYPOTHESIS AND AIMS ..................................................................................................... 93 



vii 
 

5.2  METHODS .............................................................................................................................................. 94 
5.2.1 Participants ..................................................................................................................................... 94 

5.2.2.1 Psychophysical outcomes ...................................................................................................................... 95 
5.2.2.2 fMRI outcomes ....................................................................................................................................... 95 

5.3 RESULTS ................................................................................................................................................. 96 
5.3.1.1 Baseline data .......................................................................................................................................... 96 
5.3.1.2 JNP threshold results ............................................................................................................................. 97 
5.3.1.3 MP threshold results .............................................................................................................................. 97 
5.3.1.4 Pressure pain ratings .............................................................................................................................. 97 
5.3.1.5 Cold pain ................................................................................................................................................ 98 
5.3.1.6 Stimulus-response function ................................................................................................................... 99 
5.3.1.7 PANAS .................................................................................................................................................. 100 
5.3.1.8 Short-form McGill ................................................................................................................................ 100 
5.3.2.1. fMRI quality control ............................................................................................................................. 100 
5.3.2.2. BOLD data ............................................................................................................................................ 101 

(A) Single group activations ................................................................................................................................ 101 
(B) Group differences ......................................................................................................................................... 104 

(C) Interaction differences ..................................................................................................................... 106 
5.3.2.3. ASL data ............................................................................................................................................... 106 

(A) Cold versus innocuous .................................................................................................................................. 106 
(B) Med ON versus Med OFF .............................................................................................................................. 106 
(C) Interaction between dyskinesia and medication state ................................................................................. 106 

5.4 DISCUSSION.................................................................................................................................................. 106 

CHAPTER 6: THE EFFECT OF CHRONIC PAIN ON EVOKED PAIN SENSITIVITY IN PD PATIENTS – AN FMRI 
STUDY 110 

6.1 INTRODUCTION OF HYPOTHESIS AND AIMS ................................................................................................... 110 
6.2  METHODS ............................................................................................................................................ 110 

6.2.1 Participants, procedures and data analysis .................................................................................. 110 
6.2.2 Outcome measures ....................................................................................................................... 111 

6.2.2.1 Psychophysical outcomes .................................................................................................................... 111 
6.2.2.1 fMRI outcomes ..................................................................................................................................... 111 

6.3 RESULTS ............................................................................................................................................... 111 
6.3.1 Psychophysical data ...................................................................................................................... 111 

6.3.1.1 Baseline data ........................................................................................................................................ 111 
6.3.1.2 JNP threshold results ........................................................................................................................... 113 
6.3.1.2 MP threshold results ............................................................................................................................ 113 
6.3.1.3 Pressure ratings ................................................................................................................................... 113 
6.3.1.5 Temperature ratings ............................................................................................................................ 114 
6.3.1.6 Stimulus-response function slope ........................................................................................................ 114 
6.3.1.7 PANAS .................................................................................................................................................. 116 

6.3.2 BOLD fMRI results ......................................................................................................................... 116 
6.3.2.1  fMRI quality control ............................................................................................................................. 116 
6.3.2.2. BOLD data ............................................................................................................................................ 117 

(A) “Clinical pain” group versus “no pain” group ............................................................................................... 117 
(i) Painful greater than innocuous stimulation contrast ........................................................................ 117 
(ii) Innocuous stimulation and painful stimulation................................................................................. 120 

(B) Interaction effects between clinical pain and medication status .................................................................. 124 
6.3.2.2. ASL data ............................................................................................................................................... 129 

(A) Cold versus innocuous .................................................................................................................................. 129 
(B) Med ON versus Med OFF .............................................................................................................................. 129 
(C) Interaction between pain and medication state ........................................................................................... 129 

6.4 DISCUSSION .......................................................................................................................................... 132 



viii 
 

6.4.1  Psychophysical test results ....................................................................................................................... 132 
6.4.2 Imaging results .......................................................................................................................................... 132 
6.4.3 Discussion ................................................................................................................................................. 133 

CHAPTER 7: CONCLUSION ...................................................................................................................... 136 

7.1 KEY FINDINGS AND IMPLICATIONS .............................................................................................................. 136 
7.1.1 Systematic review findings............................................................................................................ 136 
7.1.2 Psychophysical and functional magnetic resonance findings ....................................................... 137 

7.2 LIMITATIONS AND FUTURE DIRECTIONS ....................................................................................................... 139 
7.3 CONCLUDING REMARKS ........................................................................................................................... 140 

REFERENCES ................................................................................................................................................. 142 

APPENDIX .................................................................................................................................................... 164 

 
 
  



ix 
 

List of abbreviations 
 
ACC   Anterior cingulate cortex  
AMCC  Anterior midcingulate cortex  
ANOVA  Analysis of variance 
ASL   Arterial spin labelling  
BOLD  Blood oxygen level-dependent  
COMT   Catechol-O-methyltransferase  
DBS   Deep brain stimulation 
DNIC   Diffuse noxious inhibitory control  
fMRI   Functional magnetic resonance imaging  
GCH-1  Guanosine-5’-triphosphate cyclo-hydrolase 1 
HC  Healthy controls 
JNP  Just noticeable pain  
LEDD   Levodopa equivalent daily dose 
LID  Levodopa-induced dyskinesia  
MAIMS  Modified Abnormal Involuntary Movement Scale  
MDS-UPDRS  Movement Disorders Society Unified Parkinson's Disease Rating Scale   
Med OFF  “Off medication” state 
Med ON   “On medication” state 
MEG  Magnetoencephalography  
MP  Moderate pain  
NAcc  Nucleus accumbens  
NMDA  N-Methyl-D-aspartate 
NOS  Newcastle-Ottawa Scale  
NRS  Numerical rating scale  
NWR  Nociceptive withdrawal reflex  
PAG   Periaqueductal grey  
PASL   Pulsed arterial spin labelling  
PCC  Posterior cingulate cortex  
PD  Parkinson’s disease 
PDP  Parkinson’s disease patients with clinical pain  
PDNP  Parkinson’s disease patients who do not experience pain 
PDQ-39  39-item Parkinson’s Disease Questionnaire   
PET  Positron emission tomography  
QST  Quantitative sensory testing  
rCBF  Regional cerebral blood flow  
RVM  Rostroventral medulla  
SEP   Somatosensory evoked potentials  
SMD  Standardised mean difference  
SNP  Single nucleotide polymorphism  
SPECT  Single-photon emission computed tomography  
SPL  Superior parietal lobule  
TCSR  Trigeminal-cervical-spinal reflex  
UKPDSBB  United Kingdom Parkinson's Disease Society Brain Bank Criteria  
UPDRS   Unified Parkinson’s disease rating scale 



x 
 

List of tables  
 
Table 1.1: Prevalence of pain in PD patients, sorted by type of pain and prevalence 
Table 1.2: Comparison of pain in PD patients versus age-matched healthy controls (HC) 
Table 1.3: Rating of endogenous pain in PD patients. 0 = no pain, 10 = worst pain imaginable 
Table 2.1: Modified NOS for assessment of study quality 
Table 2.2: Quality assessment tool for assessing bias in Med ON versus Med OFF studies 
Table 3.1 Breakdown of the modified NOS score for the 22 studies included 
Table 3.2: Included study demographics 
Table 3.3: Summary of methodologies and outcome measures 
Table 3.4: Summary of studies in PD patients off medications versus HC off medications 
Table 3.5: Summary of studies comparing PD patients on medications versus HC off medications 
Table 3.6: PD patients on medications versus HC on medications 
Table 4.1: Modified NOS score for the PDP versus PDNP studies 
Table 4.2: Summary of clinical characteristics of PDP and PDNP 
Table 4.3: Methodologies, outcomes and results of PDP versus PDNP studies 
Table 4.4: Results of one-study removed meta-analyses for PDP versus PDNP 
Table 4.5: Risk of bias assessment for Med OFF versus Med ON studies 
Table 4.6: Clinical characteristics of the 19 studies that did before and after Med OFF and Med ON testing 
Table 4.7: Methodologies used to determine Med OFF and Med ON 
Table 4.8: Summary of methodologies employed, outcome measures and results 
Table 5.1: Baseline clinical data of the 25 PD participants 
Table 5.2: Average pain ratings for dyskinetic and non-dyskinetic PD patients to pressure stimuli 
Table 5.3: Average pain ratings for dyskinetic and non-dyskinetic PD patients to pressure stimuli 
Table 5.4: Weight (kg) and temperature (°C) required to elicit JNP and MP 
Table 5.5: Head movement of participants during fMRI scanning 
Table 5.6: Summary of regions showing increased pain-related BOLD activity in dyskinetic and non-
dyskinetic groups 
Table 5.7: Summary of regions showing group differences (dyskinetic > non-dyskinetic) in BOLD activity 
during moderately painful versus innocuous pressure stimulation 
Table 6.1: Clinical characteristics of PD patients divided according to pain status 
Table 6.2: Individual characteristics of pain experienced by current cohort of PD patients 
Table 6.3: Average pain ratings for PD patients to pressure stimuli 
Table 6.4: Average pain ratings for PD patients to cold stimuli 
Table 6.5: Weight (kg) and temperatures (C°) required to elicit JNP and MP 
Table 6.6: Head movement of participants during fMRI scanning listed by pain status 
Table 6.7: Peak pain > innocuous BOLD signal difference between “clinical pain” and “no pain” groups in 
relevant regions of interest 
Table 6.8: Peak difference in innocuous-stimulation-induced BOLD signal difference between “clinical 
pain” and “no pain” group in clusters of activation 
Table 6.9: Peak pain greater than innocuous BOLD activations demonstrating an interaction effect 
between pain and medication 
Table 6.10: Peak difference in cold-related increase of rCBF post levodopa in “clinical pain” versus “no 
pain” group 
Table 6.11: Peak difference in cold-related decrease of rCBF post levodopa in “clinical pain” versus “no 
pain” group 



xi 
 

List of Figures 
 
Figure 1.1: Examples of sensitisation of the stimulus-response function 
Figure 1.2: The 10cm visual analogue scale; the 11-point NRS; and the Wong-Baker FACES pain rating 
scale 
Figure 1.3: Typical representation of the haemodynamic response function curve  
Figure 2.1: Mechanical pressure stimulator 
Figure 2.2: Results from the double staircase procedure for participant ID 84_004 
Figure 2.3: Protocol for presenting pressure stimulus during BOLD scanning. 
Figure 3.1: Selection process for systematic review and meta-analysis 
Figure 3.2: Meta-analysis of heat pain threshold in PD Med OFF versus HC Med OFF 
Figure 3.3: Meta-analysis of cold pain threshold in PD Med OFF versus HC Med OFF 
Figure 3.4: Meta-analysis of pressure pain threshold in PD Med OFF versus HC Med OFF 
Figure 3.5: Meta-analysis of electrical pain threshold in PD Med OFF versus HC Med OFF 
Figure 4.1: Overview of trial selection process 
Figure 4.2: Meta-analysis of PDP versus PDNP using the random effects model 
Figure 4.3: Meta-analysis of pain thresholds for PD patients in Med OFF versus Med ON state 
Figure 4.4: Results of meta-analysis for Med OFF versus Med ON with one study removed, using the 
random effects model 
Figure 5.1: Regional increases in BOLD signal activity during MP compared against innocuous pressure 
Figure 5.2: Pain greater than innocuous pressure evoked BOLD activity in dyskinetic and non-
dyskinetic participants  
Figure 6.1: Pain greater than innocuous BOLD activation in (A) “no pain” and (B) “clinical pain” group; and 
(C) regions with increased BOLD activity in “no pain” versus “clinical pain” group 
Figure 6.2: Innocuous pressure stimulation induced BOLD activity in the “no pain” and “clinical pain” 
group 
Figure 6.3: Regions of increased innocuous pressure induced BOLD activity in the “clinical pain” group 
compared to the “no pain” group 
Figure 6.4: Painful pressure stimulation induced BOLD activity in “clinical pain” and “no pain” groups. 
Figure 6.5: Regions that had significant differences in Pain > Innocuous pressure induced BOLD 
activity post levodopa in “clinical pain” and “no pain” groups, and regions that had a significant 
interaction effect between clinical pain status and medication status. 
Figure 6.6: Regions with significant interaction effects between clinical pain status and medication 
status, characterised by increased activation in clinical pain group combined with reduced activation 
in no pain group post levodopa 
Figure 6.7:  Region showing a significant interaction effect between clinical pain status and 
medication status, despite the lack of significantly increased or decreased pain > innocuous pressure 
induced BOLD activity in either “clinical pain” group or “no pain” group 
Figure 6.8: Regions with significant interaction effects between clinical pain and medication status 
characterised by increased pain > innocuous pressure induced BOLD activity in the “clinical pain” 
group post levodopa, or reduced pain > innocuous pressure induced BOLD activity in the “no pain” 
group post levodopa. 
Figure 6.9: ASL data 
 



xii 
 

List of Charts 
 
Chart 5.1: Stimulus-response function for pressure stimulation. Stimulus intensity increases from left to 
right on the horizontal axis  
Chart 5.2: Stimulus-response function for cold stimulation. Stimulus intensity increases from left to right 
on the horizontal axis 
Chart 6.1: Stimulus-response function for pressure stimulation. Stimulus intensity increases from left to 
right on the horizontal axis 
Chart 6.2: Stimulus-response function for cold stimulation. Stimulus intensity increases from left to right 
on the horizontal axis 

 



1 
 

Thesis overview 
 
 
 
Parkinson’s disease (PD) is a chronic, progressive, incurable and disabling neurodegenerative disease, 
characterised by progressive loss of dopaminergic neurons in the basal ganglia of the brain. It is the 
second most common neurodegenerative disease in Australia after Alzheimer's disease, with an 
estimated prevalence of 69,208 cases in 2014, which means one in every 340 Australians is afflicted 
by the disease (Economics 2015). This makes PD more prevalent than a number of diseases 
considered to be national health priority areas, including breast, colorectal and lung cancer.   
 
Approximately 80% of people living with PD are over the age of 65, and the numbers are expected to 
grow with the aging population. Over the nine-year period between 2005 and 2014, an additional 
14,508 people were diagnosed with PD, equating to an average incidence of about 3% per annum, 
and a 4% growth in prevalence per annum. It is anticipated that by 2034, there will be 123,781 
Australians living with PD. 
 
In conjunction with this rising prevalence, the cost of PD has also increased markedly. According to 
the Deloitte Access Economics report published in 2015 (Economics 2015), the estimated total 
economic cost of PD for the 2014 financial year was $9.9 billion, representing a 46%, or $3.2 billion, 
increase compared to the 2005 financial year. This includes a total financial cost of $1.1 billion from 
lost revenue, welfare payments to patients and carers, and health system costs; as well as $8.9 
billion lost from disability adjusted life years (DALYs). The average annual cost per person living with 
PD in 2014 was around $15,400. However, as people living with PD generally live much longer than 
many other high-cost diseases, such as cancer and dementia, the average lifetime financial cost of 
PD is around $161,300 over 12 years – which is on par with the average lifetime financial cost of 
cancer ($145,000). It is clear from these figures that PD represents a major health priority for the 
Australian community. 
 
Traditionally, PD has been viewed predominantly as a motor disorder, with core features including 
rigidity, bradykinesia and resting tremor. Nevertheless, non-motor symptoms – in particular, pain – 
have long been described in patients with PD. James Parkinson, in his original 1817 monologue 
regarding the disease that would ultimately bear his name, noted: "the right arm, in which the 
palpitation began, was said to have been very violently affected with rheumatic pain to the fingers 
ends". At the time, he did not specifically attribute pain to the disease itself; it was later, in 1877, 
that this fact was first acknowledged by Charcot, who stated: "paralysis agitans is not only an 
extraordinarily sad disease in that it robs patients of the use of their limbs … it is also a cruel disease 
since it causes distressing sensations". 
 
Despite having known about pain in PD for over a century, the scientific and medical communities 
have only begun to take note of this symptom in the past few decades. This is largely attributable to 
the fact that even as the collective understanding and treatment of the motor component of PD has 
improved over the years, the same cannot be said for pain. As it currently stands, PD pain is one of 
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the most common and disabling, yet suboptimally managed, domains of PD – highlighting the 
pressing need for the development of more effective strategies to combat this growing problem.  
 
As such, the overarching aim of this thesis is to improve the current knowledge underlying pain 
pathophysiology in PD, with the intent of positively contributing to the development of better 
management and treatment options for pain in PD. 
 
Chapter 1 will provide an overview of the scope of the problem, followed by a review of the current 
understanding of pain in PD, detailing the gaps in our knowledge, and the proposed program of 
enquiry. In Chapter 2, the methods employed for systematic review will be described for the meta-
analysis of PD pain literature, as well as the methods used to investigate pain in PD patients using 
functional magnetic resonance imaging (fMRI) and psychophysical techniques. Chapters 3 and 4 will 
present the results of the systematic review and meta-analysis, while Chapters 5 and 6 will present 
the results from psychophysical and fMRI studies. Chapter 7 will summarise the learnings and key 
findings presented in the preceding chapters, as well as the implications of the findings on the 
management of and future research directions for pain in PD patients. 
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Chapter 1:  Background and literature review 
 
 

1.1 The importance of pain in PD 
 
The following section describes the scope of the problem and justifies the rationale for undertaking 
this thesis. 
 
1.1.1 Pain is common in PD patients 
 
A recent study performed in Sydney, Australia (Allen, Wong et al. 2015) on 231 community dwelling 
and independent PD patients reported that 81% of the participants experienced some degree of 
bodily pain in the four weeks preceding the interview. 
 
Likewise, cross-sectional and case-control studies from around the world examining the prevalence 
of any form of pain in PD patients reported values ranging from 27.6% to 85% (Table 1.1), with the 
largest study of 1072 PD patients estimating a prevalence of 60.9% (Barone, Antonini et al. 2009). 
PD-specific pain – which is pain attributable solely to PD and not any other aetiology – had 
prevalence values from 29.9% to 54% (Goetz, Tanner et al. 1986, Negre-Pages, Regragui et al. 2008, 
Letro, Quagliato et al. 2009, Wen, Zhang et al. 2012). In studies examining the prevalence of specific 
types of pain in PD patients, shoulder pain was present in 35–80% of patients; back pain in 59.6–74%; 
primary sensory pain in 38–43%; and burning mouth pain in 24%. 
 
Ethnicity or cultural differences may account for some of the variability in prevalence, with higher 
rates recorded in westernised countries (Australia, the UK and Norway) and lower rates in Asia 
(China and Korea); although going against this theory are the two studies with the lowest prevalence 
of pain (Chaudhuri, Martinez-Martin et al. 2006, Martinez-Martin, Schapira et al. 2007), which 
contained mainly patients from the UK and Italy, but also, to a lesser extent, the USA, Japan and 
Israel. Other explanations for the variation in pain prevalence include differences in study design and 
methodology; disparate definitions of pain and time period examined; a lack of distinction between 
pain related and unrelated to PD; and recruitment bias in different centres. Regardless, it is evident 
from this data that pain is commonly experienced by PD patients. 
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Study Sample size Country  Prevalence  Pain type 
2006 Lee et al.  123  UK  85.0%  All pain 
2009 Beiske et al.  176  Norway  83.0%  All pain 
2015 Allen et al. 231 Australia 81.0% All pain 
2011 Santos-Garcia et al.  159  Spain  72.3%  All pain 
2008 Defazio et al. 402  Italy  69.9%  All pain 
2004 Quittenbaum et al.  57  Sweden  68.4%  All pain 
2009 Ehrt et al.  227  Norway  67.0%  All pain 
2005 Giuffrida et al. 388 France 67.0% All pain 
2010 Hanagasi et al.  96  Turkey  64.9%  All pain 
2009 Barone et al.  1072  Italy  60.9%  All pain 
2008 Negre-Pages et al. 450 France  61.8%  All pain 
2008 Silva et al.  50  Brazil  56.0%  All pain 
2016 Lin et al. 200 East China 53.0% All pain 
2010 Chaudhuri et al. 242 UK/Germany/Spain 45.9% All pain 
2006 Tinazzi et al. 117 Italy  40.0% All pain 
2009 Cheon et al.  67  Korea  37.8%  All pain 
2007 Martinez-Martin et al. 545 International 28.8% All pain 
2006 Chaudhuri et al. 123 International 27.6% All pain 
2009 Letro et al. 50 Brazil 54.0% PD specific 
1986 Goetz et al 95 USA 46.0% PD specific 
2012 Wen et al.  901  China  29.9%  PD specific 
1976 Snider et al. 101 USA 43.0% 1o sensory pain 
1984 Koller et al. 50 USA 38.0% 1o sensory pain 
2010 Madden et al. 25 USA 80.0% Shoulder 
2008 Stamey et al. 309 USA 35.0% Shoulder 
2007 Broetz et al. 101  Germany  74.0%  Back 
2006 Etchepare et al. 104 France 59.6% Back 
1998 Clifford et al. 115 USA 24.0% Burning mouth 

Table 1.1: Prevalence of pain in PD patients, sorted by type of pain and prevalence. All pain refers to the 
presence of any type of pain, regardless of underlying aetiology. 
 
1.1.2   Pain is an inherent symptom of PD and does not occur as a consequence of age or other 
comorbidities 
 
PD is a condition that becomes more common with age. As older age is associated with an increased 
propensity to develop painful conditions, such as osteoarthritis, the increased prevalence of pain 
observed in PD could potentially be attributable to the aging process and the development of other 
painful comorbidities.  
 
However, epidemiological data indicates that this is probably not the case. Firstly, case-control 
studies have mostly reported an increased risk of pain in the PD cohort compared to healthy age-
matched controls (Table 1.2). Secondly, the increased risk of pain persists in the PD group even after 
correcting for underlying co-existing comorbidities: in a large prospective case-control trial (Negre-
Pages, Regragui et al. 2008) involving 450 consecutively recruited PD patients and 98 patients with 
other chronic comorbidities, it was noted that the risk of pain in the PD group was twice [odds ratio 
1.9; 95% CI 1.2–3.2] that of the non-PD disorders group after adjustment for comorbidities. Finally, 
studies concentrating on examining the aetiology of PD pain have found that a significant proportion 
of PD patients (ranging from 15–46%) have pain that is directly attributable to PD itself, and not to 
any other comorbid condition (Snider, Fahn et al. 1976, Goetz, Tanner et al. 1986, Tandberg, Larsen 
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et al. 1995, Martinez-Martin, Schapira et al. 2007, Negre-Pages, Regragui et al. 2008, Wen, Zhang et 
al. 2012). 
 

Study PD(n) HC(n) Result 
2009 Ehrt et al. 237 100 ↑ prevalence pain PD. 67.0% vs 39.0%, p < 0.001 
2008 Defazio et al. 402 317 ↑ prevalence pain PD. 69.9% vs 62.8%, p=0.04 
2006 Chaudhuri et al. 123 96 No difference in prevalence, 27.6% vs 30.2%, p=0.6 
2004 Quittenbaum et al. 57 95 No difference in prevalence, 68.4% vs 52.6%, p=0.156 
2010 Madden et al. 25 25 ↑ risk of shoulder pain, unadjusted odds ratio (OR) = 6, 

p=0.006; OR adjusted for previous injury = 21.63, p=0.0002 
2007 Broetz et al. 101 132 ↑ prevalence back pain PD. 74.0% vs 27.0%, p < 0.0001 
2006 Etchepare et al. 104 100 ↑ prevalence back pain PD. 59.6% vs 23.0%, p < 0.0001 

Table 1.2: Comparison of pain in PD patients versus age-matched healthy controls (HC). (n) = sample 
size 
1.1.3  Pain in PD matters, and negatively impacts on quality of life 
 
Clinical epidemiological studies have provided further insights into the impact of pain on PD 
sufferers. 
 
In the Australian study by Allen et al., 39% of PD patients indicated that they experienced chronic 
pain of moderate severity or worse. In a UK-based case series by Lee et al. (Lee, Walker et al. 2006), 
50% of patients said that their pain was moderate or dominating their day, and 85% of patients felt 
that pain was a problem over the preceding week.   
 
When patients were asked to assess their pain on a visual analogue scale, most rated the severity of 
their pain in the moderate range (Table 1.3).   
 

Study Mean pain severity Definition  
2009 Bieske et al. 2.85/10  Pain over last 24 hours 
2007 Broetz et al. 4.3/10 Back pain  
2006 Tinazzi et al. 
 

6.5/10 
5.3/10 
8.0/10 

Musculoskeletal pain 
Radicular pain 
Central pain 

2006 Etchepare et al. 5.4/10 Back pain 
2006 Lee et al. 3.9/10  Pain over the last week  
1986 Goetz et al. 5.6/10 Present pain intensity 

Table 1.3: Rating of endogenous pain in PD patients. 0 = no pain, 10 = worst pain imaginable 
 
In a study of 256 PD patients, pain was ranked the most disabling non-motor symptom in the early 
stages of the disease from the patient’s point of view (Politis, Wu et al. 2010). In some cases, pain 
may even overshadow the motor symptoms of PD (Quinn, Koller et al. 1986, Witjas, Kaphan et al. 
2002). 
 
Unsurprisingly, PD pain is an independent predictor for poorer quality of life, as measured by 
validated scales such as the 39-item Parkinson’s Disease Questionnaire (PDQ-39) (Santos-Garcia, 
Abella-Corral et al. 2011), EuroQol-5D (EQ5D) (Muller, Muhlack et al. 2011), and 36 item Short Form 
Survey (SF-36) (Quittenbaum and Grahn 2004). Examples of how pain can impact living include 
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reduced mobility (Silva, Viana et al. 2008), reduced ability to participate in activities of daily living, 
and sleep disturbance in the form of frequent awakenings due to pain (Goetz, Wilson et al. 1987). In 
some instances, pain can be severe enough to induce suicidal ideation (Factor and Molho 2000). 
 
1.1.4 Pain in PD is poorly managed 
 
Despite its prevalence and significant impact on quality of life, management of PD pain remains 
suboptimal. This is highlighted by a study in China (Lin, Yu et al. 2016) where only 5.7% of patients 
who suffered pain were managed appropriately, and 63.2% received no treatment for pain at all. 
Similar findings have been noted elsewhere: a systematic review of PD pain involving prevalence 
data from eight studies around the world noted that only 52.4% of patients with pain used an 
analgesic medication (Broen, Braaksma et al. 2012). While under-recognition in clinicians is a key 
feature – with pain remaining unrecognised and undeclared in up to 40.5% of cases (Chaudhuri, 
Prieto-Jurcynska et al. 2010) – poor efficacy of standard analgesic medications, including opiate-
based drugs (Trenkwalder, Chaudhuri et al. 2015), and lack of treatment options specific to PD pain 
are also to blame.   
 
To date, very few treatments have been shown to work on pain in PD. Other than complementary 
therapies that provide non-specific benefits to pain – such as physiotherapy (Ory Magne, Fabre et al. 
2014), massage (Donoyama and Ohkoshi 2012, Donoyama, Suoh et al. 2014), nordic walking (Reuter, 
Mehnert et al. 2011), and cranial electrotherapy stimulation (Rintala, Tan et al. 2010) – only three 
pharmacological agents have demonstrated some efficacy in clinical trials, and not just in case 
reports. They include:  

1) duloxetine, for PD pain not related to dystonia, akinesia or back pain, as described in an 
open-label, uncontrolled study (Djaldetti, Yust-Katz et al. 2007);  

2) rotigotine, initially for akathisia based on subgroup analysis of a drug company-sponsored 
double blind randomised control trial (RECOVER) (Trenkwalder, Kies et al. 2011), followed by 
a pilot randomised control trial showing a twofold improvement in motor fluctuation-related 
pain (Rascol, Zesiewicz et al. 2015); and  

3) intrajejunal levodopa infusion, where there was improvement in non-motor symptom scores, 
of which pain was one component of the assessment outcome (Honig, Antonini et al. 2009).   

Deep brain stimulation (DBS) of the subthalamic nucleus and pallidotomy have also been shown to 
reduce PD pain of any origin in open-label uncontrolled studies (Honey, Stoessl et al. 1999, Oshima, 
Katayama et al. 2012); however, such invasive surgical interventions can hardly be recommended as 
part of the routine management of PD pain for most patients.   
 
The dearth of effective treatments for this common and disabling symptom highlights the need for 
more research into the often neglected area of pain in PD. 
 

1.2  What is pain, and how can we investigate it? 
 
The most widely accepted definition of pain is the one proposed by the International Association for 
the Study of Pain: "an unpleasant sensory and emotional experience associated with actual or 
potential tissue damage, or described in terms of such damage" (Merskey 1994). This description 
emphasises two key concepts. First, pain is not a solely sensory experience; it is multidimensional in 
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nature, with complex interactions between sensory-discriminative, motivational-affective and 
cognitive evaluative domains. Second, pain can occur in the absence of any damage, highlighting the 
fact that the networks responsible for processing pain – also known as the pain neuromatrix – are 
not static in nature, but a dynamic system that undergo plastic change, allowing the perception of 
pain to occur even in the absence of any nociceptive input. The following section will briefly describe 
the basic concepts of pain, before outlining how these concepts relate to PD pain. 
 
1.2.1 The dimensions of pain 
 
The idea that pain is multidimensional was first formally proposed in 1968 by Melzack and Casey et 
al., who segregated pain into three dimensions:  

1) sensory-discriminative, which deals with informative aspects of pain, namely intensity (e.g. 
weak/strong), quality (e.g. dull, sharp, burning), and spatial discrimination (e.g. location on 
body, localised versus diffuse);  

2) affective-motivational, which refers to the emotional qualities of the sensation (e.g. 
suffering, doom, anxiety) and the associated motivational drive to escape from or diminish 
its cause (e.g. analgesia seeking, suicide); and  

3) cognitive-evaluative, which incorporates the context in which the pain occurs, namely how 
the person's background beliefs can shape the appraisal of pain, including the meaning and 
consequences of it (e.g. catastrophiser).   

These theoretical constructs offer a valuable means by which investigation of pain mechanisms can 
occur in the human, via psychophysical, neurobiological and social research.   
 
Research has demonstrated that the three domains can be separately interrogated using 
psychophysical approaches. For example, while the unpleasantness of pain is often closely linked 
with its intensity, the two can sometimes be partially dissociable; for example, Price et al. (Price, 
Barrell et al. 1980) found that they could reliably identify disparate responses to experimental pain 
across the domains, by demonstrating the presence of differing slopes of stimulus-response function 
curve in each category. Additionally, pharmacological and cognitive interventions can have differing 
degrees of impact on the separate domains of pain, such as the attenuation of affective perception 
with little influence on sensory aspects via the use of diazepam (Gracely, McGrath et al. 1978), 
medetomidine (Kauppila, Kemppainen et al. 1991) or hypnotic analgesia (Kropotov, Crawford et al. 
1997). Reduction of pain intensity can occur without any effect on the unpleasantness of the 
experience with the administration of fentanyl (Gracely, Dubner et al. 1979). These findings 
emphasise the need to take into consideration all domains of pain when assessing or investigating 
pain. 
 
1.2.2 Nociception versus pain 
 
Another key concept that needs to be addressed is the difference between nociception and pain. 
Nociception relates to physical mechanisms by which noxious stimuli is encoded and processed in 
the nervous system. A noxious stimuli is defined as a type of exposure that causes or could 
potentially cause tissue damage. Pain, on the other hand, is a conscious percept, and one of the 
many possible outcomes of nociception. 
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Whilst pain typically occurs in the presence of a nociceptive input, the two can occur mutually 
exclusive of each other. Probably the most dramatic illustration of this disconnect comes from 
reports of soldiers having sustained severe battle injuries, but not experiencing any pain acutely 
(Beecher 1946). Thus, the presence of a noxious stimulus does not always lead to pain. Further 
demonstration of this concept can be seen in certain subjects with congenital indifference to pain, 
where subjects can accurately perceive the noxious stimuli, and have a normal nociceptive 
withdrawal reflex (NWR), without actually feeling pain (Landrieu, Said et al. 1990). 
 
Likewise, pain can occur spontaneously despite the absence of any ongoing noxious stimulation. This 
phenomenon is much more commonly encountered by physicians, with the classic examples being 
phantom limb pain, where pain is felt without any ongoing noxious stimulus being present, and post-
stroke pain, where pain occurs spontaneously without any peripheral nociceptor activation. Another 
famous example is the case of a builder who experienced severe pain after stepping on a nail that 
penetrated his shoe, requiring sedation with fentanyl and midazolam; however, when the nail was 
extracted, it was discovered that no damage had in fact occurred – the nail had passed in between 
his toes (Fisher, Hassan et al. 1995).  
 
The distinction is important, as nociceptive stimuli can result in phenomena that have nothing to do 
with the perception of pain, such as raised blood pressure or heart rate, while pain can occur in the 
absence of any nociceptive stimulus. 
 
1.2.3 Anatomy of the nociceptive system 
 
Nociception begins with the activation of a nociceptor to a noxious stimulus, which is a high-
intensity thermal, mechanical or chemical event that causes or could potentially cause damage to 
tissue. Nociceptors either respond to a single modality, or they are polymodal and respond to 
different combinations of noxious stimuli. There is also a class of silent nociceptors that do not 
respond to high-intensity stimulation under normal conditions, but respond to innocuous stimuli 
under inflammatory conditions (Byers and Bonica 2001). 
 
Nociceptors are expressed at the free nerve ending terminals of primary afferent neurons, located in 
both somatic and visceral organs. There are three main categories of primary afferents: C-fibre, Aδ 
fibre and Aβ fibre neurons. C and Aδ neurons express mostly nociceptors, and are responsible for 
relaying nociceptive information, although many do respond to lower-level thermal stimuli. Aβ 
neurons express mostly low-threshold receptors, and do not respond to noxious stimuli or 
participate in nociception, unless sensitisation occurs (see section 1.2.4 on sensitisation).   
 
C-fibres are the smallest in diameter (0.4–1.2µm) and unmyelinated; they generally have large 
receptive fields responding to polymodal stimuli, with slow conduction velocities (<2m/s) and more 
summation over time. Aδ fibres are also small (2-6µm) and are thinly myelinated, with smaller 
receptive fields responding mainly to modality-specific nociceptors; they conduct signals at a slightly 
faster velocity (12-30m/s). Application of a noxious stimulus can therefore evoke two distinct 
sensations: the Aδ fibres mediate a rapid-onset, more localised pain which triggers a withdrawal 
response, while the c-fibres bring about a more diffuse, slower onset and longer-lasting pain 
(Almeida, Roizenblatt et al. 2004). 
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The somata of primary afferent neurons reside in the dorsal root ganglia or trigeminal ganglia, and 
their fibres terminate predominantly on second order neurons in the dorsal horn of the spinal cord, 
or its corresponding trigeminal homologue in the brainstem. Here, the primary afferent neuron has 
synaptic connections with a variety of second order neurons. These generally fall under three 
categories: projection neurons, responsible for the ascending transmission of information to 
supraspinal structures; intersegmental propriospinal neurons, responsible for integrating and 
modulating signals across several spinal levels and across sides; and interneurons, which are 
influenced by higher brain centres, and have an excitatory or inhibitory effect on the final output 
(Millan 1999, D'Mello and Dickenson 2008). 
 
The neurons upon which primary afferent neurons terminate can be further differentiated into 
nociceptive specific (high-threshold), wide dynamic range (multireceptive), or non-nociceptive types 
(low-threshold). Non-nociceptive second order neurons respond to inputs mainly from Aβ fibres, and 
therefore generally do not propagate nociception; nociceptive second order neurons respond 
exclusively to noxious stimuli from Aδ and c-fibres, and reside in the spinal lamina I, external II, V 
and VI; whilst the wide dynamic range (WDR) neurons respond to both noxious and innocuous 
stimuli from all three fibre types, and are found in lamina I, external II, IV, V, VI, X and the anterior 
horn. The latter group are thought to be important in the gate control theory of pain, where it is 
posited that activity from innocuous stimulation impedes propagation of nociceptive signals 
(Melzack and Wall 1965). They are also believed to be responsible for mediating the diffuse noxious 
inhibitory control (DNIC) phenomenon (Villanueva and Le Bars 1995). 
 
Nociceptive information is relayed from the dorsal horn rostrally to higher centres through two 
phylogenetically different systems: an evolutionarily earlier medial system, and a more recently 
evolved lateral system. The medial system consists of the medial spinothalamic, spinoreticular, 
spinomesencephalic, spinoparabrahio-amygdaloid, spinoparabrachio-hypothalamic and 
spinohypothalamic tracts. The lateral system consists of the lateral spinothalamic tract, spinocervical 
tract and postsynaptic bean of the dorsal horn (Millan 1999). Of these, the spinothalamic tract 
provides the majority of nociceptive inputs and is widely considered to be the major pathway for 
pain processing. 
 
It is here that the concept of functionally segregated pathways mediating the different domains of 
pain comes into play, with the lateral system sub-serving the sensory discriminative aspects of pain, 
and the medial system mediating the affective-motivational domain (Treede, Kenshalo et al. 1999). 
The lateral system, of which the lateral spinothalamic tract is the main component, conveys 
information to the ventral posterior lateral nucleus of the thalamus. Signals are mainly projected to 
the primary (S1) and secondary (S2) somatosensory areas, which are the cortical areas dealing with 
the location, intensity and quality of sensory information. On the other hand, the medial system 
neurons project directly to the intralaminar thalamic nuclei, or indirectly to the medial thalamus via 
the mesencephalic and brainstem reticular formation, where information is relayed predominantly 
to the limbic cortical areas, such as the anterior cingulate cortex (ACC) and insula, which deals 
predominantly with the affective portions of pain. The two systems are interconnected through the 
cortico-limbic pathways, which in addition to connecting S1/S2 to ACC/IC, also connects to multiple 
other cortical areas, such as the amygdala, hippocampus, perirhinal cortex, prefrontal cortex and 
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supplementary motor cortex. This allows bidirectional modulation of the nociceptive system to areas 
sub-serving learning, memory, attention, planning and motor behaviour, thereby incorporating the 
cognitive-evaluative domains into the pain experience. 
 
The final component of the nociceptive system involves descending pathways that can either inhibit 
or facilitate ascending nociceptive transmission. Of all the descending pain systems, the 
periaqueductal grey (PAG) is probably the most extensively investigated. In the simplest terms, the 
PAG neurons project to and act on the rostroventral medulla (RVM) neurons, which in turn project 
down the spinal dorsolateral funiculus, terminating on the interneurons in the dorsal horn to exert a 
modulatory effect on ascending nociceptive transmission. Both the PAG and RVM receive reciprocal 
projections from the dorsal horn as well, thereby functioning as a feedback mechanism. There are 
two principal types of RVM neurons that actively play a role in nociception: the "off cells", which are 
tonically active and exert descending inhibition, turning off immediately before withdrawal to a 
noxious thermal stimulus; and the "on cells", which facilitate ascending transmission of nociception 
(Fields , Vanegas and Schaible 2004), revealing a biphasic role of the PAG/RVM system in pain 
modulation. Stimulation studies, using electricity or glutamate, found that low intensity stimulation 
inhibited ascending nociception, while high levels enhanced it (Zhuo and Gebhart 1990, Zhuo and 
Gebhart 1997). Additionally, opioid stimulation increased off-cell activity and inhibited on-cell 
activity to mediate analgesia. 
 
Another main descending inhibitory system is DNIC, a feedback system involving the WDR neurons 
in the dorsal horn and the brainstem reticular formation, connected through the ascending 
ventrolateral funiculi and descending dorsolateral funiculi. This effect can only be triggered by 
nociceptive stimuli carried via Aδ and c-fibre neurons, and the effect persists after removal of the 
conditional stimulus. In essence, the application of a conditioning noxious stimulation to one area of 
the body results in a prolonged inhibitory response to ascending nociceptive stimuli in other body 
areas. The medullary reticular formation is thought to be responsible for mediating this response, as 
patients with lateral medullary syndrome and experimental lesion of the subnucleus reticularis 
pontis in animal models lose DNIC, while DNIC remains unaffected by lesions of the PAG, RVM and 
nucleus raphe magnus (Villanueva and Le Bars 1995, Le Bars 2002). 
 
Finally, there are a number of other systems that also exert a descending modulatory effect. These 
include the noradrenergically mediated locus coeruleus (Jones 1991); the basal ganglia, including the 
caudate and ventral tegmentum (Chudler and Dong 1995); and cortical structures such as the limbic 
ACC and insula, which play a role in cognitive and affective-based modulation of pain. 
 
1.2.4 Chronic pain and relationship with sensitisation of the pain system 
 
Nociception is essential for survival in a potentially hostile environment. The threshold for eliciting 
pain needs to be low enough that it can be evoked before tissue damage occurs, but high enough 
that it does not interfere with normal activities. However, this threshold is not fixed, and the 
nervous system has the capacity to modulate it up or down to provide an adaptive advantage. For 
example, an increased perception of pain facilitates the modification of behaviour (e.g. immobilising 
the damaged site) to avoid or minimise damage and promote healing. On the other hand, in 
situations when the organism is in a very hostile environment (e.g. during battle), pain can be down-
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regulated so it does not impair the organism’s capacity to function. Acute changes to pain-related 
behaviors and perception to environmental exposures are a consequence of regular neuronal 
regulation. However, prolonged exposure to persistent changes in environment can modify the 
actual structure and function of the nervous system – such as neurogenesis, increased axonal 
growth, synaptogenesis, synaptic pruning, and modulation of synaptic transmission – these changes 
are referred to as neuroplasticity (Scholz and Woolf 2002). When this results in the increased 
responsiveness of nociceptive neurons to their normal or subthreshold afferent input, this is known 
as sensitisation (Merskey 1994). 
 
It is important to clarify that the above definition of sensitisation, as used by the International 
Association for the Study of Pain, allows for the possibility that the increased activity could represent 
different effects on pain perception, including enhancing it, suppressing it, or any other unknown 
role. This is different to another common usage for the term in the community, where sensitisation 
refers to increased activity in the nervous system that leads to enhanced pain perception. For the 
purposes of this thesis, the International Association for the Study of Pain definition will be used 
unless otherwise stated. 
 
Normally, pain persists only in the presence of ongoing noxious stimuli. An example of a disease that 
can generate ongoing nociceptive pain is osteoarthritis, where weight bearing on a mechanically 
deformed joint generates recurrent ongoing noxious stimulation of synovial mechanoreceptors. 
Diseases that cause inflammation also generate ongoing pain, as inflammatory cytokines have the 
ability to directly stimulate nociceptors. Withdrawal of the noxious stimuli, such as replacing the 
diseased joint or resolving the inflammation, usually leads to resolution of pain. However, when the 
nociceptive system develops sensitisation, pain can persist even after withdrawal of the offending 
agent. When pain persists on a daily basis for more than three months, it is termed chronic pain 
(Merskey 1994), although the timeframe specification at which this occurs is essentially an arbitrary 
one. 
 
There are a number of ways that sensitisation of the nociceptive system can be triggered, including 
drugs, injury to the nervous system with exposure to inflammatory cytokines (White and Wilson 
2010), and ongoing nociceptive input (e.g. activity-dependent long-term potentiation; see 
(Sandkühler 2007, Sandkühler and Gruber-Schoffnegger 2012) for review). When this occurs in the 
primary afferent nerves or central nervous system, it is termed peripheral or central sensitisation 
respectively. While the cellular mechanisms for developing sensitisation under each condition vary, 
they do share similarities at the molecular level. Essentially, a trigger induces the nociceptive neuron 
to undergo post-translational, transcriptional and translational changes, causing changes to channel 
and receptor function and expression, neurotransmitter generation and release, and structural cell 
changes that ultimately lead to altered synaptic strength and aberrant activity. 
 
Post-translational processes involve changes to already existing nociceptor proteins, with the most 
common mechanism being phosphorylation of ion channels or membrane receptors to alter their 
function. As such, these changes tend to occur rapidly, and are generally reversible and transient. An 
example is cytokine-induced phosphorylation of the heat transducer receptors at the peripheral 
primary afferent terminals, resulting in reduction of heat pain thresholds (Huang, Zhang et al. 2006); 
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or phosphorylation of the membrane N-Methyl-D-aspartate (NMDA) receptors to increase the 
excitability of the central nociceptive neuron (Guo, Zou et al. 2002).   
 
Transcriptional and translational processes take a longer time to occur, as they involve the 
manufacture of mRNA and proteins, and transport of the proteins to the site of action. A more 
prolonged trigger is also required. Examples include peripheral sensitisation of primary afferent 
nociceptive c-fibres from exposure to prostaglandin E(2), leading to increased expression of the 
tetrodotoxin-resistant Na(v)1.8 sodium channels (Villarreal, Sachs et al. 2005) and subsequent 
hyperalgesia; or central sensitisation of spinal neurons from exposure to morphine, leading to 
epigenetic regulation of brain-derived neurotrophic factor and prodynorphin genes that result in 
hyperalgesia (Sahbaie, Liang et al. 2016). As these processes result in altered channel and receptor 
expression, as well as cell structural changes like dendritic remodeling (Tan, Chang et al. 2011) and 
axonal sprouting (Woolf, Shortland et al. 1992), effects tend to persist longer, and may even become 
permanent. Therefore, if transcriptional and translational changes cause long-term excitation of 
neurons facilitating ascending nociception, and/or long-term depression of neurons mediating local 
and descending inhibition, chronic pain may result. 
 
Indeed, a number of chronic pain syndromes with no demonstrable structural pathology have been 
shown to display features of pro-nociceptive sensitisation on experimental testing, including 
fibromyalgia (Gibson, Littlejohn et al. 1994), complex regional pain syndrome (Vaneker, Wilder-
Smith et al. 2005), and chronic migraine (Cuadrado, Young et al. 2008). Additionally, large-scale 
population and twin studies have also found that these aforementioned conditions often 
significantly co-exist (Kato, Sullivan et al. 2006, Schur, Afari et al. 2007). These findings argue 
sensitisation of the nociceptive system may have an etiological role to play in the development of 
chronic pain. 
 
1.2.5 Clinical manifestations of pain sensitisation  
 
Sensitisation is a phenomenon observed through the measurement of neural elements. A 
nociceptive component is sensitised when there is increased neuronal activation to a fixed stimulus, 
or spontaneous activity in the absence of stimulation. This can be demonstrated directly by 
recording the electrical activity of the neural component in question using electrophysiology, or 
indirectly via the demonstration of increased metabolic activity of the neural component through 
functional imaging. 
 
Four predominant behavioural manifestations of sensitisation have been described: allodynia, 
hyperalgesia, hyperpathia and hypoalgesia. The first three result in increased experience and 
physiological manifestations of pain, while the last reduces the experience and manifestations of 
pain.   
 
Hyperalgesia refers to increased reports of pain to a normally noxious stimulus; the stimulus and 
response mode are identical – i.e. a noxious heat stimulus causing increased heat pain. Allodynia 
refers to pain resulting from exposure to a normally non-noxious stimuli; the stimulus and response 
mode can be different – i.e. light touch causing heat pain. Hyperpathia refers to an exaggerated pain 
to a noxious stimulus in the same modality, but requiring a higher threshold to trigger. Finally, 
hypoalgesia refers to reduced pain in response to a normally noxious stimulus.   
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Other manifestations of a nociceptive system that has been sensitised include the enlargement of 
receptive fields, increased gain of temporal summation (progressive increase in response elicited by 
repeated stimulation), and spontaneous pain (or persistence of pain beyond the nociceptive trigger). 
 
In the animal literature, the phenomena of allodynia, hyperalgesia, hyperpathia and hypoalgesia 
need to be operationalised as changes in latency, threshold or magnitude of physiological responses 
(such as the NWR) to nociceptive stimulation.   
 
In humans, however, the ability to report pain permits the use of other psychophysical procedures 
to test for the presence of allodynia, hyperalgesia and hypoalgesia. By exposing humans to different 
levels of physical stimuli and plotting their perception of pain to it, a stimulus-response function can 
be derived. In the presence of a sensitised nociceptive system, the stimulus-response function may 
undergo change; this is represented in the elements of Figure 1.1.  
 

 
Figure 1.1: Examples of sensitisation of the stimulus-response function  
The black curve represents the baseline stimulus-response function, with T0 being the amount of 
stimulus intensity required for pain to be detected. The red curve gives an example of a stimulus-
response function that has undergone pro-nociceptive sensitisation. In this scenario, the curve is 
shifted to the left; less stimulus intensity is required for pain to be detected, indicating allodynia, 
while the same amount of stimulus intensity at T0 results in a more painful experience, indicating 
hyperalgesia. The blue curve provides an example of the stimulus-response function that has 
undergone anti-nociceptive sensitisation; more stimulus intensity is required to generate pain, and 
the same degree of stimulus intensity results in a less painful experience, indicating hypoalgesia. 
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Psychophysical methods therefore allow the identification of phenomena such as hyperalgesia and 
allodynia, which indicate that the pain system has undergone sensitisation in a pro-nociceptive 
manner. However, they are generally not sufficient to inform us of the pathophysiology underlying 
the sensitisation, be it peripheral or central.   
 
While certain features of hyperalgesia are more suggestive of central involvement – including the 
presence of allodynia (Torebjork, Lundberg et al. 1992, Koltzenburg, Torebjork et al. 1994), 
expansion of receptive fields (LaMotte, Shain et al. 1991), spread of hyperalgesia beyond nerve 
supply territories (Sang, Gracely et al. 1996, Shenker, Haigh et al. 2008), temporal summation (Sarkar, 
Woolf et al. 2006), and spontaneous pain (Sotgiu and Biella 2000) – the only way to definitely prove 
that central sensitisation has occurred is to objectively demonstrate increased neuronal activity in 
the central nervous system in association with these psychophysical findings. Accordingly, the best 
way to investigate sensitisation is through a combination of subjective psychophysical measures and 
objective measures of neuronal activity, such as electroencephalography, magnetoencephalography, 
positron emission tomography (PET), single-photon emission computed tomography (SPECT) or fMRI. 
 
The need to distinguish between peripheral and central sensitisation is important, as better 
understanding about the underlying mechanisms provides for a more rational, mechanism-based 
approach to the diagnosis and treatment of pain. For example, conditions primarily involving 
peripheral nociceptor sensitisation may respond better to topical treatments, while pathologies 
concerned with central sensitisation, such as opiate hyperalgesia, may require therapies based on 
desensitising the nociceptive system.   
 
1.2.6 Experimental human pain procedures 
 
As previously alluded to, one of the main advantages of using an evoked pain paradigm is the ability 
to control and standardise the nociceptive stimulus, thereby making it easier to evaluate medication 
effects and the specific mechanisms of pain. The following section will briefly describe the available 
techniques and some of their advantages and limitations. 
 
1.2.6.1 Nociceptive stimulus 
 
To replicate different types of clinical pain, nociceptive stimuli of different modalities (mechanical, 
thermal, electrical or chemical) can be applied to different organs, such as skin, muscle, bone and 
some visceral organs. These can be applied in either a phasic or tonic manner, with tonic application 
being a closer approximation to chronic pain, although it is associated with increased risk of tissue 
damage and longer discomfort.   
 
 Mechanical stimulation 
 
Mechanical stimulation can be applied using a fine probe (needle or von Frey hair) or a pressure 
algometer. The former can only be applied to skin, while the latter can also be applied to soft tissues, 
bony structures, and viscera. Stimulation is generally applied in a phasic manner, as tonic stimulation 
may produce tissue damage. 
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Fine probe application on skin predominantly activates Aδ fibres, and results in a sharp prickling 
sensation (Mackenzie, Burke et al. 1975). The stimulus applied is exact and easily reproducible, but 
the main disadvantage is the risk of producing physical lesions at nociceptive levels of stimulation.  
 
Pressure application additionally activates c-fibres (Adriaensen, Gybels et al. 1984), resulting in a dull 
aching pain that is most similar in nature to clinical musculoskeletal pain, especially when applied to 
soft tissues and bone. However, the individual variation in body habitus (e.g. more or less 
subcutaneous tissue, nerve supply), and variations in the rate at which pressure increases, can affect 
reliability. As such, it is best to select sites that are less subject to variation (e.g. nail bed), and use 
techniques that result in a more constant rate of pressure increase (e.g. using the same examiner to 
apply pressure, using a calibrated algometer). Another disadvantage of pressure pain is that the 
onset of nociceptive action may not be fast and precisely controlled enough for use with 
electrophysiological measures such as evoked potentials. 
 
Visceral organs can also be subject to pressure stimulus, such as using balloon distension in the 
esophagus and rectum. However, these techniques are invasive and associated with risk of 
complications; they are therefore not widely utilised. 
 
 Thermal stimulation 
 
Both cold and heat thermal stimuli can be delivered by direct contact with the skin, through means 
such as water, gel pads or contact thermodes. Additionally, heat can be evoked through radiant 
sources and laser. Both types of stimuli are easy to deliver and control. Cold stimulation has the 
advantage of being less likely to cause tissue damage when used in a tonic manner, such as with the 
cold pressor test, where the limb is immersed in cold water for a prolonged period of time. Heat pain, 
especially with laser, results in rapid delivery of the stimulus, and can be used for recording time-
locked evoked brain potentials. 
 
Thermal stimulation can be delivered to soft tissue as well as viscera, through means such as 
injecting hot isotonic saline into muscle (Graven-Nielsen, Jansson et al. 2003), or running hot water 
in an esophageal balloon (Staahl, Christrup et al. 2006). As stated before, these methods are 
associated with an inherent risk to the patient, and therefore very rarely used.  
 
Heat and cold can also be used to induce pain sensitisation in order to mimic pathology in normal 
humans, for example by freezing (Kilo, Schmelz et al. 1994) or burning (Bishop, Ballard et al. 2009) a 
small area of skin. These techniques are more useful to investigate the analgesic effects of 
medications; they are generally not used to investigate the pathophysiology of clinical chronic pain 
conditions. 
 
 Electrical stimulation 
 
Electricity can be delivered via surface electrodes to the skin, and to soft tissue via needle electrodes, 
which is minimally invasive. As with the thermal and mechanical stimulation, electricity can also be 
used as a noxious stimulus in viscera (Capps and Coleman 1922), but may be too invasive to be of 
practical use. 
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The main advantage of electricity is that its temporal profile is easy to control, and it is most suited 
to electrophysiological assessments of pain, such as inducing NWR or brain evoked potentials. 
Moreover, it does not cause any lasting damage. By modifying the waveforms (e.g. square wave 
pulse versus sine wave pulse), frequency and duration of the electrical pulse, it is possible to 
selectively activate different nerve fibre types. The drawback is that it stimulates the afferent 
pathways in an unnatural synchronised manner, and there will inevitably be some activation of non-
nociceptive primary afferents as well (Koga, Furue et al. 2005). Temperature and body habitus may 
also influence impedance and results. Finally, electrical stimuli directly activate the nerves and 
bypass the free nerve endings; therefore they cannot be used to investigate receptor functioning. 
 
 Chemical stimulation 
 
Capsaicin, mustard oil and inflammatory cytokines can be applied cutaneously, subcutaneously or 
intramuscularly to cause pain. Injection of hypertonic saline and tourniquet-induced ischaemia 
generate pain by inducing the release of endogenous cytokines. All of these agents produce 
prolonged tonic pain and tend to induce sensitisation with hyperalgesia; they are not as useful for 
investigating the pathophysiology of clinical chronic pain conditions. 
 
1.2.6.2 Pain assessment techniques 
 
After the application of a nociceptive stimulus, pain experience can be measured subjectively using 
psychophysical methods, and objectively using electrophysiology and functional imaging. A 
combination of the above methods enables researchers to investigate the neural correlates of pain 
perception and its modulation. 
 
 Psychophysical assessment tools 
 
Psychophysical tools rely on the subject’s ability to inform the researcher about their subjective 
experience of pain. The most commonly used tools are the visual analogue scale, numerical rating 
scale (NRS) and verbal rating scale (see Figure 1.2). These scales are simple, quick and intuitive to use; 
they provide a numerical value for statistical analysis, and are useful for determining pain thresholds 
in a stimulus-dependent manner. Classically used to rate the intensity of pain, they can be modified 
to assess other pain dimensions, such as degree of unpleasantness experienced. However, each use 
of the scale can only rate one dimension at a time, and the need to repeat it to assess other pain 
dimensions can potentially be a source of confusion for the participant. 
 
Other, more comprehensive scales have been developed for rating multidimensional pain. The most 
widely used and validated tool is the McGill Pain Questionnaire, which incorporates sensory, 
affective, evaluative and miscellaneous subscales (Melzack 1975). While this questionnaire provides 
a more detailed picture of the entire pain experience, it is cumbersome to use, particularly if speed 
is of the essence. To minimise the complexity and time required to complete the assessment, the 
short-form McGill Pain Questionnaire was developed (Melzack 1987). This questionnaire is faster to 
use, and correlates well with the longer version, but it still takes some time to administer – it cannot 
be used in situations that require an immediate response. 
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Figure 1.2: The 10cm visual analogue scale; the 11-point NRS; and the Wong-Baker FACES pain rating 
scale 
For the 10cm visual analogue scale, a 10cm line represents the total pain experience, from no pain 
to worst imaginable pain; subjects mark down their perception of pain by drawing across the line, 
and the distance of the mark from the zero in cm provides a numerical value of pain out of 10. The 
11-point NRS is a rating scale in full integer values from 0 to 10, with 0 being no pain and 10 being 
the worst imaginable pain. The Wong-Baker FACES was developed for use in children; pain ratings 
correlated well with behavioural and physiological measures of pain (Stein 1995). 
 
 
 Neural electrophysiology 
 
There are three main electrophysiological methods for investigating nociceptive activity: the NWR 
(also termed nociceptive flexion reflex), somatosensory evoked potentials (SEP) and MEG. They 
provide an objective measure of neuronal activity to nociceptive stimulation, with excellent 
temporal resolution. They are able to detect immediate changes to nociception. The SEP and NWR 
assessments have the additional advantage of being easy to access at a relatively low cost. 
 
The NWR involves nociceptive stimulation of a peripheral nerve to elicit a withdrawal reflex, 
recorded by electromyography from the corresponding muscle (Willer 1977). Specifically, the longer 
latency muscle response (RIII) reflects the nociceptive component of the reflex loop, as it takes 
longer for the signal to travel down the smaller nociceptive fibres, compared to the larger Aβ fibres. 
As such, the RIII provides information about the nociceptive system at the level of the nerve to the 
spinal cord. 
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SEP works in a similar manner to the NWR, but records electrical activity at sites more distal to the 
stimulation (Kakigi, Watanabe et al. 2000). By placing multiple recording electrodes along the 
neuroaxis, it is possible to assess neuronal activity at each level. MEG operates in the same manner 
as SEP, but instead of measuring electrical activity using surface electrodes, it measures changes in 
the magnetic field associated with the electrical activity in the brain. MEG has the advantage of not 
being distorted by tissue impedance of the skull and scalp (Kähkönen 2006). 
 
The main drawback of electrophysiology is its limited spatial resolution, and lack of ability to provide 
information about activity in deeper brain structures. MEG is also very expensive and technically 
difficult to perform. 
 

Functional imaging 
 
Functional imaging allows the visualisation and measurement of brain neuronal activity to 
nociceptive stimulation at high spatial resolution, providing information about deeper brain 
structures that cannot be assessed adequately with electrophysiology. The temporal resolution is 
limited, however, and unable to detect immediate changes to nociception, which operate on a sub-
millisecond timescale. 
 
PET and SPECT involve injecting radiolabelled ligands into the bloodstream, then measuring their 
uptake in the brain. Ligands can be selected to give information about specific neuroreceptor 
function, such as with the administration of 11C-raclopride to assess dopamine D2/D3 receptor 
function (Evans, Pavese et al. 2006), or they can be chosen to measure underlying metabolic activity, 
such as with fluorodeoxyglucose 18F. However, the temporal resolution of these techniques are in 
the order of minutes, limiting their ability to test short lasting phasic experimental conditions. 
Additionally, both PET and SPECT utilise ionising radiation, which is potentially hazardous to the 
body. 
 
fMRI, on the other hand, provides increased spatial and temporal resolution compared to PET and 
SPECT; operates in a radiation-free environment; and does not require the injection of contrast – 
making it a safe and non-invasive test that can be repeated multiple times. The main drawback is 
that subjects with ferromagnetic metallic implants (e.g. older aneurysm clips, cardiac stents) or 
implanted electronic circuitry (e.g. deep brain stimulators, pacemakers, automatic implantable 
cardioverter-defibrillators) cannot undergo MRI testing due to the strong magnetic fields involved. 
 
The most widely used fMRI technique uses blood oxygen level-dependent (BOLD) contrast as an 
indirect measure of brain activity (see (Buxton, Uludağ et al. 2004, Nair 2005, Norris 2006) for 
review). As neuronal activity increases in response to a stimulus, the rise in oxygen demand triggers 
local vasodilation, delivering more oxygenated blood to the area and reducing deoxygenated blood 
concentration. Because oxygenated haemoglobin is diamagnetic, and deoxygenated haemoglobin is 
paramagnetic, the decrease in deoxy-haemoglobin concentrations results in reduced magnetic field 
distortion, which in turn manifests as a rise in magnetic resonance signal. The change in BOLD signal, 
however, is very small, so multiple repetitions of the experimental condition, alternating with rest, 
are required to generate good functional contrast to noise ratio – making this method less suitable 
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for use with tonic stimuli. Also, as the BOLD signal is generated from a combination of changes to 
cerebral blood flow, cerebral blood volume, and the cerebral metabolic rate of oxygen consumption, 
the BOLD effect can only be used as a qualitative mapping tool, not a quantitative one. 
 
The way in which the BOLD signal changes in response to neuronal activity to an experimental 
condition is known as the haemodynamic response function (see Figure 1.3). As such, the brain 
regions with BOLD signal changes that most closely follow the haemodynamic response function 
waveform model represent the structures most relevant to the experimental condition. By 
comparing the mean regional increase in BOLD activity during the presentation of one experimental 
condition to a baseline state, it is possible to determine the level of activity evoked by the stimulus 
of interest. For example, applying strong pressure to the nail bed evokes both pain and the sensation 
of touch, so contrasting this against innocuous pressure reveals activity that is due solely to the 
sensation of pain. 
 
 

 
Figure 1.3: Typical representation of the haemodynamic response function curve, adapted from 
(Buxton, Uludağ et al. 2004)   
The haemodynamic response function curve is characterised by three phases:  
1) At the onset of neuronal activity, there may be a brief dip in BOLD signal lasting 1–2 seconds, 
corresponding to a transient increase in deoxy-haemoglobin, probably from the increase in oxygen 
utilisation from the neuronal tissue.  
2) During the stimulus, there is a compensatory increase in blood flow and oxy-haemoglobin to the 
region, increasing the BOLD signal. This peaks at approximately 5–8 seconds after stimulus onset, 
before stabilising throughout the stimulus period, as the blood flow and oxygen demand reach 
homeostasis.   
3) With offset of stimulus, blood flow rapidly reduces, resulting in a slight undershoot of BOLD signal, 
lasting 30 seconds or more, before returning to pre-stimulus baseline.   
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An alternative fMRI technique known as arterial spin labelling (ASL) provides a way by which both 
BOLD signal and cerebral blood flow can be measured simultaneously (Williams, Detre et al. 1992). 
The principle behind ASL is to use the water in blood itself as a contrast agent. Blood is tagged by 
magnetically inversing it. By measuring the magnetic resonance signal when tagged blood enters the 
desired imaging plane, then measuring the magnetic resonance signal when non-tagged blood 
enters the same plane, it is possible to calculate a difference between the two measures for each 
voxel, which is representative of the level of perfusion. Perfusion images can then be used to 
estimate the voxel-wise level of regional cerebral blood flow (rCBF). 
 
There are two main methods to invert the magnetisation of blood: continuous ASL, where the 
labelling duration occurs over seconds, and pulsed ASL (PASL), where short labelling pulses occur 
lasting milliseconds. Under ideal conditions, continuous ASL theoretically provides a better signal, is 
less sensitive to blood transit times, and is less prone to slice profile artifacts that limit brain 
coverage. However, the requirement for long radiofrequency pulses is very taxing on the MRI 
hardware, particularly at high field strengths; therefore, continuous ASL is not widely available. Also, 
in practice, the difference in signal to noise ratio between the two methods is not substantial 
(Buxton, Frank et al. 1998, Wong, Buxton et al. 1998). 
 
1.2.7 Criticisms of the evoked pain model in the study of chronic pain 
 
One criticism is that evoked pain is not physiological in nature, and may not be an accurate 
representation of chronic pain. In particular, the presence of pain sensitisation elicited from evoked 
pain studies may not be relevant to the development of clinical pain. Nevertheless, experimental 
studies of pain allow for the testing of hypotheses in a much more controlled way, compared to 
traditional clinical studies. They may serve as an important bridging step in translating research from 
the bedside to the bench and back again. 
 

1.3 Current understanding of pain in PD 
 
1.3.1 Clinical characteristics of pain in PD 
 
Knowledge about the clinical characteristics of PD pain, such as its phenomenology and risk factors, 
provides valuable insights into its potential underlying pathophysiology. 
 
The nature of PD pain is widely heterogeneous and varies depending on the time of its manifestation 
in relation to the stage of disease. The prevalence of pain follows a bimodal pattern, with the first 
peak occurring early or preceding the diagnosis of PD, and the second peak occurring later in the 
illness, typically after the development of treatment-related fluctuations. Pain occurring at the 
beginning tends to be more musculoskeletal in nature, and typically resolves with dopaminergic 
therapy – the classic example is shoulder pain, which can actually present before the development 
of motor symptoms (Riley, Lang et al. 1989, Stamey, Davidson et al. 2008, Hanagasi, Akat et al. 2011). 
On the other hand, pain occurring at the later stages generally has a much broader phenomenology, 
and a more variable response to dopamine, including pain that can be exacerbated by it, such as 
dystonic pain (Tinazzi, Del Vesco et al. 2006). These observations suggest that pain is a primary 
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symptom of PD, and that the underlying pathophysiology giving rise to pain may evolve and change 
with the progression of the disease. The changing response of pain to dopamine is of particular 
interest, as the pattern of increased diversification of pain, and reduced effectiveness to dopamine, 
mirrors the phenomenology seen in opiate-induced pain sensitisation and tolerance. 
 
PD pain can occur in any part of the body, although it is more common on the side that is more 
affected by Parkinsonism, and more common in the lower limbs, back and shoulders (Defazio, 
Berardelli et al. 2008). Most of these pains are thought to be nociceptive in origin, secondary to the 
motor effects of PD. In the back, for example, 77% of PD patients with camptocormia (a spinal 
flexion abnormality) experienced mild to moderate lower back pain (Lepoutre, Devos et al. 2006). 
Dystonic posturing can cause pain from excessive muscle contraction, or lead to increased 
mechanical stress on soft tissues and bone structures, resulting in painful problems such as arthritis 
and lumbar disc herniation (Broetz, Eichner et al. 2007). Rigidity, a core motor feature, often results 
in pain of the affected muscles (Goetz, Tanner et al. 1986). Tremor or other repetitive movements – 
such as dyskinesia – typically triggers or exacerbates pain originating from arthritis, radiculopathy or 
median neuropathy (Goetz, Tanner et al. 1986, Quinn, Koller et al. 1986). However, pain also occurs 
in more unusual sites, such as skin, mouth, genitalia and visceral organs. The widespread topography 
of PD pain, together with the fact that many patients suffer from multiple types of pain (Lee, Walker 
et al. 2006), and that pain can precede motor symptoms, suggests that PD pain is not purely 
nociceptive in origin, but may arise from more central processes. 
 
The first to postulate the existence of a central cause for PD pain was probably Snider et al. (Snider, 
Fahn et al. 1976). They reported a group of PD patients who had pain that could not be nociceptive 
in origin, in that they suffered from formicating pains that were not associated with their motor 
features, and occurred in the absence of clinical signs of peripheral nervous system dysfunction, and 
termed it primary sensory pain. Since then, other painful conditions that are similarly unlikely to be 
nociceptive in origin have been increasingly described, such as painful akathisia, burning mouth pain 
and burning genitalia pain (Ford, Louis et al. 1996). Later, Schetasky et al. (Schestatsky, Kumru et al. 
2007) demonstrated that PD patients with primary central pain had normal transmission of 
peripheral nociceptive information to the brain through laser-evoked potentials over the scalp, 
supporting Snider's original hypothesis that certain pain types in PD are central in nature. 
 
Following the description of primary sensory pain and secondary mechanical pain by Snider et al., 
more comprehensive classifications have been proposed. The most widely adopted classification is 
by Ford et al. (Ford 2010), where PD pain is segregated into musculoskeletal, dystonic, radicular-
neuropathic and central pain, and akathitic pain, providing a useful framework by which pain can be 
clinically investigated and managed. Others have built upon this classification by incorporating the 
elements of responsiveness to PD treatment, relationship to the disease, and whether it was 
nociceptive, in an attempt to guide more specific treatment and research in the future (Lee, Walker 
et al. 2006, Negre-Pages, Regragui et al. 2008, Wasner and Deuschl 2012). Notwithstanding, the 
considerable overlap between the different types of pain can sometimes make the distinction 
between primary sensory pain and secondary mechanical pain unhelpful. The large number of ways 
in which pain can be classified serves to illustrate the point that pain in PD likely arises through 
multiple and diverse mechanisms. 
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In regards to risk factors, various studies have reported associations of PD pain with: younger age of 
onset (Goetz, Tanner et al. 1986, Negre-Pages, Regragui et al. 2008, Lin, Yu et al. 2016); disease 
duration and severity (Negre-Pages, Regragui et al. 2008, Allen, Wong et al. 2015); motor 
fluctuations and dyskinesias (Giuffrida, Vingerhoets et al. 2005, Tinazzi, Del Vesco et al. 2006, Negre-
Pages, Regragui et al. 2008, Wen, Zhang et al. 2012); higher levodopa dosage (Negre-Pages, Regragui 
et al. 2008); female gender (Barone, Antonini et al. 2009, Beiske, Loge et al. 2009, Zambito Marsala, 
Tinazzi et al. 2011); and depression (Ehrt, Larsen et al. 2009, Santos-Garcia, Abella-Corral et al. 2011, 
Wen, Zhang et al. 2012, Lin, Yu et al. 2016). With the exception of female gender and possibly 
depression, all of these risk factors are directly or indirectly related to disease progression – once 
again suggesting that the development of pain may be intricately linked to disease burden. The 
association of pain with depression also illustrates the importance of affective and cognitive 
mechanisms. Interestingly, the predisposition for female PD patients towards pain raises the 
possibility that genetic variability – which may or may not be related to PD itself – may also 
contribute to the pain experience in PD. 
 
Having said this, some studies have also reported no significant association of pain with any of these 
factors (Letro, Quagliato et al. 2009, Hanagasi, Akat et al. 2011), so these results must be interpreted 
with caution. Differences in sample size, population samples and the use of retrospective interviews 
may account for some of the discrepancies between studies.   
 
In summary, based on the clinical observations of pain in PD patients, it is likely that pain not only 
arises as a consequence of peripheral nociceptive mechanisms, but also as a consequence of altered 
central mechanisms, which may be related to the disease process itself. 
 
1.3.2 The evidence for altered pain processing in PD 
 
The following section will outline the available evidence addressing the topic of altered pain 
processing in PD patients. 
 
1.3.2.1 Evidence from clinical evoked pain sensitivity studies 
 
There have been more than 30 clinical studies examining pain sensitivity in PD patients, but the 
results have been inconsistent. While most studies comparing PD patients to healthy controls have 
found evidence of hyperalgesia in the PD group, some studies have reported hypoalgesia or 
hypoaesthesia instead. For example, the largest study involving 105 PD patients and 51 healthy 
controls by Zambito et al. (Zambito Marsala, Tinazzi et al. 2011) found significant hyperalgesia to 
electricity-induced pain in the PD group. In contradistinction to the outcomes of Zambito et al., a 
study by Nolano et al. (Nolano, Provitera et al. 2008) noted significant hypoalgesia to mechanical, 
cold and heat stimuli, in association with reduced density of small fibre endings in the skin. Likewise, 
studies examining pain sensitivity in PD patients with and without pain, or with and without 
dopaminergic medications, have yielded heterogenous results. The discrepant results have most 
likely arisen due to differences in methodologies, such as modality of pain stimulus used, site of 
stimulation, outcome measurements, medication status and type of medication challenge – making 
interpretation of the results rather difficult. This topic has been examined by a number of reviewers 
in a non-systematic manner: while most agree that there is evidence to support hyperalgesia in PD, 
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some argue that the increased pain sensitivity has a role to play in the aetiology of pain in PD (Conte, 
Khan et al. 2013), while others dismiss it as an unlikely factor for driving ongoing clinical pain 
(Wasner and Deuschl 2012). A systematic review of the evidence is required to shed light on this 
subject. 
 
1.3.2.2 Evidence from functional imaging studies 
 
To date, there have only been three functional imaging studies examining pain-related brain activity 
in PD patients: two studies by Brefel-Courbon et al. (Brefel-Courbon, Payoux et al. 2005, Brefel-
Courbon, Ory-Magne et al. 2013), and one by Dellapina et al. (Dellapina, Gerdelat-Mas et al. 2011). 
 
The first study by Brefel-Courbon et al. compared cold pain-induced H2

15O PET activity between pain-
free PD patients (n=9) and healthy controls (n=9). It found that PD patients had significantly 
increased activation of the right insula, right prefrontal cortex and left ACC to a cold pressor stimulus 
on the right hand, in conjunction with reduced pain thresholds – thereby providing the first objective 
evidence of altered central pain processing in PD patients. Administration of levodopa in PD patients 
reversed the increase in pain-related activation, suggesting that dopaminergic mechanisms may be 
involved in the observed altered pain response. 
 
Their subsequent follow-up study saw the comparison of nine patients with PD-related neuropathic 
pain against the previous nine pain-free PD patients. Although no significant difference in pain 
thresholds were noted between the two groups, H2

15O PET imaging revealed a difference in cold 
pressor pain-induced brain activity between the two groups in the off-medication state, with 
increased activity in the right ACC, and reduced activity in the right prefrontal cortex and posterior 
insula. Similar to their previous study, levodopa reduced pain-related activation in the right insula 
and ACC. 
 
On the other hand, comparison of heat pain-induced H2

15O PET activity between PD patients with 
pain (n=12) and without pain (n=13) in the study by Dellapina et al. failed to reveal any significant 
group differences. It has to be noted that this result was from secondary analysis of their data, and it 
was possible that they were not powered to examine the differences between the pain and no-pain 
groups. The primary goal of examining pain processing differences between apomorphine and 
placebo did not reveal any significant group differences either, leading the authors to suggest that 
non-dopaminergic mechanisms may potentially be responsible for the anti-nociceptive effect of 
levodopa. 
 
1.3.2.3 Evidence from DBS studies 
 
DBS of the subthalamic nucleus or globus pallidus interna are effective treatments for the motor 
symptoms of PD in selected patients. Recent studies have suggested that DBS may also improve pain 
(Loher, Burgunder et al. 2002, Witjas, Kaphan et al. 2007, Kim, Paek et al. 2008, Samura, Miyagi et al. 
2008, Kim, Jeon et al. 2012, Oshima, Katayama et al. 2012), though the mechanism of action is 
unclear. While it is tempting to attribute all improvements in pain to improvements in motor 
function and rigidity post DBS surgery, the fact that DBS can improve primary central pain (Loher, 
Burgunder et al. 2002, Kim, Paek et al. 2008, Kim, Jeon et al. 2012), together with the observation 
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that pain can improve prior to improvements in motor function, strongly suggest that central 
mechanisms are at work as well. 
 
Consistent with this hypothesis is the finding of improved pain thresholds on quantitative sensory 
testing (QST) in patients who have their bilateral subthalamic nucleus DBS turned on (Maruo, Saitoh 
et al. 2011). An earlier study also found improvements to thermal detection thresholds on QST 
(Gierthmuhlen, Arning et al. 2010), though they did not detect a difference in pain thresholds. These 
studies imply that DBS may have a role in modulating the sensory discriminative aspects of pain. 
 
It is also possible that DBS may improve affective components of pain via modulation of mesolimbic 
pathways, with a randomised control trial (Witt, Daniels et al. 2008) showing that DBS significantly 
improved anxiety and trended towards improving depression.  
 
1.3.2.4 Evidence from genetic studies 
 
In humans, there is a high degree of inter-individual variability of pain perception and pain sensitivity 
in a particular clinical setting. While a lot of this variability may be attributed to environmental 
factors such as socioeconomic status, it is increasingly recognised that genetic variants have a 
significant role in modulating pain reporting and responding (Lacroix-Fralish and Mogil 2009). 
 
Laboratory research into inbred strains of mice demonstrated that up to 75% of variance in pain 
responding may be explained by heritable factors. Similarly, in humans, twin studies involving 
chronic pain syndromes suggest that approximately 50% of the variance in pain perception may be 
due to genetic variation (Hakim, Cherkas et al. 2002, MacGregor, Andrew et al. 2004, Nielsen, 
Stubhaug et al. 2008). 
 
The advent of genome-wide association studies and genome-wide arrays have allowed the 
identification of genetic variants – such as single nucleotide polymorphisms (SNPs) or copy number 
variations – that may account for this variability in pain perception. A number of SNPs, or 
combinations of SNP alleles that have a tendency to be inherited together (known as a haplotype), 
have been identified as contributors to increased or decreased susceptibility to pain. The most well-
studied example of this phenomenon is the catechol-O-methyltransferase (COMT) gene, where 
different haplotypes may result in variations in pain sensitivity. This is of particular interest in PD 
patients, as COMT is an enzyme that inactivates dopamine, and has been associated with an 
increased risk of PD in certain populations (Lechun, Yu et al. 2013). The relevance of COMT 
polymorphisms to pain sensitivity will be discussed in Section 1.3.3.1.2. 
 
To date, there has only been one study published about the effects of genetic variability on pain in 
PD. Greenbaum et al. (Greenbaum, Tegeder et al. 2012) analysed 33 candidate SNPs from 12 genes 
that were previously associated with various pain phenotypes in a group of 229 Jewish PD patients 
with and without pain. In addition to COMT, the other targets examined included the genes 
encoding guanosine triphosphate cyclohydrolase 1 (GCH1), transient receptor potential cation 
channel subfamily V member 1 (TRPV1), solute carrier family 6 member 4 (SLC6A4), opioid receptor 
delta 1 (OPRD1), opioid receptor mu 1 (OPRM1), fatty acid amide hydrolase (FAAH), interleukin 1 
alpha, interleukin 1 Beta, sodium voltage-gated channel alpha subunit 9 (SCN9A), brain-derived 
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neurotrophic factor, and calcium channel voltage-dependent gamma subunit 2 (CACNG2). Of these, 
pain in PD patients was found to be associated with the non-synonymous SNP rs6746030 of the 
SCN9A gene (risk allele “A”, p=0.07, OR=2.85) – a gene responsible for encoding the alpha subunit of 
the sodium channel NaV1.7 expressed in nociceptive neurons of the dorsal root ganglion; as well as 
the synonymous SNP rs324419 of the FAAH gene (risk allele “T”, p=0.006, OR=2.6) – which is 
responsible for encoding the enzyme that metabolises the endocannabinoid anandamamide. 
Rs6746030 significantly correlated to both central and musculoskeletal pain, while rs324419 
correlated only to musculoskeletal pain. COMT polymorphisms were not associated with PD pain in 
this study. 
 
As neither SCN9A nor FAAH polymorphisms are associated with risk of PD, it is possible that 
mechanisms separate from the PD process may also have an impact on pain experience in these 
patients. 
 
1.3.3 Hypothetical mechanisms underlying altered pain processing in PD 
 
While the basal ganglia and its associated dopaminergic systems are best known for their role in 
pleasure, motivation and motor control, it is now increasingly recognised that they also play a 
significant role in human nociception. Functional imaging studies of clinical pain syndromes and 
evoked pain consistently demonstrate the involvement of dopamine in pain processing, although it 
is unclear whether the activity is related to the facilitation of pain, or the recruitment of endogenous 
anti-nociceptive mechanisms. 
 
On fMRI, evoked pain commonly activated structures such as the caudate (Becerra, Breiter et al. 
2001, Strigo, Duncan et al. 2003, Brooks, Zambreanu et al. 2005, Keltner, Furst et al. 2006, Oshiro, 
Quevedo et al. 2007), putamen (Becerra, Breiter et al. 2001, Strigo, Duncan et al. 2003, Brooks, 
Zambreanu et al. 2005, Sung, Yoo et al. 2007), globus pallidus (Becerra, Breiter et al. 2001, Lee, 
Zambreanu et al. 2008), substantia nigra (Becerra, Breiter et al. 2001, Lee, Zambreanu et al. 2008), 
and nucleus accumbens (NAcc) (Becerra, Breiter et al. 2001, Zhang, Jin et al. 2003, Becerra, Iadarola 
et al. 2004, Lee, Zambreanu et al. 2008). Mechanical allodynia in trigeminal neuralgia was associated 
with increased activity in the putamen, NAcc and globus pallidus, as well as reduced activity in the 
caudate (Becerra, Morris et al. 2006). In regards to clinical examples, back pain was associated with 
increased NAcc activity (Baliki, Geha et al. 2008), while fibromyalgia was associated with activation 
of the putamen (Gracely, Geisser et al. 2004). 
 
On PET, increased dopamine release was observed in the caudate, putamen and NAcc with a 
stressful pain stimuli (hypertonic saline into the masseter) (Scott, Heitzeg et al. 2006). Dopamine 
activation of the NAcc correlated with affective ratings, while dopamine activation of the caudate 
and putamen correlated with sensory pain ratings, suggesting that the mesolimbic system deals with 
the affective components of pain, while the nigrostriatal system may deal with the sensory 
discriminative domains of pain. Other PET studies have also demonstrated activation of the putamen 
to heat pain (Jones, Brown et al. 1991, Coghill, Gilron et al. 2001) and the activation of the caudate 
to gastric distention (Ladabaum, Minoshima et al. 2001). 
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Given the fact that the pathology of PD most extensively affects the basal ganglia and dopaminergic 
pathways, it is likely that disruption of these structures accounts for the observed alterations in pain 
processing. The next section will examine the potential ways this may occur. 
 
1.3.3.1 Reduced dopaminergic activity may result in increased pain sensitivity 
 
Dopamine is an important neurotransmitter, already found to have critical roles in thinking, memory, 
movement and reward. Dopaminergic neurotransmission is the primary biochemical lesion of PD. 
Dopamine also likely plays a central role in modulating pain perception and analgesia within certain 
parts of the brain, including the insula, thalamus, basal ganglia, ACC and PAG. Abnormal 
dopaminergic neurotransmission has also been demonstrated in painful conditions such as 
fibromyalgia, burning mouth syndrome and painful diabetic neuropathy. Evidence from preclinical 
and clinical studies indicate that dopaminergic activity – especially the phasic release of dopamine – 
plays an important role in mediating endogenous anti-nociception; as such, deficiency of these 
mechanisms may account for increased pain in PD patients. 
 

1.3.3.1.1 Preclinical studies 
 
Animal studies indicate that the anti-nociceptive effect of dopamine is located at multiple levels of 
the central nervous system, including the spinal cord and PAG, and in structures within the 
mesolimbic, mesocortical and nigrostriatal pathways.   
 
(A)  Evidence that dopamine has anti-nociceptive properties: 
 

1. Injection of dopamine agonists or stimulation of brain structures to release endogenous 
dopamine induces anti-nociception. 

 
In 1981, Lin et al. (Lin, Wu et al. 1981) demonstrated that electrical stimulation of the substantia 
nigra in a rat, which increased dopamine release locally, reduced nociceptive behaviours (as 
measured by an increase in latency to hind-paw lick in the hot plate test). Injection of apomorphine 
into the lateral ventricle of the rat also reduced nociceptive behaviours; this effect was blocked by 
pretreatment with the dopamine receptor antagonist haloperidol.   
 
Similar results were found in the spinal cord, where intrathecal injection of apomorphine reduced 
nociceptive behaviours, the effect of which was blocked by the dopamine antagonist cis-flupenthixol 
(Jensen and Yaksh 1984). Injection of apomorphine in the dorsolateral striatum also resulted in 
fewer nociceptive behaviours (Magnusson and Fisher 2000). Increasing local levels of dopamine by 
injection of dopamine reuptake inhibitor into the rostral agranular insular cortex of the rat also 
evoked anti-nociception (Burkey, Carstens et al. 1999); its effect on activating the descending 
nociceptive inhibitory effect was confirmed by electrophysiological recordings in spinal dorsal horn 
neurons.   
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2. Lesioning of dopaminergic neurons, or antagonism of dopamine receptors, worsens 
hyperalgesia. 

 
In the experiment by Lin et al. (Lin, Wu et al. 1981), they found that electrolytic destruction or 
chemical lesions (6-hydroxydopamine) of the substantia nigra, or dopamine receptor antagonism 
with haloperidol, increased nociceptive behaviours. Chemical lesioning in the striatum and 
substantia nigra also worsened nociceptive behaviours (Saade, Atweh et al. 1997), though this effect 
was not observed in the ventral tegmental area in the same experiment. Injection of haloperidol into 
the dorsolateral striatum worsened nociceptive behaviours (Magnusson and Fisher 2000). 
 

3. Experimentally induced analgesia is blocked by dopamine receptor antagonists or chemical 
lesioning of dopaminergic neurons. 

 
Morgan et al. (Morgan and Franklin 1990) demonstrated that bilateral 6-hydrozydopamine lesions of 
the ventral tegmental area and substantia nigra of the rat inhibited morphine- and D-amphetamine-
induced analgesia. Subsequently, chemical lesioning of the dopamine neurons in the PAG (Flores, El 
Banoua et al. 2004) and unilateral amygdala-prefrontal pathways (Onozawa, Yagasaki et al. 2011) 
blocked opiate and prefrontal high-frequency stimulation-induced analgesia respectively. Dopamine 
antagonists microinjected into those structures, as well as into the NAcc (Altier and Stewart 1998), 
also blocked experimentally induced analgesia. 
 

4. Dopamine receptor knockout mutants had increased hyperalgesia. 
 
D2 receptor knockout mice were more sensitive to mechanical stimulation of hind paws (Mansikka, 
Erbs et al. 2005), though the effect was weak. There was no change in pain behaviour with thermal 
(heat) stimulation.  
 

5. Chronic pain models result in changes to dopamine receptor expression in the brain. 
 
Coffeen et al. (Coffeen, Ortega-Legaspi et al. 2010) noted upregulation of D2 receptors and 
downregulation of D1 receptors in the anterior insula cortex occurring after inducing inflammatory 
damage. The rats also had reduced dopamine levels in the brain and increased nociceptive 
behaviours. A similar change in expression of dopamine receptors was noted in the ACC following 
noxious heat and sciatic denervation in the rat (Ortega-Legaspi, de Gortari et al. 2011). 
 
(B) D2 receptor activation and, to a lesser extent, D1 receptor antagonism appear to mediate the 

analgesic effects of dopamine. 
 
More recent studies have attempted to delineate the contribution of specific dopamine receptor 
subtypes to the analgesic effects of dopamine. Using a combination of receptor-specific dopamine 
agonists or antagonists, researchers have been able to identify the type of receptor activity that 
might be responsible for analgesia in different parts of the brain. 
 
In most cases, D2 receptor activation or D1 receptor antagonism appeared to cause anti-nociception. 
The exception to this rule is in the rostral agranular insular cortex and the PAG, where D1 receptor 
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activity is also implicated in the generation of anti-nociception. The effects of D2 or D1 receptor 
activity on pain inhibition in the different parts of the brain are as follows. 
 

1. Ventrolateral orbital cortex: 
 
Microinjection of the non-specific dopamine agonist apomorphine attenuated nerve injury-induced 
allodynia (Dang, Zhao et al. 2010) in a rat. This effect was blocked by D2 receptor antagonism, but 
enhanced by D1 receptor antagonism. D2 specific agonist and D1R antagonists alone also reduced 
allodynia. As D1 receptor antagonism may increase the availability of endogenous dopamine to bind 
to D2 receptors, it is likely that most of the anti-nociceptive effects are via D2 receptor activation. 
Similar results were obtained from a different pain model (formalin-induced tonic pain) of the rat 
(Dang, Xing et al. 2011). 
 

2. Striatum: 
 
In addition to using non-specific dopamine agonists and antagonists, Magnusson et al. (Magnusson 
and Fisher 2000) also microinjected D1 and D2 specific agonists and antagonists into the dorsolateral 
striatum. They found that only D2 receptors mediated anti-nociception, with D2 agonist quinpirole 
reducing nociceptive behaviours, while D2 antagonist eticlopride worsened nociceptive behaviours. 
No change in nociceptive behaviour was observed with D1 antagonist SCH23390 and D1 agonist 
SKF38393. 
 

3. Insula cortex: 
 
Initial experiments by Burkey et al. in 1999 (Burkey, Carstens et al. 1999) using the formalin pain 
model of the rat suggested that D1 receptor activation in the rostral agranular insula cortex may be 
responsible for anti-nociceptive effects, as dopamine reuptake inhibitor-induced analgesia was 
reversed by administration of a selective D1 antagonist, SCH-23390. 
 
When Coffeen et al. (Coffeen, Lopez-Avila et al. 2008) targeted a slightly different area of the insula 
cortex – the anterior insula cortex – they found that microinjection of D2 specific agonist (TNPA) or 
D1 specific antagonist (SCH-23390) there caused fewer nociceptive behaviours.   
 

4. Ventrolateral PAG: 
 

Flores et al. (Flores, El Banoua et al. 2004) demonstrated that D1 receptors were critical in mediating 
morphine-induced analgesia, as injection of D1 antagonist – but not D2 antagonist – into the 
ventrolateral PAG attenuated the response. 
 
Interestingly, the opposite effect was observed in the experiment by Meyer et al. (Meyer, Morgan et 
al. 2009). In this case, microinjection of D2 antagonist eticlopride blocked apomorphine-induced 
analgesia, but not D1 antagonism. 
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The reason for this discrepancy has not been elucidated, but suggests that D1 receptor activity is 
required for opiate-induced analgesia in the PAG, while D2 receptor activity is required for 
dopamine-induced analgesia. 
 

5. Spinal cord: 
 
At the spinal level, intrathecal administration of L-dopa also induced analgesia in mice. Preventing L-
dopa conversion to dopamine by benserazide intrathecally blocked analgesic effects, proving that 
the effect was dopamine-mediated. Injection into the ventricles did not induce analgesia. D2 
antagonism, but not D1 antagonism, blocked the L-dopa-induced analgesic effect. This suggests that 
D2 receptors are responsible for dopamine-mediated analgesic response in the spinal cord.  
 

1.3.3.1.2 Human studies 
 
Clinical observations, functional imaging and genetic studies also point to the potential anti-
nociceptive effect of dopamine, and impaired dopamine release may result in pain states. 
 
(A) Dopaminergic therapy reduces pain in a variety of painful conditions. 
 
A number of other chronic pain conditions – including chronic thalamic pain (Miley, Abrams et al. 
1978), burning mouth syndrome (Stuginski-Barbosa, Rodrigues et al. 2008), restless legs syndrome 
(Trenkwalder, Paulus et al. 2005, Hornyak, Sohr et al. 2011), diabetic neuropathy (Ertas, Sagduyu et 
al. 1998), fibromyalgia (Holman and Myers 2005) and metastatic cancer (Dickey and Minton 1972) – 
respond to dopaminergic therapy. In some cases, the analgesic effect is dose-dependent (Battista 
and Wolff 1973). 
 
(B) Chronic painful conditions have reduced dopaminergic activity on PET scan.  
 
Decreased dopaminergic activity has been observed with PET in painful conditions such as burning 
mouth syndrome (Jaaskelainen, Rinne et al. 2001, Hagelberg, Forssell et al. 2003) and fibromyalgia 
(Wood, Schweinhardt et al. 2007). Alterations in dopamine receptor availability were also observed 
in atypical facial pain syndromes (Hagelberg, Forssell et al. 2003). 
 
(C) Genetic variants of genes involved in dopaminergic processing are associated with pain. 
 
The best illustration of this phenomenon is the COMT gene. COMT encodes an enzyme responsible 
for inactivation of dopamine, as well as adrenaline and noradrenaline. It is highly expressed in the 
prefrontal areas of the brain, and is the main mechanism for dopamine inactivation in these areas. 
Of particular interest is the valine-158-methionine polymorphism (rs4680), as the valine form of the 
polymorphism had significantly higher enzyme activity compared to the methionine forms (Chen, 
Lipska et al.).  
 
Zubieta et al. (Zubieta, Heitzeg et al. 2003) were the first to demonstrate that rs4680 was associated 
with variable pain sensitivity, with the lower enzyme activity Met158 allele demonstrating 
significantly increased pain in response to hypertonic saline injection into the masseter muscle. In 
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the same year, Gursoy et al. (Gursoy, Erdal et al. 2003) also noted that COMT polymorphisms with 
lower enzyme activity were more likely to be associated with fibromyalgia. Diatchenko et al. 
(Diatchenko, Slade et al. 2005) further identified a haplotype (consisting of the four SNPs rs6269, 
rs4633, rs4818 and rs4680) that could predict the development of painful temporomandibular joint 
disorder. More importantly, they demonstrated that the same haplotype could be stratified into 
low-, average- or high-pain sensitivity states based on the enzyme activity level, and that these 
states successfully predicted sensitivity to thermal pain (Diatchenko, Nackley et al. 2006).   
 
The mechanism of lower enzyme activity causing increased pain is as follows. Dopaminergic neurons 
release low levels of dopamine tonically at rest. When activated, they release high levels of 
dopamine phasically, stimulating the post-synaptic dopamine receptors and resulting in an analgesic 
effect. The lower enzyme activity form of COMT results in higher tonic extracellular levels of 
dopamine. The levels are high enough to stimulate presynaptic auto-inhibitory D2 receptors to 
suppress phasic release of dopamine, but not high enough to activate the post-synaptic dopamine 
receptors, thereby inhibiting endogenous analgesia (Bilder, Volavka et al. 2004). 
 
Like the COMT polymorphism, two other genetic variants associated with increased pain may 
operate under similar principles. The first is a polymorphism affecting the guanosine-5’-triphosphate 
cyclo-hydrolase 1 gene, which encodes the rate-limiting enzyme GCH-1 required for the synthesis of 
tetrahydrobiopterin (BH4) – an essential cofactor for the production of dopamine and a number of 
other catecholamines such as serotonin, noradrenaline and adrenaline. In a study of 168 Caucasian 
adults, Tegeder et al. (Tegeder, Costigan et al. 2006) noted that the haplotype with higher levels of 
GCH-1 activity was associated with increased pain following surgery for radicular lower back pain 
(Tegeder, Costigan et al. 2006) and increased evoked pain sensitivity (Tegeder, Adolph et al. 2008). 
The second is an adenosine/guanine polymorphism in intron 13 of the monoamine-oxidase B (MAOB) 
gene, which encodes another enzyme that metabolises dopamine. As with COMT, the lower enzyme 
activity G allele (Balciuniene, Emilsson et al. 2002) was associated with higher than average intensity 
of postoperative pain in males (Sery, Hrazdilova et al. 2006).   
 
Finally, the dopamine receptor D3 gene (DRD3) serine to glycine polymorphism (Ser9Gly) – of which 
the Ser allele is associated with reduced reward-related phasic dopamine release from the nucleus 
accumbens (Savitz, Hodgkinson et al. 2013) – has also been found to predict for reduced DNIC 
efficacy and increased widespread pain in fibromyalgia (Potvin, Larouche et al. 2009). 
 
1.3.3.2 Deficiencies of other neurotransmitters may result in increased PD pain 
 
In addition to impaired dopaminergic activity, reduced activity of other neurotransmitter systems 
may also be involved in the generation of PD pain. Neurodegeneration in PD patients occurs 
extensively in a range of extra-nigral sites in both the central and peripheral nervous system, many 
of which are involved in non-dopaminergic descending pain inhibition. For example, 
neurodegeneration of the locus coeruleus – which mediates descending pain inhibition via 
noradrenergic mechanisms – is often quite severe and occurs early in the disease (Braak, Sandmann-
Keil et al. 2001). Other notable structures involved in pain processing that experience 
neurodegeneration in PD include the thalamus (Henderson, Carpenter et al. 2000, Rub, Del Tredici et 
al. 2002, Braak, Del Tredici et al. 2003), the midbrain PAG and parabrachial nucleus (Braak, Braak et 
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al. 1994), the reticular formation and raphe nuclei (Braak, Sandmann-Keil et al. 2001), and the dorsal 
horn layer 1 neurons (Braak, Sastre et al. 2007). 
 
The concept that non-dopaminergic systems may be important in PD pain processing was 
demonstrated in a double-blinded placebo-controlled study performed by Cantello et al. (Cantello, 
Aguggia et al. 1988). They found that intravenous administration of methylphenidate, a drug that 
enhances adrenergic and serotonergic transmission, had a potent anti-nociceptive effect on PD 
patients with painful fluctuations. Furthermore, pretreating patients with -blockers or serotonin 
receptor antagonists abolished this analgesic effect. 
 
1.3.3.3 Chronic pulsatile levodopa use induces central sensitisation of brain nociceptive pathways 
and results in altered pain processing 
 
PD patients treated with levodopa initially experience a stable response throughout the day. 
However, ongoing pulsatile administration of levodopa – inherent in the treatment of PD – 
eventually induces plastic changes in the basal ganglia circuitry, leading to pharmacological 
sensitisation and tolerance (Lees 1989, Nutt 2007). Dyskinesia is thought to be a sensitisation 
phenomenon involving the motor/nigrostriatal pathways, while the shortening of medication effect 
and motor fluctuations are considered to be a phenomenon of drug tolerance. 
 
Dopamine-induced pharmacological sensitisation also affects non-motor pathways. Evidence for this 
comes from a study by Evans et al. (Evans, Pavese et al. 2006), which used PET scanning to link 
compulsive drug-taking behaviour to sensitisation of the nucleus accumbens in dyskinetic PD 
patients. As such, it is likely that dopamine may also induce sensitisation of the nociceptive system 
and lead to altered pain processing, similar to the way chronic opiate use leads to opiate-induced 
hyperalgesia and opiate tolerance (see (Lee, Silverman et al. 2011) for review). 
 
Consistent with this hypothesis, mice that have been primed with levodopa may experience 
hyperalgesia after withdrawal of levodopa (Shimizu, Iwata et al. 2006). Furthermore, Lim et al. (Lim, 
Farrell et al. 2008) found that only dyskinetic patients experienced large increases in cold pain 
threshold and tolerance after a dose of levodopa, as compared to patients without dyskinesia.   
  



32 
 

1.4 Hypotheses and goals of this PhD 
 
In summary, it may be postulated that clinical pain in PD arises from sensitisation of pathways 
related to nociception. In particular, chronic pulsatile levodopa use may lead to sensitisation of 
central nociceptive pathways and alter pain processing in PD patients. This could explain the 
heterogenous presentation of chronic pain in PD, especially the way in which pain can be either 
alleviated or exacerbated by dopaminergic drugs. 
 
While a number of studies have already been published investigating pain sensitivity in PD patients, 
the heterogenous study methodologies and outcomes make interpreting the outcomes difficult. 
Additionally, there is a dearth of functional imaging studies pertaining to the investigation of the 
central mechanisms of PD pain.   
 
Therefore, the primary aims of this thesis are as follows. 
 
1) The current literature on pain sensitivity in PD will be systematically analysed, with a view to 

demonstrating that: 
a. PD patients will have sensitisation of nociceptive pathways; 
b. sensitisation of nociceptive pathways in PD patients plays a role in the development of 

clinical pain in PD; and 
c. dopaminergic mechanisms are involved in the sensitisation of nociceptive pathways. 

 
2) The neurobiological structures and mechanisms underlying the central sensitisation of 

nociceptive pathways in PD patients will be demonstrated, in particular the mechanisms by 
which: 

a. chronic pulsatile levodopa leads to sensitisation of central nociceptive pathways in PD 
patients; and 

b. sensitisation of central nociceptive pathways may underlie the increased expression of 
clinical pain in PD patients. 

 
In accordance with these aims, the primary hypotheses of this thesis are as follows. 
 
1) Systematic review of the current PD literature will demonstrate that: 

a. PD patients will have altered pain sensitivity testing compared to normal healthy 
controls, which suggests that PD patients have sensitised nociceptive pathways; 

b. PD patients with clinical pain will demonstrate altered pain sensitivity compared to 
those without pain, implying that sensitisation of nociceptive pathways in PD patients 
may lead to the development of clinical pain; and 

c. dopaminergic medications will alter pain sensitivity in PD patients, demonstrating that 
dopaminergic mechanisms may be involved in the development of nociceptive pathway 
sensitisation in PD patients. 

 
2) Psychophysical and functional imaging will demonstrate that: 
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a. dyskinetic PD patients, who have central sensitisation of their motor pathways from 
chronic pulsatile levodopa use, will have evidence of central sensitisation of nociceptive 
pathways when compared to non-dyskinetic patients; and  

b. PD patients with clinical pain will have evidence of central sensitisation of nociceptive 
pathways when compared to PD patients who do not suffer from clinical pain. 

 
To address the first set of aims and hypotheses, a systematic review and meta-analysis will be 
performed on existing literature on pain sensitivity in PD patients. This will be divided into three 
parts: 

1. Comparison of pain sensitivity study results between PD patients and healthy 
controls 

2. Comparison of pain sensitivity study results between PD patients with clinical pain 
and those without pain 

3. Comparison of pain sensitivity study results between PD patients on dopaminergic 
medications and those off dopaminergic medications 

 
To test the second set of aims and hypotheses, fMRI in conjunction with psychophysical evoked pain 
techniques will be employed to examine pain sensitivity and its associated brain activation in PD 
patients. This will involve: 

1. comparison of pain sensitivity and evoked pain-related brain activity in dyskinetic versus 
non-dyskinetic PD patients, with and without dopaminergic medications; and  

2. comparison of pain sensitivity and pain-related brain activity in PD patients with clinical 
pain versus those without clinical pain, with and without dopaminergic medications. 
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Chapter 2:  Experimental methods 
 
This chapter describes the materials and general procedures used in this thesis. It is divided into two 
sections. The first section describes the methods used for the systematic review and meta-analysis 
of pain sensitivity literature. The second section deals with the techniques used to investigate pain 
processing in PD patients using psychophysical testing and fMRI scanning. 
 

2.1  Systematic review and meta-analysis 
 
2.1.1 Introduction 
 
A systematic review uses reproducible methods to search, critically appraise and integrate results 
from multiple related studies to produce an answer to a specific research question. It is generally 
regarded as the highest level of evidence base in the scientific community. One potential method of 
systematic review is the meta-analysis, where specific statistical strategies may be employed to 
combine data from sufficiently similar studies, improving sample size and power, to produce a more 
robust single estimate than is possible from a single study.  
 
The methods used in this thesis for the systematic analysis and meta-analysis of the PD pain 
sensitivity literature are as follows. 
 
2.1.2 Overall search strategy, data extraction and general statistics 
 
Two personnel (PhD candidate and Daniela Chan D.C.) performed the literature search, article 
selection and assessment of study quality independent of each other. Inconsistencies were resolved 
through discussion amongst the two personnel. 
 
Searches of the databases MEDLINE and EMBASE were carried out on articles from 1947 to April 
2015. Articles were limited to “human” and searched using the following strategies: (1) MEDLINE: 
("Parkinson Disease"[Mesh] OR "Parkinsonian Disorders"[Mesh]) AND ("Pain Threshold"[Mesh] OR 
"Pain Measurement"[Mesh] OR "Sensory Thresholds"[Mesh]); and (2) EMBASE: exp Parkinson 
disease AND (exp perceptive threshold OR pain measurement OR sensory analysis). Reference lists 
of suitable retrieved articles were examined for missing references. Published proceedings and 
abstracts were excluded. 
 
Studies that performed experimental pain sensitivity testing in PD patients were considered. Data 
involving patients with other Parkinsonian disorders were excluded. The primary outcomes 
examined were heat pain threshold, cold pain threshold, electrical pain threshold and pressure pain 
threshold. Pain ratings and pain tolerance level were also included when available.   
 
For each study that was included for analysis, the following information was extracted and entered 
into a standardised data form.  
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1) Study type: case control or cross-over study 
2) Participant information: inclusion and exclusion criteria; number of participants; participant 

demographics such as age, duration of PD, gender, and PD treatment details including DBS, 
levodopa equivalent dosing, severity according to the Unified Parkinson’s Disease Rating Scale 
(UPDRS), and presence or absence of pain 

3) Study methodology: modality of pain tested, equipment used, techniques employed (e.g. 
randomisation and blinding), site on body where pain was tested, clinical state of patient at the 
time of testing (on or off treatment, type of treatment) 

4) Outcome measures: heat pain threshold, cold pain threshold, electrical pain threshold, pressure 
pain threshold, pain ratings and pain tolerance levels 

 
In situations where pooling of data was necessary, means and standard deviations were combined 
using the following formula.  

μc = Σxc / nc, and 
σc = √((Σx2

c - (Σxc)2 / nc) / (nc - 1)) 
where μc = combined mean, Σxc = sum of means of each group, nc = sum of numbers in each group, 
σc = combined standard deviation, Σx2

c = sum of the squares of means of each group 
 
Comparison of demographic data was done using two sample two-tailed t-tests for continuous data, 
and the Pearson's Chi-square test for categorical data. Bonferroni correction was performed to 
correct for multiple comparisons. 
 
2.1.3 Specific study selection criteria and analysis methodology 
 
Three sets of criteria were established to address the aims and hypotheses listed in Chapter 1.4.  
 
2.1.3.1 PD patients will have hyperalgesia on pain sensitivity testing compared to normal healthy 
controls  
 
2.1.3.1.1 Study selection 
 
For this hypothesis, case control studies that compared pain sensitivity in PD patients versus healthy 
controls (HC) were used. For both the PD and HC group, participants on dopaminergic medications 
(Med ON) and off dopaminergic medications (Med OFF) at the time of pain threshold testing were 
both included. However, as dopaminergic medications may have an influence on pain thresholds, 
data was further analysed separately depending on the medication status of the participant and HC. 
This resulted in three separate categories: PD Med OFF versus HC Med OFF, PD Med ON versus HC 
Med ON, PD Med ON versus HC Med OFF.  
 
As DBS in PD patients may potentially influence pain thresholds, only data from PD patients who had 
their DBS turned off at the time of pain sensitivity testing were included in the analysis. 
 
2.1.3.1.2 Study quality assessment 
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Analysis of study quality was carried out based on the guidelines set out by the Agency for 
Healthcare Research and Quality’s Methods Guide for Effectiveness and Comparative Effectiveness 
Reviews (Viswanathan, Ansari et al. 2008). The Newcastle-Ottawa Scale (NOS) was chosen, as studies 
were case control in nature, and the NOS has been widely used and tested for face validity, content 
validity and inter-rater reliability. Modifications were made to the exposure component, so it would 
be applicable to assessing risk of bias when ascertaining pain threshold outcomes (Table 2.1). 
 
Specifically, for the selection criteria, cases were considered adequately defined if subjects satisfied 
internationally recognised criteria for the diagnosis of PD (i.e. the United Kingdom Parkinson's 
Disease Society Brain Bank (UKPDSBB) criteria); and representative if cases were recruited in a 
consecutive manner. Controls were considered adequately defined if subjects were age-matched 
and did not have any medical illness; and representative if subjects were recruited from the same 
community as the cases.   
 
For comparability criteria, the two most important factors to be controlled were: (1) age; and (2) the 
absence of conditions that may influence pain perception, such as concomitant analgesic use, the 
presence of chronic pain from conditions other than PD, and neuropathy. 
 
For outcome assessment, one point was awarded for the presence of each of the following: (1) 
assessor blinding; (2) when assessments accounted for, or were free from, the influence of reaction 
time; and (3) when all data relevant to the hypothesis were accounted for and reported. Participant 
blinding was not possible, as patients would be cognisant of their disease state. 
 
The maximum score that could be achieved by a study was nine points. 
 

Selection: 
1. Were cases adequately defined? 
2. Were cases representative? 
3. Were controls adequately defined? 
4. Were controls representative? 

Comparability of case to controls: 
5. Study controls for age? 
6. Study controls for conditions that may influence pain perception (analgesic use, chronic pain 

from conditions other than PD, neuropathy)? 
Exposure/outcome: 

7. Were assessors blinded to case control status? 
8. Did assessments account for the influence of reaction time or were they free from it? 
9. Was all data relevant to the hypothesis accounted for and reported? 

Table 2.1: Modified NOS for assessment of study quality 
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2.1.3.1.3 Meta-analysis 
 
Only data comparing PD Med OFF to HC Med OFFwere included in order to account for the possible 
effect of dopaminergic medications on pain sensitivity. Meta-analyses were performed using 
RevMan version 5.3.5 on pain threshold data. Ratings to suprathreshold pain stimulus and pain 
tolerance data were not included as there were not enough studies with sufficiently similar data to 
be combined.   
 
Outcomes were both analysed separately according to the stimulus modality 
(heat/cold/pressure/electricity), as well as pooled across different modalities to look for potential 
differences between the stimulus subgroups. In studies where pain sensitivity testing was performed 
on multiple sites of the body on the same patient, data from only one site was used (upper limb). 
When data from the PD participants were presented in a subdivided manner (i.e. PD patients with 
bilateral disease versus unilateral disease; PD patients with pain versus without pain), the means and 
standard deviations of the same outcome measures were pooled for analysis. For electrical pain, 
some studies included more than one outcome (subjective and objective electrical pain threshold), 
in which case the objective electrical pain threshold was used for the meta-analysis.   
 
The random effects model was used as the method to pool data due to the a priori identification of 
significant experimental heterogeneity between studies. Results were expressed using standardised 
mean difference (SMD), with lower values indicating lower pain thresholds. In instances where this 
was reversed (e.g. cold pain threshold temperature, where lower values indicated higher pain 
thresholds), a -1x multiplier was applied to correct the direction of the result. Effect size was 
interpreted by Cohen's rule of thumb: SMD <0.4 was considered small; 0.4-0.7 was considered 
moderate; and >0.7 was considered large. Study heterogeneity was evaluated using I2 and χ2 
statistics. Heterogeneity was considered substantial if I2 was above 75%, and significant if the p value 
was low (<0.05) in the χ2 test for heterogeneity. 
 
2.1.3.2 PD patients with clinical pain will demonstrate more hyperalgesia compared to those 
without pain 
 
2.1.3.2.1 Study selection 
 
For this hypothesis, case control studies comparing PD patients with clinical pain (PDP) to PD 
patients with no pain (PDNP) were included. Data involving patients with other Parkinsonian 
disorders were not included. The primary outcomes examined were heat pain threshold, cold pain 
threshold, electrical pain threshold and pressure pain threshold. Pain ratings and pain tolerance 
levels were also examined when available.    
 
2.1.3.2.2 Study quality assessment 
 
The NOS was used for study quality assessment, as study data were presented in a case control 
format. Modifications to the NOS were made to the exposure component, so that it would be 
applicable to assessing risk of bias when ascertaining pain threshold outcomes. In addition to the 
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NOS, studies were also assessed to see if their primary aim was to investigate the difference 
between PDP and PDNP, or if this was a secondary goal and part of a sub-study analysis. 
 
Details regarding scoring on the NOS are as follows. For the selection criteria, cases were considered 
adequately defined if subjects satisfied internationally recognised criteria for the diagnosis of PD (i.e. 
UKPDSBB criteria) and experienced clinical pain. Cases were considered representative if patients 
had pain only due to PD, to the exclusion of other comorbidities that may contribute to clinical pain. 
Controls were considered adequately defined if subjects satisfied internationally recognised criteria 
for the diagnosis of PD and were pain-free; they were considered representative if subjects were 
recruited from the same community as the cases.   
 
For comparability criteria, the two most important factors considered were: (1) matching of age; and 
(2) matching of PD disease characteristics. Groups were only considered to have matching of PD 
disease characteristics if there were no significant differences in disease duration or UPDRS part II 
scores. They also had to have pain sensitivity testing done in the same medication state.  
 
For outcome assessment, one point was awarded for the presence of each of the following: (1) 
assessor blinding to the status of pain in the patient; (2) assessments accounted for or were free 
from the influence of reaction time; and (3) all results of pain sensitivity testing in PDP and PDNP 
participants were accounted for and reported. Participant blinding was not taken into account, as 
participants would be cognisant of their disease state and pain status. The maximum score that 
could be achieved by a study was nine points. 
 
2.1.3.2.3 Meta-analysis 
 
Not enough studies were available to perform pooling of data based on individual modality of 
stimulus. However, as the results from the meta-analysis performed on PD versus HC (see Chapter 3) 
indicated no significant differences between the different modalities, a decision was made to pool 
pain sensitivity results across the different modalities. In studies where pain sensitivity testing was 
performed on multiple sites of the body on the same patient, data from only one site was used 
(upper limb). Similarly, for studies that performed pain sensitivity testing using multiple modalities, 
only one outcome measure was included in the meta-analysis – in which case the measure that was 
more objective and free from reaction time bias, or the result that contributed an effect size 
favouring against the hypothesis, was used in order to prevent over-estimation. For electrical pain, 
some studies included more than one outcome (subjective and objective electrical pain threshold), 
in which case the objective electrical pain threshold was used for the meta-analysis. Ratings to 
suprathreshold pain stimulus and pain tolerance data were not included.   
 
RevMan version 5.3.5 was used for the meta-analysis. The random effects model was selected as the 
method to pool data due to the a priori identification of significant experimental heterogeneity 
between studies. The fixed effects model was also performed as part of sensitivity analyses. Results 
were expressed using SMD, with lower values indicating lower pain thresholds. In instances where 
this was reversed (e.g. cold pain threshold temperature, where lower values indicated higher pain 
thresholds), a -1x multiplier was applied to correct the direction of the result. Effect size was 
interpreted by Cohen's rule of thumb: SMD <0.4 was considered small; 0.4–0.7 was considered 
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moderate; and >0.7 was considered large. Study heterogeneity was evaluated using I2 and χ2 
statistics. Heterogeneity was considered substantial if I2 was above 75%, or the p value was low 
(<0.05) in the χ2 test for heterogeneity. 
 
2.1.3.3 Dopaminergic medications will alter pain sensitivity in PD patients 
 
2.1.3.3.1 Study selection 
 
For this hypothesis, studies that compared pain sensitivity between PD patients on dopaminergic 
medications versus PD patients not on dopaminergic medications were included. As before, data 
involving patients with other Parkinsonian disorders were not included, while the primary outcomes 
examined were heat pain threshold, cold pain threshold, electrical pain threshold and pressure pain 
threshold. Pain ratings and pain tolerance levels were also examined when available.    
 
2.1.3.2.2 Study quality assessment 
 
As all the studies involved crossover retesting of pain sensitivity in the two medication states in the 
same cohort of patients (with the exception of Massetani et al., who compared dopaminergic 
treatment-naive patients to those on chronic levodopa therapy), risk of bias assessment was carried 
out using the Cochrane risk of bias assessment tool, but modified specifically to assess crossover 
study issues, as described by Ding et al. (Ding, Hu et al. 2015). 
 
In brief, the assessment consists of nine domains, which consider: study participants, randomisation 
of treatment order, carry-over effect, unbiased data, allocation concealment, blinding, incomplete 
data, selective reporting, and any other bias. Each item is rated low, unclear or high, with low being 
the case if all conditions are satisfied, unclear if not enough information is available to make an 
assessment, and high if the conditions are not satisfied.   
 
For the assessment of study participant criteria, in addition to ensuring participants satisfy 
internationally recognised criteria for Idiopathic PD, another important consideration was whether 
an appropriate Med OFF and Med ON state was achieved.   
 
For Med OFF, participants need to have withheld their levodopa long enough for it to be eliminated 
from their plasma. All formulations of levodopa come with the addition of one enzyme to prevent 
peripheral conversion, either carbidopa or benserazide, with a half-life of up to 1.5 hours. Therefore, 
a withdrawal period lasting more than eight hours (five half-lives) will be considered adequate for a 
Med OFF state.   
 
For Med ON, participants need to commence pain sensitivity testing 30–90 minutes after 
administration of medications for two reasons: the delay in onset of action for levodopa (about 30 
minutes) and the potential existence of wearing-off effects. Additionally, to confirm that the 
medication challenge had indeed taken effect, studies needed to demonstrate the presence of a 
clinically significant motor effect, defined by a reduction of at least six points (Shulman, Gruber-
Baldini et al. 2010) on the UPDRS III or more than 30%. 
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Finally, in regards to blinding, due to the significant effect of dopaminergic medications on motor 
state in PD patients, true participant blinding to medication state would not have been possible. As 
such, only the quality of investigator blinding was rated for the quality assessment. Further details 
about the individual items for risk assessment are provided in Table 2.2.    
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Item Description Scoring 
Study participants 1) Patients satisfy internationally accepted 

diagnosis for PD 
2) Clearly defined Med OFF state, of at least 
8 hours post last levodopa dose (>5x half-life 
of levodopa) 
3) Clearly defined Med ON state, must be 
within 30–90 minutes after administration of 
medication (to avoid wearing off) 
4) Clear evidence of a clinically significant 
difference between Med ON and Med OFF 

Low: all 4 points correct 
Unclear: unable to judge as information 
missing or ambiguous 
High: any point not correct 

   
Randomisation Order of Med ON and Med OFF state should 

be randomised adequately 
Low: randomisation occurred, and method is 
clearly described and appropriate 
Unclear: described as randomised, but method 
not described 
High: No randomisation, or inappropriate 
method 

   
Allocation concealment Allocation of randomisation concealed from 

investigators 
Low: allocation sequence was clearly 
concealed 
Unclear: concealment was described, but 
approach is unclear 
High: concealment was not performed 

Blinding Investigators performing pain sensitivity 
testing should be blinded  

Low: appropriate blinding was performed 
Unclear: uncertain if blinding was adequate 
from provided information 
High: no blinding performed, or applied in a an 
inadequate manner 

Carry-over effect Carry-over of effects of evoked painful 
stimulation on pain sensitivities should be 
assessed between the two periods  

Low: carry-over effects were assessed and not 
present, or sufficiently long waiting period (1 
week) between tests for carry-over effect to be 
not significant 
Unclear: carry-over effects not deemed 
significant, but method of ascertainment not 
described 
High: carry-over effects were not assessed, or 
not present when assessed 

Unbiased data Data for both data periods should be 
provided 

Low: data for both periods provided 
Unclear: data unavailable for part of the 
outcomes 
High: only data from the first period available 

Incomplete outcome 
data 

Information about completeness of outcome 
data, reasons and analytic methods to tackle 
missing data should be described  

Low: all patients completed testing, or if 
missing data present, this was appropriately 
analysed 
Unclear: unable to determine if any data is 
missing  
High: missing data is present, and method of 
analysis is inappropriate  

   
Selective reporting All outcomes should be reported Low: fully reported 

Unclear: unable to determine due to 
unavailability of original information 
High: selective reporting of data present 

Other bias – reaction 
time bias 

Pain threshold testing should employ 
methods that are free from reaction time 
bias 

Low: methods of testing are free from reaction 
time bias, or corrected for reaction time bias 
Unclear: uncertain if methods of testing are 
free from reaction time bias, or if steps were 
taken to correct for it 
High: methods of testing did not take into 
account reaction time bias 

Table 2.2: Quality assessment tool for assessing bias in Med ON versus Med OFF studies 
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2.1.3.2.3 Meta-analysis 
 
Only cross-over studies that compared pain sensitivity measures in the same patients in the Med ON 
and Med OFF conditions were considered for meta-analysis. As non-randomised studies are at high 
risk of bias, particularly in regards to regression to the mean effects and carry-over effects, only 
studies that randomised the order of the Med ON and Med OFF states were included in the meta-
analysis. Pain sensitivity results across different modalities were pooled. 

Comprehensive Meta-Analysis Software Version 3 was used, as RevMan does not allow for analyses 
of repeated measures in a single group. The random effects model was chosen, and results were 
expressed using SMD, with effect size interpreted by Cohen's rule of thumb. Heterogeneity was 
considered substantial if I2 was above 75%, or the p value was low (<0.05). A fixed effects model, as 
well as one-study-removed meta-analysis was also performed as part of a sensitivity analysis. 

 

2.2  fMRI and psychophysical methods 
 
2.2.1 Introduction 
 
The psychophysical methods for determining pain sensitivity in participants can be broadly divided 
into stimulus-dependent procedures or response-dependent procedures (Kruger, Friedman et al. 
1996). Stimulus-dependent procedures rely on the adjustment of stimulus intensity in order to reach 
a predetermined threshold. Results are thus expressed in the unit of stimulus intensity, and defined 
by the amount of stimulus intensity required to elicit a certain pain threshold. On the other hand, 
response-dependent pain testing procedures deliver a series of different fixed stimulus intensities in 
order to determine the magnitude of pain evoked; results are therefore expressed as a rating value. 
Either way, plotting the pain response over the amount of stimulus applied results in a pain stimulus-
response function curve. 
 
A change in the slope of the stimulus-response function curve, or a shifting of a curve, can indicate 
that the nociceptive system has undergone sensitisation. For example, a leftwards shift of the pain 
stimulus-response function (Treede, Meyer et al. 1992) results in a decrease in the level of intensity 
required to achieve a certain threshold of pain, or an increase in rating of pain to the same stimulus 
intensity, indicating the potential presence of hyperalgesia and/or allodynia. For stimulus-dependent 
procedures, a reduction in stimulus intensity to cause the same amount of pain indicates 
hyperalgesia; if the stimulus intensity required to cause pain is reduced to a level where it was 
previously perceived as innocuous, this would illustrate the presence of allodynia. Similarly, for 
response-dependent procedures, an increase in the rating of pain to the same stimulus intensity 
represents hyperalgesia; if a previously innocuous stimulation is now causing pain, this would imply 
the presence of allodynia.   
 
For this thesis, both stimulus-dependent and response-dependent procedures will be employed to 
test pain sensitivity. In particular, the results of interest will be thresholds for eliciting just noticeable 
pain (JNP) and moderate pain (MP), pain ratings to fixed stimuli intensities, and the stimulus-
response function curve.   
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While psychophysical methods may provide evidence to support the presence of a sensitised 
nociceptive system, they generally do not give any information about where in the neuroaxis the 
sensitisation has occurred – other methods, such as electrophysiological studies and functional 
imaging, will be required. 
  
For this thesis, functional neuroimaging was selected as it enables direct observation, with high 
spatial resolution, of the central neural correlates of pain perception and modulation in the human 
in vivo. fMRI was chosen over PET or SPECT, as it offers better spatial and temporal resolution, is 
non-invasive, and does not involve potentially harmful ionising radiation.   
 
For the fMRI, both BOLD and ASL techniques were employed. Pressure pain was used for BOLD 
assessment due to its reproducibility at applying phasic pain, while a tonic cold pressor stimulus was 
employed for ASL assessment, as it was less likely than heat to cause tissue damage. Electricity was 
not possible due to the MRI environment, and chemical- based nociceptive stimulation was deemed 
inappropriate due to its increased potential to cause tissue damage. 
 
2.2.2 Recruitment 
 
All participants were recruited from the Movement Disorders Clinic at the Royal Melbourne Hospital. 
Consecutive patients with a known history of PD were invited to participate; those expressing 
interest were assessed through history and examination for eligibility, prior to formal recruitment 
and acquisition of written informed consent. The inclusion and exclusion criteria were established to 
include all adult patients with Idiopathic PD, and to exclude conditions and comorbidities that may 
impact pain processing, such as advanced age, cognitive impairment and diseases that result in 
significant ongoing pain. Osteoarthritis that was incidentally diagnosed, or mild and not requiring 
surgical intervention, was permitted. Depression, which is an intrinsic symptom of PD itself, was also 
permitted. As such, the pains experienced by these PD patients were assessed to be related to the 
disease itself and not another comorbidity. The inclusion and exclusion criteria were as follows. 
 
Inclusion criteria 
 

1. Idiopathic PD as defined by the UKPDSBB criteria (Hughes, Daniel et al. 1992) 
2. Aged between 18 and 90 

 
Exclusion criteria 
 

1. Contraindications to having an MRI, including pregnancy 
2. Dementia (Mini-Mental State Examination <24) 
3. Patients with other neurodegenerative diseases 
4. Patients with peripheral neuropathy 
5. Patients with comorbidities other than PD causing chronic pain, with the exception of 

depression and mild osteoarthritis 
 
Ethics approval for the study was obtained from the Human Research Ethics Committees of 
Melbourne Health and ratified by the Murdoch Children's Research Institute.  
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2.2.3 Participant preparation 
 
In order to assess the influence of dopaminergic medications on pain processing, all patients were 
required to undergo both MRI scanning and pyschophysical testing in an "off medication" state (Med 
OFF) and "On medication" state (Med ON). 
 
The Med OFF state was achieved by overnight withdrawal of dopaminergic medications (levodopa 
preparations and dopamine agonists) for 12 hours prior to testing the next day. Although medication 
effects may persist for up to two weeks (Hauser, Koller et al. 2000), it is neither practical nor ethical 
for PD patients to be without medication for such periods of time. None of the participants tested 
were taking long-acting dopamine agonists. 
 
A patient was determined to be in the Med ON state one hour after administration of their usual 
morning dopaminergic medications post overnight withdrawal. All participants completed testing 
within two hours, which was done in order to avoid the phenomenon of medication wearing off. In 
addition to controlling for dopaminergic medications, participants were required to go without any 
analgesic medications on the day of testing.  
 
2.2.4 Equipment and tools 
 
2.2.4.1 Pressure stimulus 
 
Pressure stimuli were delivered using a hydraulic-based device (Figure 2.1), which transmits force 
generated by calibrated lead weights on to the right thumb of the participant via a 0.5cm-radius 
rubber probe. Weights were added in increments of 0.25kg, which translates to a pressure of 
0.32kg/cm2. The device was purpose-built without ferrous components in order to be compatible 
with the magnetic resonance environment. Its utility had previously been validated in other pain 
brain imaging research (Cole, Farrell et al. 2006). 
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Figure 2.1: Mechanical pressure stimulator. Lead weights (A), ranging from 0.25kg to 5kg, are placed 
on a platform connected to the piston of a water-filled syringe. This in turn is connected to the 
regulator syringe (B) and the stimulating syringe (C) via plastic tubing. The regulator syringe allows 
the manual control of the ascent and descent of the other pistons, while the stimulating syringe 
applies pressure to the thumbnail via a rubber stopper attached to the end of the piston. 
 
2.2.4.2 Temperature stimulus 
 
Cold and innocuous temperature stimuli were delivered by immersing the participant’s right foot in 
a water bath up to the level of the medial malleolus. The temperature of the water was adjusted 
with the addition of ice, and monitored using a digital thermometer. The foot was chosen as it was 
not possible to fit a water bath for the hand in the MRI machine.  
 
2.2.4.3  Rating scales 
 
The 11-point NRS was used to assess the intensity of sensations evoked by both pressure and cold 
temperature stimuli, with 0 being no pain, 1 being JNP, and 10 being the worst pain imaginable. This 
scale is valid and reliable, and was chosen as it could be administered while the participant was 
inside the MRI scanner. 
 
The Positive and Negative Affect Schedule (PANAS scale) was utilised to assess the affect of 
participants, while the short-form McGill was used to assess for the presence of clinical pain before 
and during the experiments. Both are validated scales that were chosen on the basis that they can 
be administered relatively quickly (Watson, Clark et al. 1988). 
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A number of other rating scales were also employed to assess factors that may have relevance to 
pain in PD. This included the Movement Disorders Society Unified Parkinson's Disease Rating Scale 
(MDS-UPDRS) to assess the severity of PD; the Wearing-Off Questionnaire 9 and Modified Abnormal 
Involuntary Movement Scale (MAIMS) to assess for development of medications-induced 
fluctuations and dyskinesia; the PDQ-39 and the 26-item Parkinson’s Disease Dyskinesia Scale (PDYS-
26) to assess participant quality of life; and the Geriatric Depression Scale as a screening test for the 
presence of depression. All the scales used in this thesis are listed in the Appendix. 
 
2.2.4.4  MRI machine 
 
Brain imaging data were acquired at the Murdoch Children's Research Institute (Melbourne, 
Australia) using a Siemens Trio 3T MRI scanner. 
 
2.2.5 Psychophysical procedures 
 
2.2.5.1 Stimulus-dependent experimental procedures 
 
2.2.5.1.1 Determining pressure thresholds 
 
The stimulus intensities required to elicit JNP and MP were determined using the method of limits, 
employing a randomly interleaved double staircase design and participant blinding to reduce 
anticipation bias (Levitt 1971, Gracely, Lota et al. 1988). Testing was performed in the Med OFF state 
to reduce the influence of dopaminergic medication on pain thresholds. 
 
To begin, participants were familiarised with using the 11-point pain NRS to a mechanical pressure 
stimulus. Pressure was applied at a random intensity for 3 seconds to the right thumbnail, and the 
participants were asked to rate the sensation immediately following stimulus withdrawal. 
Participants were specifically trained to report their rating of pain, as opposed to rating pressure 
intensity. 
 
Next, the starting stimulus level for the two staircases was determined using the ascending method 
of limits. Mechanical pressure stimulus intensity was started at 0kg/cm2 (where the rubber stop was 
advanced to just touch the thumbnail with no weight on the platform) and increased in increments 
of 0.32kg/cm2. The stimulus intensities that resulted in a score of 1/10 and 5/10 were used as the 
starting point for the two staircases, one for JNP and the other for MP. 
 
Each staircase was performed using the simple up-down method, resolved after four reversals, 
which occurred whenever the participant rated 1/10 for the JNP staircase and 5/10 for the MP 
staircase. The two peak and two trough stimulus intensities generated from the reversals were 
averaged to provide the final stimulus intensity for JNP and MP. A sample double staircase 
procedure is provided in Figure 2.2. 
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Figure 2.2: Results from the double staircase procedure for participant ID 84_004. The numbers next 
to the data points denote the pain rating to each stimulus, with asterisks marking the turning point 
peak and trough intensities. For this participant, the JNP threshold was 0.25kg and the MP threshold 
was 1.5kg, which was calculated by averaging the values 0.5kg, 0kg, 0.5kg & 0kg for JNP and 1.5kg, 
2kg, 1kg & 1.5kg for MP. 
 
2.2.5.1.2 Determining temperature thresholds 
 
The temperature required to elicit JNP and MP were determined using a descending method of 
limits, with the patient in the Med OFF state. The initial starting temperature of the water bath was 
24oC. Every 30 seconds, the temperature was lowered by 1oC, and the participant was asked to rate 
their level of cold-induced pain on an-11 point NRS. The temperatures that first induced a report of 
1/10 and 5/10 were taken to be the JNP and MP thresholds respectively. 
 
2.2.5.2 Response-dependent experimental procedures 
 
2.2.5.2.1 Determining pressure-induced pain ratings 
 
Participants were also asked to provide ratings of pain when pressure stimuli were applied in the 
MRI scanner in order to correlate the BOLD imaging data with their evoked pain experience. As 
individuals have marked variability in sensitivity to pain, the pressure stimuli utilised were 
standardised to the individual in order to better examine group differences. In this experiment, the 
stimulus intensity causing MP during the thresholding procedure was used to induce pressure pain 
during MRI scanning. For innocuous pressure stimulation, the stopper was advanced until it was 
touching the thumb, but no weights were placed on the platform. During BOLD MRI scanning, 
participants were presented with either the MP pressure stimulus or an innocuous pressure stimulus 
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in a blinded and pseudorandom manner for a total of six times each, with each pressure stimulus 
persisting for 20 seconds. Participants were prompted to rate the intensity of pain on the 11-point 
NRS after cessation of pressure stimulus. 
 
2.2.5.2.2 Determining temperature-induced pain ratings 
 
As with pressure pain ratings, participants were asked to provide pain ratings during MRI scanning to 
moderately painful cold temperature stimulation (using cold water at a temperature that previously 
elicited MP, as described in Section 2.2.5.1.2), and innocuous temperature stimulation (room-
temperature water), in order to correlate the ASL data with their clinical pain experience. 
Participants were prompted to provide pain ratings every minute, while the right foot was immersed 
in the water for six minutes, once in cold water and once in room-temperature water.   
 
2.2.6 MRI scanning procedures 
 
2.2.6.1 Patient procedures 
 
Prior to MRI scanning, all participants were rigorously questioned about possible exclusions for MRI, 
and in some cases, subjected to X-Rays, to exclude the presence of ferrous metal in their body.   
 
Participants generally received their MRI scans on two separate days, once in the Med OFF state and 
once in the Med ON state, although three of the participants who were randomised to have their 
Med OFF scans done first elected to have their subsequent Med ON scans done later on the same 
day for logistical reasons. 
 
In the scanner, participants were required to wear hearing protection. On-screen prompts on when 
to rate the intensity of the painful stimuli were relayed to the participant via a mirror. Subjects 
communicated the pain rating values to the researcher by holding up a corresponding number of 
fingers on their left hand. Values over two were indicated using two hand movements (e.g. a value 
of six would involve holding up five fingers followed by one finger).  
 
2.2.6.2 MRI procedures 
 
Functional brain imaging analysis followed procedures established in Dr Farrell’s laboratory, using 
the FSL Expert Analysis Tool (version 5.98, FMRIB, Oxford, UK, www.fmrib.ox.ac.uk/fsl) (Smith, 
Jenkinson et al. 2004). 
 
Brain imaging data were acquired at the Murdoch Children's Research Institute (Melbourne, 
Australia) using a Siemens TRIO 3T MRI scanner. Anatomical T1 weighted images were acquired for 
registration purposes (TR=1900ms, TE=2.59ms, FA=9o, 224 sagittal slices, 320x320 matrix, 0.84mm3 
isotropic voxels). BOLD contrast functional images were obtained using an echo-planar imaging 
sequence (TR=2000ms, TE=35ms, FA=90o, 32 axial slices 4.5mm thick, 64x64 matrix, 3.28x3.28mm2 
in-plane resolution). Pulsed arterial spin labelling (PASL) images were obtained using a modified 
flow-sensitive alternating inversion recovery sequence (TR=3000ms, 0.7s label duration, 1.0s post 
label delay, TE=20ms, FA=90o, 24 axial slices 5mm thick with 0.5mm gap, 64x64 matrix, 3.6x3.6mm2 
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in-plane resolution). An equilibrium tissue magnetisation (M0) image was acquired in association 
with each PASL set. 
 
2.2.6.2.1 BOLD data acquisition and analysis 
 
For each session, BOLD data were collected over two runs of six-minute duration. Each run 
contained three presentations of innocuous pressure stimuli and painful pressure stimuli 
respectively, lasting 20 seconds and flanked by a no-stimulus control period of 30 seconds; these 
were presented in a pseudorandom order (Figure 2.3). The same order of presentation was repeated 
for each participant on each session. 
 

 
Figure 2.3: Protocol for presenting pressure stimulus during BOLD scanning. No = no stimulus, IP = 
innocuous pressure, MP = pressure designed to induce moderate pain 
 
Pre-processing of BOLD images included BET brain extraction (Smith 2002), MCFLIRT motion 
correction (Jenkinson, Bannister et al. 2002), high-pass filtering (Gaussian-weighted least-squares 
straight line fitting, sigma=50.0s), and spatial smoothing with a 6mm FWHM Gaussian kernel.  
 
General linear modelling analysis of individual time series data was carried out using FILM with pre-
whitening to correct for local autocorrelation (Woolrich, Ripley et al. 2001). Regressors and their 
temporal derivatives were constructed for painful pressure, innocuous pressure, and the rating 
period; these were used to generate a model for each run in a first-level analysis. Contrasts were 
performed for each of the main conditions, as well as the difference between painful and innocuous 
pressure blocks. Each statistical parametric map was co-registered with the subjects' own high 
resolution T1 weighted images, which in turn were registered to the standard MNI152 (Montreal 
Neurological Institute) space to allow subsequent higher-level group analysis by FLAME (Beckmann, 
Jenkinson et al. 2003). A second-level fixed effects analysis was used to amalgamate the four first-
level analysis results, where regional brain activations were calculated for Med OFF, Med ON, both 
Med OFF and Med ON, and the contrasts of Med OFF greater than Med ON and Med ON greater 
than Med OFF. Finally, mixed-effects analysis using FLAME 1 + 2 with automatic outlier de-weighting 
was performed across subjects to generate group results; all statistical maps were thresholded to 
include voxels with Z value > 2.3 and a corrected cluster probability of p<0.05 (Worsley 2001). 
Subjects showing excessive head motion, defined as any translational motion over 1 voxel, were 
excluded from analysis. 
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Selected areas of interest demonstrating group differences were also examined using a region of 
interest approach. Featquery was used to calculate mean percentage signal changes among the 
constituent voxels of region of interest. 
 
2.2.6.2.2 BOLD Signal Time Series Analysis 

Regions of interest (ROI) were defined to include voxels showing activation in a discrete anatomical 
region in the MNI brain space according to the Harvard-Oxford Cortical and Sub-Cortical atlases 
using a threshold of 50% probability. ROI were transformed to the native spaces of each fMRI scan of 
all participants using matrices derived with FLIRT, and thresholded to ensure a volume consistent 
with the original ROI in standard space. Mean signal intensities from ROI were extracted for all time 
points in the 4D data sets using FSLUTILS (fslmeants). The time series was averaged to include time 
points relative to stimulus onset for common events (Painful Pressure, Innocuous Pressure). An 
average of the three time points preceding the stimulus onset was used as a baseline against which 
to calculate percentage signal changes across time for each stimulus type for each scan. Time series 
of percentage signal change were averaged across scans for each participant, and these averages 
were average in turn to produce grand mean time series and variance estimates (standard errors). 
Average time series for each participant were used to estimate the stimulus-related signal change by 
averaging the time points within the plateau of the hemodynamic response for the event. These 
estimates were used to plot the overall mean and standard errors for stimulus types and groups. 

2.2.6.2.3 PASL acquisition and processing 
 
For each session, PASL data were collected over two runs of six-minute duration: one run for cold 
temperature stimulation, the other for innocuous temperature stimulation. 
 
Pre-processing of PASL images included motion correction using SPM5, with all images realigned to 
the first control image. Calculation of rCBF estimates was performed according to an algorithm 
adapted from our collaborators at Pennsylvania University (Wang, Aguirre et al. 2003, Wang, Aguirre 
et al. 2008). Images were co-registered with each subject's individual high-resolution T1 structural 
image prior to normalisation to MNI space. They were also grey matter masked and SUSAN 
smoothed. Statistical analysis was performed using the linear model of FMRIB (Woolrich, Ripley et al. 
2001). High-pass filtering and intrinsic signal intensity masking were disabled. The global cerebral 
blood flow variation was included as a covariate in the model. 
 
Mixed-effects analysis using FLAME 1 + 2 was performed to generate group results; significant group 
effects were identified using a minimal voxel Z value of > 2.3 and a corrected cluster significance 
threshold of p<0.05. 
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Chapter 3:  Pain sensitivity in PD: systematic 
review and meta-analysis 
 
3.1 Introduction 
 
Pain is a common symptom of Idiopathic PD, but the underlying pathophysiological processes are 
not fully understood. While PD pain often occurs secondary to motor symptoms – such as from 
rigidity or abnormal posturing – numerous clinical situations exist where motor mechanisms cannot 
account for the entire pain experience. Notably, pain can be a presenting symptom of PD, prior to 
onset of motor symptoms (Stamey, Davidson et al. 2008). Also, certain PD pain phenotypes – such as 
burning oral pain, visceral pain and genital pain syndrome – cannot be attributable to motor 
dysfunction (Clifford, Warsi et al. 1998). These observations suggest that abnormal nociceptive 
information processing may be a feature of PD. Given the increasing evidence implicating the role of 
the basal ganglia and dopamine in regulating nociception (Potvin, Grignon et al. 2009), it is possible 
to speculate that PD-related neurodegeneration of the basal ganglia pathways could constitute the 
pathophysiological basis for PD pain. 
 
Pain sensitivity studies, involving the determination of pain thresholds to various forms of evoked 
pain, have been used extensively in the literature of chronic pain to demonstrate the presence of 
abnormal nociceptive processing. A number of pain sensitivity studies have been performed in PD 
patients to see if they have altered pain sensitivity compared to normal controls. While many 
publications suggest that pain sensitivity is increased in PD patients compared to normal controls, 
variations in hypotheses and methodologies have resulted in heterogeneous outcomes, making 
interpretation of the literature difficult. 
 
Therefore, the objective of this chapter is to examine data from pain sensitivity studies in PD 
patients in a systematic manner to address the question of whether PD patients have increased pain 
sensitivity compared to normal controls. The working hypothesis is that PD patients will have 
hyperalgesia on pain sensitivity testing compared to normal healthy controls, suggesting that PD 
patients have sensitised nociceptive pathways, and that this may potentially contribute to the 
development of pain in PD patients. 
 

3.2 Methods 
 
Full details of the methodology used in this systematic review and analysis are provided in Chapter 2, 
Sections 2.1.2 and 2.1.3. In brief, two personnel (PhD candidate and Daniela Chan) performed the 
literature search of the MEDLINE and EMBASE databases, selected articles, and performed the study 
quality assessment independent of each other. Inconsistencies were resolved through discussion 
amongst the two personnel. Studies that performed experimental pain sensitivity testing in PD 
patients were considered, and the ones that compared pain sensitivities between PD patients and 
normal healthy controls were selected. Study quality assessment was carried out using the NOS. 
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Results were analysed according to the medication status during pain sensitivity testing, and divided 
into three categories: PD Med OFF versus HC Med OFF; PD Med ON versus HC Med ON; and PD Med 
ON versus HC Med OFF. Only data from studies that compared PD patients and HC off medications 
were used for meta-analysis to exclude the effect of dopaminergic medication on pain sensitivity. 
Outcomes were analysed both separately according to the stimulus modality 
(heat/cold/pressure/electricity), and pooled across different modalities to look for potential 
differences between the stimulus subgroups. 
 

3.3 Results 
 
3.3.1 Study selection 
 
Figure 3.1 details the trial selection process. Database searching identified 429 records, of which 57 
were duplicates and 340 were not relevant – leaving 33 potential articles for analysis. Thirty-one full-
text articles were successfully retrieved; one French article was not available locally or online (Guieu, 
Pouget et al. 1992). One additional potentially relevant article was identified on examination of the 
reference lists of retrieved articles (Battista and Wolff 1973). Of the resulting 32 articles (Battista and 
Wolff 1973, Massetani, Lucchetti et al. 1989, Urakami, Takahashi et al. 1990, Djaldetti, Shifrin et al. 
2004, Brefel-Courbon, Payoux et al. 2005, Perrotta, Serrao et al. 2005, Gerdelat-Mas, Simonetta-
Moreau et al. 2007, Schestatsky, Kumru et al. 2007, Slaoui, Mas-Gerdelat et al. 2007, Vela, Lyons et 
al. 2007, Lim, Farrell et al. 2008, Nolano, Provitera et al. 2008, Tinazzi, Del Vesco et al. 2008, Mylius, 
Engau et al. 2009, Tinazzi, Recchia et al. 2009, Gierthmuhlen, Arning et al. 2010, Nandhagopal, 
Troiano et al. 2010, Dellapina, Gerdelat-Mas et al. 2011, Maruo, Saitoh et al. 2011, Mylius, 
Brebbermann et al. 2011, Perrotta, Sandrini et al. 2011, Spielberger, Wolf et al. 2011, Zambito 
Marsala, Tinazzi et al. 2011, Ciampi De Andrade, Lefaucheur et al. 2012, Dellapina, Ory-Magne et al. 
2012, Stamelou, Dohmann et al. 2012, Vela, Cano de la Cuerda et al. 2012, Brefel-Courbon, Ory-
Magne et al. 2013, Granovsky, Schlesinger et al. 2013, Ikeda, Deguchi et al. 2013, Marques, Chassin 
et al. 2013, Tykocki, Kornakiewicz et al. 2013, Chen, Mao et al. 2015), 10 were excluded as no 
healthy controls were used (Battista and Wolff 1973, Urakami, Takahashi et al. 1990, Slaoui, Mas-
Gerdelat et al. 2007, Gierthmuhlen, Arning et al. 2010, Dellapina, Gerdelat-Mas et al. 2011, 
Spielberger, Wolf et al. 2011, Dellapina, Ory-Magne et al. 2012, Brefel-Courbon, Ory-Magne et al. 
2013, Marques, Chassin et al. 2013, Tykocki, Kornakiewicz et al. 2013), leaving 22 studies that 
compared the pain sensitivity of PD patients to normal controls. Additional information about the 
selection criteria and results that were not published was available from one author (Lim, Farrell et 
al. 2008). 
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Figure 3.1: Selection process for systematic review and meta-analysis 

429 records identified via database search
MEDLINE: 254 abstracts

EMBASE: 175 abstracts

372 records screened

One article not available

31 full-text articles retrieved

32 full-text articles dealing with pain sensitivity in PD patients

22 studies comparing pain thresholds in PD patients to HC:
19 compared PD off medications to HC off medications

9 compared PD on medications to HC off medications

3 compared PD on medications to HC on medications

17 studies included for meta-analysis:

9 examined heat pain
4 examined cold pain

2 examined pressure pain

8 examined electrical pain

2 studies could not be combined in meta-analysis

10 studies did not use HC

One additional potential article identified 
from examination of reference lists

340 not relevant

57 duplicates
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3.3.2 Study characteristics 
3.3.2.1 Quality assessment 
 
Overall, study quality scores ranged from three to eight, with a median of five. Results are listed in 
Table 3.1. 
 
For selection criteria, most studies had adequate definitions of cases and controls. Six studies 
described samples incorporating patients with Idiopathic PD, but did not specifically mention the 
diagnostic criteria used; for one study this information was gathered later, after the author was 
contacted (Lim, Farrell et al. 2008). Only two studies described recruiting consecutive samples of 
cases, and three studies stated recruiting controls from the same community as the cases.   
 
For comparability, 20 out of 22 studies controlled for age. While nearly all studies controlled for 
medical conditions affecting pain perception, only 10 explicitly described excluding participants on 
medications that might influence pain perception. 
 
For outcome assessment, blinding of assessors was attempted in three studies. However, blinding 
may not have been adequate due to the presence of overt physical signs of PD in some patients. 
Twelve out of 22 studies utilised techniques that were free from reaction time bias, and 17 out of 20 
reported all relevant data. 

 
 

Study 

Modified NOS score 
Selection Comparability Outcome Total 

1 2 3 4 5 6 7 8 9  
Chen 2015          4 
Granovsky 2013          3 
Ciampi 2012          3 
Stamelou 2012          5 
Vela 2012          5 
Mylius 2011          5 
Perotta 2011          6 
Zambito 2011          7 
Nandhagopal 2010          5 
Mylius 2009          6 
Tinazzi 2009          4 
Maruo 2008          3 
Lim 2008          5 
Nolano 2008          4 
Tinazzi 2008          5 
Gerdalat-Mas 2007          6 
Brefel-Courbon 
2005 

         4 

Schetasky 2007          8 
Vela 2007          5 
Perotta 2005          5 
Djaldetti 2004          6 
Massetani 1989          3 
Table 3.1 Breakdown of the modified NOS score for the 22 studies included 
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3.3.2.2 Demographics 
 
A summary of the demographics from the 22 studies is provided in Table 3.2. The included trials 
totalled 616 PD patients and 451 healthy controls. Information about the age of PD patients was 
available for all studies; however, not all studies provided information on control patient age, sex 
distribution, disease duration, disease severity, or levodopa dosage.   
 
Study Participants Age Disease 

duration (years) 
Sex (M:F) LEDD (mg) UPDRS III off  UPDRS III on 

Chen 2015 72 PD 
35 HC 

64.8 ± 8.8 
65.9 ± 8.9 

4.9 ± 3.1 44:28 
19:16 

362.7 ± 273.2 32.6 + 13.3 23.1 + 9.3 

Granovsky 
2013 

26 PD 
19 HC 

61.5 ± 7.0 
59.3 ± 6.0 

6.3 ± 5.2 15:11 
9:10 

337.5 ± 374.3 23.6 ± 14.1 n/a 

Ciampi 2012 25 PD 
35 HC  

58.8 ± 8.3 
n/a 

15.1 ± 4.1 
 

19:6 
n/a 

613 ± 60 41.5 ± 11.2** 16 ± 9** 

Stamelou 2012 19 PD 
17 HC 

68.7 ± 4.6 
71.4 ± 5.7 

6.7 ± 6.2 13:6 
6:11 

831 ± 873 n/a 22.4 ± 9 

Vela 2012 18 PD  
18 HC 

65 ± 10 
66 ± 8 

11.6 ± 6 10:8 
10:8 

n/a 34.5 ± 6.7 22.1 ± 7.6 

Maruo 2011 17 PD 
14 HC 

65.7 ± 3.8 
54.8 ± 14 

15.4 ± 5.4 
 

6:11 
7:7 

406 ± 195 36.3 ± 11.8 22 ± 7.8  
(on stim off med) 

Mylius 2011 29 PD 
27 HC 

63.7 ± 11.5 
62.6 ± 10.1 

7.4 ± 6.5 20:9 
11:16 

827 ± 770 25.6 ± 10.2  n/a 

Perotta 2011 15 PD,  
12 HC 

64.33 ± 
8.29 
61.2 ± 4.2 

5.6 ± 3.3 8:7 
6:6 

316 ± 73.1 22.6 ± 6.4 n/a 

Zambito 2011 106 PD 
51 HC 

69.9 ± 8 
68.7 ± 10 

5.7 ± 5.6 59:47 
36:15 

n/a 23.5 ± 13.6 n/a 

Nandhagopal 
2010 

12 PD 
13 HC 

59.8 ± 9.1 
62.9 ± 8.3 

9.4 ± 3.2 10:2 
7:6 

859 ± 312 
 

28.8 ± 9.4 
 

15 ± 10.9 
 

Mylius 2009 15 PD 
18 HC 

62.4 ± 11.2 
67.1 ± 10.4 

11 ± 5.4 5:6 
7:11 

1207 ± 806 28.3 ± 9.4  n/a 

Tinazzi 2009 17 PD 
11 HC 

63.18 ± 
7.46 
60 (no SD) 

2.65 ± 1.66 10:7 
6:5 

344 ± 266 n/a n/a 

Lim 2008 50 PD 
20 HC 

64.5 ± 3 
62 ± 2 

4.3 ± 1.8 
 

28:22 
8:12 

708 ± 268 29.5 ± 3.4 21.2 ± 3.7 

Nolano 2008 18 PD 
54 HC 

62.7 ± 8 
61.4 ± 8 

7.6 ± 5.5 9:9 
n/a 

n/a n/a 26.6 ± 10.2 

Tinazzi 2008 18 PD 
18 HC 

61.06 ± 
6.16* 
59 (no SD) 

3.25 ± 1.31* 11:7 
10:8 

457.16 ± 
202.8 

n/a n/a 

Schetasky 2007 18 PD  
9 HC 

60.1 ± 7.5* 
58.9 ± 5.4 

5.7 ± 3.76* 11/7* 
5:4 

304 ± 69.5* n/a n/a 

Vela 2007 50 PD 
25 HC 

65.8 ± 9.6 
62.4 ± 10.6 

8 ± 5.3 34:16 
12:13 

n/a n/a n/a 

Gerdelat Mas 
2007 

13 PD 
10 HC 

61.5 ± 9.6 
57.7 ± 4.4 

7.3 ± 5.3 
 

n/a 
n/a 

265 ± 90 21.2 ± 11.8 10.8 ± 8.8 

Brefel-Courbon 
2005 

9 PD  
9 HC 

65 ± 8 
n/a 

9.6 ± 3.7 
 

6:3 
n/a 

n/a 25.1 ± 9.4 14.3 ± 7.4 

Perotta 2005 18 PD 
24 HC 

63 ± 9.1 
60.48 ± 
7.55 

5.33 ± 2.84 11:7 
12:12 

n/a 28.77 ± 10.53 n/a 

Djaldetti 2004 36 PD 
28 HC 

62.8 ± 
11.0* 
58.9 ± 6.6 

n/a 
 

n/a 
12:16 

n/a n/a n/a 

Masetani 1989 15 PD 
8 HC 

61.5 ± 8.1* 
57.5 ± 11.9 

5.2 (on ldopa); 
1.8 (off ldopa) 

8:7 
5:3 

325 n/a n/a 

* values calculated by combining subgroups  ** UPDRS III not done at time of testing, but prior to DBS   n/a not available 

Table 3.2: Included study demographics 
 
The combined mean age and standard deviation of the 616 PD patients and 348 controls (where age 
data was provided) was reasonably well matched, being 64.6 ± 8.8 and 64.3 ± 9.4 respectively. Out 
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of the studies that provided data about gender, a higher proportion of participants were male in the 
PD group (60%: 326 male, 219 female) compared to the HC group (51%: 188 male, 179 female). 
 
Mean disease duration, levodopa dosage and disease severity of PD subjects varied considerably 
between studies, with disease duration ranging from 1.8 to 15.4 years, levodopa daily equivalent 
dosage ranging from 265mg to 1207mg, and UPDRS part III in the off state ranging from 21.2 to 41.5. 
 
 
3.3.2.3 Study methodologies and outcomes 
 
Fourteen studies examined a single modality of pain. Of these, five reported more than one type of 
outcome (e.g. subjective versus objective electrical pain threshold, contact thermode-induced heat 
pain threshold versus laser-induced heat pain threshold) as an internal measure of consistency. The 
remaining eight studies examined more than one modality of pain in each patient. A summary of the 
methodologies employed and outcome measures are provided in Table 3.3.   
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Study Modalities Stimuli used Outcomes Site tested 
Chen 2015 Electrical Sinusoidal current EPTol (mA) Finger (both sides) 
Granovsky 2013 Heat 

Pressure 
Contact thermode 
Von Frey Hairs 

HPT 
Heat pain rating 
PPT (g) 
mTS 

Thenar eminence (both) 
 
Volar forearm (both) 

Ciampi 2012 Cold  
 
Heat  
 
Pressure 

Contact thermode 
 
 
 
Von frey hairs 

CPT(oC) 
Cold pain rating 
HPT(oC) 
Heat pain rating 
PPT (g) 

Thenar eminence (both) 
 
Dorsum hand (both)  

Stamelou 2012 Heat 
Electrical 

Contact thermode 
Electrode 

HPT(oC) 
EPT (mA) 
RIII (mA) 

Forearm (less affected side) 
Sural nerve (more affected) 

Vela 2012 Heat 
Cold 
Pressure 

Contact thermode 
 
Algometer 

HPT(oC) 
CPT (oC) 
PPT (kPa) 

Frontal bone, neck (c5-6), dorsum hand, 
tibialis anterior (both sides) for all 
outcomes 

Mylius 2011 Heat 
Electrical 

Contact thermode 
 
Electrode 

HPT(oC) 
EPT (mA) 
RIII (mA) 

Arm (less affected side) 
Sural nerve (more affected side) 

Perotta 2011 Electrical Electrode RIII (mA) 
Ratings 

Sural nerve (both) 

Zambito 2011 Electrical Electrode EPT (mA) Little finger (both), big toe (both) 
Nandhagopal 2010 Heat Contact thermode HPT(oC) 

Ratings 
Forearm (both) 

Mylius 2009 Heat 
Electrical 

Contact thermode 
Electrode 

HPT(oC) 
EPT (mA) 
RIII (mA) 

Arm (right) 
Sural nerve (left) 

Tinazzi 2009 Heat CO2 laser HPT (Watts) 
Rating 

Feet (both) 

Lim 2008 Cold Cold water (pressor) CPT (time) Hand (both) 
Maruo 2008 Cold 

Heat 
Contact thermode CPT(oC) 

HPT(oC) 
Palm (both) 

Nolano 2008 Cold 
Heat 
Pressure 

Contact thermode 
 
Monofilament 

CPT(oC) 
HPT(oC) 
% of painful stimuli 

Hand and feet (less affected side) 

Tinazzi 2008 Heat CO2 laser HPT (Watts) Dorsum hand 1st MCP space (both) 
Gerdelat Mas 2007 Electrical Electrode RIII (mA) Sural nerve (right) 
Schetasky 2007 Heat 

 
Contact thermode 
CO2 laser 

HPT 
HPT Watts 

Hand (both) 

Vela 2007 Pressure Algometer PPT (lb/cm2) Index finger & brachioradialis (both) 
Brefel-Courbon 2005 Cold Cold water (pressor) CPT (oC) Hand (right) 
Perotta 2005 Electrical Electrode EPT (mA) 

TCSR threshold (mA) 
Supraorbital nerve (both) 

Djaldetti 2004 Heat Contact thermode HPT(oC) Thenar eminence (both) 
Masetani 1989 Electrical Electrode EPT (mA) 

RIII* (mA) 
1st trigeminal branch 
(side not specified) 

Table 3.3: Summary of methodologies and outcome measures   
Abbreviations: CPT = cold pain threshold; HPT = heat pain threshold; PPT = pressure pain threshold; EPTol = electrical pain 
tolerance threshold; EPT = electrical pain threshold; RIII = RIII value for the nociceptive withdrawal reflex; TCSR = trigeminal-
cervical-spinal reflex  
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3.3.2.3.1 Heat pain 
 
Thirteen studies assessed heat pain. Heat pain threshold was defined as the temperature at which 
heat was felt to be painful, reported in degrees Celsius (oC), with lower values indicating increased 
pain sensitivity. Results were obtained by performing quantitative sensory testing (QST) using either 
a contact thermode or a laser. 
 
For the 11 QST studies, contact probe surface area ranged from 7.84cm2 to 13.8cm2. All studies, 
except Nandhagopal et al. (Nandhagopal, Troiano et al. 2010), derived the heat pain threshold using 
the method of limits or the method of adjustments. The method of limits technique introduced 
reaction time bias into the results, as participants had to press a button to indicate when the 
increasingly hot probe became painful. In the case of PD patients, motor slowing may result in a 
delayed reaction time, and correspondingly higher than expected values for heat pain threshold.  
 
For Nandhagopal et al.'s study, participants were asked to rate the degree of pain (ranging from 0 to 
200mm visual analogue scale) elicited by six fixed temperature levels ranging from 37.5oC to 49.5oC 
applied in a random manner. Results were fitted with a regression curve, with temperature as a 
dependent variable, and the heat pain threshold was defined as the temperature corresponding to a 
rating of 100 on the heat intensity score. Three studies used laser to evoke heat pain. Heat pain 
threshold was defined as the power (Watts) of the CO2 laser stimulus required to evoke pain, with 
results obtained using the method of levels. Lower values indicated increased pain sensitivity.   
 
Pain ratings to suprathreshold heat stimuli were assessed in three studies (Tinazzi, Recchia et al. 
2009, Ciampi De Andrade, Lefaucheur et al. 2012, Granovsky, Schlesinger et al. 2013). Ciampi et al. 
obtained their heat pain rating score by averaging the individual ratings of pain to two 
suprathreshold temperatures, held constant at 46oC and 48oC for two seconds, which were delivered 
via a contact thermode. Granovsky et al. obtained individual rating scores at 45 oC, 47 oC and 49 oC. 
Tinazzi et al. obtained their pain rating results using suprathreshold laser stimuli fixed at 20mJ/mm2.  
 
3.3.2.3.2 Cold pain 
 
Four studies obtained cold pain thresholds using QST techniques, where cold pain threshold was 
defined as the temperature at which the contact probe caused a painful cold sensation in the subject, 
reported in degrees Celsius. Higher values indicated increased pain sensitivity. All studies used the 
method of limits to determine results, which introduced reaction time bias, with correspondingly 
lower than expected values for cold pain threshold. Ciampi also examined pain ratings for a fixed 
infrathreshold cold stimulus 
 
Two studies obtained cold pain threshold using the cold pressor test. In the case of Brefel-Courbon 
(Brefel-Courbon, Payoux et al. 2005), subjects had their hand immersed in progressively colder water 
baths, until the cold water elicited a pain rating of three or more out of 10 within 30 seconds and 
lasting at least 60 seconds. This was done twice, and the temperatures at which the pain rating 
reached three were averaged to give the cold pain threshold. Higher values indicated increased pain 
sensitivity. 
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In the case of Lim's study (Lim, Farrell et al. 2008), subjects immersed their hand in an ice-water bath 
(1–2oC). The time taken for the patient to feel a sensation of faint pain from initial immersion in the 
cold water was deemed the cold pain threshold. Pain tolerance was also assessed, which was 
defined as the maximum time the participant could tolerate keeping their hand in the ice water bath, 
capped at three minutes. For both of these outcomes, lower values indicated increased pain 
sensitivity. 
 
3.3.2.3.3 Electricity 
 
Nine studies used electricity as the painful stimulus.   
 
Eight of these studies employed a standard square wave electrical pulse that non-selectively 
stimulates nerve fibres. Of these, six assessed the electrical pain threshold subjectively, seven 
assessed it in a more objective manner electrophysiologically, and five assessed both. One study also 
examined pain ratings, temporal summation of pain ratings and NWR. 
 
Subjective electrical pain threshold was defined as the minimum electrical current (mA) required to 
elicit pain subjectively, with lower values indicating higher pain sensitivity. This was determined by 
the method of limits, the method of levels, or the up-down staircase method.   
 
Objective electrical pain threshold was defined as the minimum electrical current (mA) required to 
elicit a NWR, with lower values indicating lower pain thresholds. Five studies assessed the lower limb 
RIII, one used the blink RIII, and one used the trigeminal-cervical-spinal reflex (TCSR). The lower limb 
RIII was elicited via stimulation at the sural nerve and surface electromyography recording at the 
ipsilateral biceps femoris. The blink RIII was elicited via stimulation of the first branch of the 
trigeminal nerve and electromyography recording of the lower lid. The TCSR was defined by the 
presence of late latency activation (termed HR3, occurring 100–160ms post stimulation) of both the 
semispinalis capitis and biceps brachii to bilateral stimulation of the supraorbital nerves. 
 
Temporal summation of pain ratings were assessed by contrasting the first and final pain rating to a 
repeated fixed electrical stimulus (five times at 1.2 times the RIII threshold). Higher values indicated 
increased summation of pain. Temporal summation of NWR was defined as the minimum electrical 
current required to cause an increase in amplitude of the electromyographic signal by 20µV for 10ms 
at the fourth and fifth stimulus; lower values indicated higher pain sensitivity. 
 
The final study employed the use of sine-wave stimulation at 2000Hz, 250Hz and 5Hz to selectively 
stimulate Aβ, Aδ and c-fibres respectively. It examined the pain tolerance threshold, which was 
defined as the maximum electrical current participants could tolerate. Participants had to hold onto 
a button and gradually increase the electrical current, letting go when the pain became intolerable. 
Lower values indicated increased pain sensitivity. 
 
3.3.2.3.4 Pressure 
 
Pressure pain thresholds were obtained using either an electrical algometer via the method of limits, 
or calibrated Von Frey Hairs / monofilaments via the method of levels.   
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In the two studies using an algometer, pressure was applied at an increasing rate of 30kPa/s, with 
the pressure required to elicit pain from a mean of three trials defined as the pressure pain 
threshold. Lower values indicated increased pain sensitivity. 
 
For the monofilament studies, both Ciampi et al. and Granovsky et al. applied pressure using 
calibrated Von Frey Hair monofilaments, and defined the pressure pain threshold as the gauge of the 
monofilament required to elicit pain from a mean of three trials; lower values indicated increased 
pain sensitivity. Granovsky et al. also assessed for mechanical temporal summation, defined as the 
difference in pain rating between the first and last application of 10 repeated pressure stimuli using 
a 180G monofilament. Higher values indicated increased pain sensitivity. 
 
Nolano et al. applied a monofilament with a bending force of 95mN to the skin 10 times, and 
recorded the percentage of stimuli that was perceived as painful; higher values indicated increased 
pain sensitivity. 
 
3.3.2.3.5 Medication status 
 
To assess PD patients in the Med OFF state, all studies involved an overnight withdrawal of 
dopaminergic medications (ranging from 10 to 18 hours), with the exception of Massetani's study, 
where PD patients were actually drug naïve. Tinazzi (Tinazzi, Recchia et al. 2009) also included PD 
patients who were drug naïve, in addition to doing an overnight withdrawal for treated PD 
participants. 
 
Med ON status in the PD participants was less well defined. Many studies did not define the Med ON 
state, and simply examined PD patients while on their usual medications. Other studies performed 
variations of a morning levodopa challenge after an overnight withdrawal, with the dose of levodopa 
administered ranging from the usual morning dose to 1.5 times the morning dose, and the timing of 
the Med ON phase taken to be 30–90 minutes after administration. Furthermore, some studies 
included the addition of dopamine agonist in the challenge, while others did not. 
 
In the case of healthy controls who were examined in the Med ON state, participants were given a 
single dose of 100mg (Schestatsky, Kumru et al. 2007) or 200g (Brefel-Courbon, Payoux et al. 2005, 
Gerdelat-Mas, Simonetta-Moreau et al. 2007) levodopa preparation.  
 
3.3.2.4 Study results 
 
Nineteen studies compared the pain thresholds of PD patients off medications (PD Med OFF) to 
healthy controls off medications (HC Med OFF) (Massetani, Lucchetti et al. 1989, Djaldetti, Shifrin et 
al. 2004, Brefel-Courbon, Payoux et al. 2005, Perrotta, Serrao et al. 2005, Gerdelat-Mas, Simonetta-
Moreau et al. 2007, Schestatsky, Kumru et al. 2007, Lim, Farrell et al. 2008, Tinazzi, Del Vesco et al. 
2008, Mylius, Engau et al. 2009, Tinazzi, Recchia et al. 2009, Nandhagopal, Troiano et al. 2010, 
Mylius, Brebbermann et al. 2011, Perrotta, Sandrini et al. 2011, Zambito Marsala, Tinazzi et al. 2011, 
Ciampi De Andrade, Lefaucheur et al. 2012, Stamelou, Dohmann et al. 2012, Vela, Cano-de-la-Cuerda 
et al. 2012, Granovsky, Schlesinger et al. 2013, Chen, Mao et al. 2015).   
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Twelve studies compared pain thresholds of PD patients on medications (PD Med ON) to healthy 
controls.  Of these, three attempted to correct for the effect of medications by comparing PD Med 
ON to healthy controls who were also given levodopa (HC Med ON) (Brefel-Courbon, Payoux et al. 
2005, Gerdelat-Mas, Simonetta-Moreau et al. 2007, Schestatsky, Kumru et al. 2007). Ten studies 
compared PD Med ON to HC Med OFF.  
 
3.3.2.4.1 PD patients off medications versus HC off medications 
 
A majority of the studies found increased pain sensitivity in PD patients compared to HC (Table 3.4), 
with 15 out of 19 reporting at least one outcome showing significantly increased pain sensitivity in 
PD patients. This was observed across all four modalities of pain stimuli (cold, heat, pressure and 
electrical). Two studies found no significant differences in any of their outcomes: Nadhagopal et al. 
(Nandhagopal, Troiano et al. 2010) examined heat pain threshold and suprathreshold heat ratings, 
while Massetani (Massetani, Lucchetti et al. 1989) examined electricity-induced blink reflex RIII. The 
final two studies reported at least one outcome demonstrating significantly reduced pain sensitivity 
in PD patients, involving electrical subjective pain threshold and TCSR threshold (Perrotta, Serrao et 
al. 2005) and lower pain ratings to suprathreshold heat stimulation (Granovsky, Schlesinger et al. 
2013).   
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Study Modality Outcomes Result  
Chen 2015 Electrical EPTol (mA) at 2000Hz 

EPTol (mA) at 250Hz 
EPTol (mA) at 5Hz 

+ 
+ 
↔  

Granovsky 2013 Heat 
 
Pressure 

HPT (oC) 
Pain ratings (to heat) 
PPT (g) 
mTS 

↔ 
- (at 47 oC & 49 oC, not 45 oC) 
↔ 
↔ 

Ciampi 2012 Cold 
 
Heat 
 
Pressure 

CPT (oC) 
Cold pain rating 
HPT (oC) 
Heat pain rating 
PPT (g) 

+ 
+ 
↔  
+ 
+ 

Stamelou 2012 Heat 
Electrical 

HPT (oC) 
EPT (mA) 
RIII (mA) 

↔ 
↔ 
+ 

Vela 2012 Heat 
Cold 
Pressure 

HPT (oC) 
CPT (oC) 
PPT (kPa) 

+ all sites except tibialis anterior 
+ all sites 
+ all sites 

Mylius 2011 Heat 
Electrical 

HPT (oC) 
EPT (mA) 
RIII (mA) 

↔ 
+ 
+ 

Perotta 2011 Electrical RIII (mA) 
Ratings 

+ 
+ 

Zambito 2011 Electrical EPT (mA) + 
Nandhagopal 2010 Heat HPT (oC) 

Pain Ratings 
↔  
↔  

Mylius 2009 Heat 
Electrical 

HPT (oC) 
EPT (mA) 
RIII (mA) 

+ 
+ 
+ 

Tinazzi 2009 Heat HPT (Watts) 
Rating 

↔ 
+ 

Lim 2008 Cold CPT (time) + 
Tinazzi 2008 Heat HPT (Watts) + 
Gerdelat Mas 2007 Electrical RIII (mA) + 
Schetasky 2007 Heat HPT (oC) 

HPT (Watts) 
+ 
+ 

Brefel-Courbon 2005 Cold CPT (oC) + 
Perotta 2005 Electrical Subjective pain threshold (mA) 

TCSR threshold (mA) 
- 
- 

Djaldetti 2004 Heat HPT (oC) + 
Masetani 1989 Electrical Blink reflex RIII (mA) ↔  

Table 3.4: Summary of studies in PD patients off medications versus HC off medications.  + = reduced 
pain threshold in PD patients; ↔ = no significant difference; - = increased pain threshold in PD 
patients 
Abbreviations: CPT = cold pain threshold; HPT = heat pain threshold; PPT = pressure pain threshold; EPTol = electrical pain 
tolerance threshold; EPT = electrical pain threshold; RIII = RIII value for the nociceptive withdrawal reflex; TCSR = trigeminal-
cervical-spinal reflex 
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Of the modalities tested, cold pain showed the most consistent results, with all four outcomes 
showing significantly increased pain sensitivity in PD patients. Pressure pain favoured increased pain 
sensitivity in PD, with two of three outcomes being significant. Electrical pain also favoured 
increased pain sensitivity in PD, with significant results in 11 out of 16 outcomes – although there 
were two outcomes from one study which found the opposite (Perrotta, Serrao et al. 2005). Heat-
related outcomes were the most heterogeneous: the majority (8/15) found no difference, while six 
out of 15 favoured increased pain sensitivity in PD, and one out of 15 found reduced pain sensitivity 
in PD patients. 
 
Reasonable internal validity was observed within studies where more than one type of outcome was 
assessed for the same modality of painful stimulus. Of the 10 studies that assessed multiple 
outcomes with the same pain modality, six yielded congruent results (i.e. all significant in one 
direction, or all not significant) (Perrotta, Serrao et al. 2005, Schestatsky, Kumru et al. 2007, Mylius, 
Engau et al. 2009, Nandhagopal, Troiano et al. 2010, Mylius, Brebbermann et al. 2011, Perrotta, 
Sandrini et al. 2011), while the remaining four had a mixture of significant and non-significant results 
(Tinazzi, Recchia et al. 2009, Stamelou, Dohmann et al. 2012, Granovsky, Schlesinger et al. 2013, 
Chen, Mao et al. 2015). None of the studies yielded significant results in opposite directions. 
 
In regards to the six studies that assessed more than one modality of pain, two had congruent 
results across the different modalities (Mylius, Engau et al. 2009, Vela, Cano-de-la-Cuerda et al. 
2012), while four had a mixture of significant and not-statistically-significant results (Mylius, 
Brebbermann et al. 2011, Ciampi De Andrade, Lefaucheur et al. 2012, Stamelou, Dohmann et al. 
2012, Granovsky, Schlesinger et al. 2013). None of the studies yielded significant results in opposite 
directions. 
 
Finally, an interesting site difference was observed: painful stimulation to the face was much less 
likely to result in increased pain sensitivity to PD patients (one out of three studies: (Massetani, 
Lucchetti et al. 1989, Perrotta, Serrao et al. 2005, Vela, Cano-de-la-Cuerda et al. 2012), compared to 
testing of the upper limb or lower limbs.   
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3.3.2.4.2 PD patients on medications versus HC off medications 
 
Nine studies compared PD patients on medications to HC off medications (Table 3.5). In contrast to 
PD patients off medications, the results in this instance were much more heterogeneous, with PD 
patients on medications most likely to have no significant difference in pain sensitivity (four studies, 
nine outcomes). Otherwise, they were just as likely to have either increased pain sensitivity (three 
studies, five outcomes) or reduced pain sensitivity (two studies, five outcomes). Opposing outcomes 
were present in all four pain modalities tested. 
 

Study Modality Outcomes Result  
Granovsky 2013 Heat 

Pressure 
HPT (oC) 
PPT (g) 

↔ (data in graph, values not provided) 
↔ (data in graph, values not provided) 

Vela 2012 Heat 
Cold 
Pressure 

HPT (oC) 
CPT (oC) 
PPT (kPa) 

↔ 
+ all sites except tibialis anterior 
+ all sites except hand 

Maruo 2011 Cold 
Heat 

CPT (oC) 
HPT (oC) 

↔  
↔ 

Perotta 2011 Electrical RIII (mA) 
Ratings 

+ 
+ 

Nandhagopal 2010 Heat HPT (oC) 
Heat pain rating 

↔ 
+ 

Nolano 2008 Cold 
Heat 
Pressure 

CPT (oC) 
HPT (oC) 
% of painful stimuli 

- 
- 
- 

Vela 2007 Pressure PPT (lb/cm2) ↔ 
Perotta 2005 Electrical Subjective pain threshold (mA) 

TCSR threshold (mA) 
- 
- 

Masetani 1989 Electrical EPT (mA) 
Blink reflex RIII (mA)  

↔ 
↔ 

Table 3.5: Summary of studies comparing PD patients on medications versus HC off medications.  + = reduced 
pain threshold in PD patients; ↔ = no significant difference; - = increased pain threshold in PD patients 
Abbreviations: CPT = cold pain threshold; HPT = heat pain threshold; PPT = pressure pain threshold; EPT = electrical pain 
threshold; RIII = RIII value for the nociceptive withdrawal reflex; TCSR = trigeminal-cervical-spinal reflex 
 
3.3.2.4.3 PD patients on medications versus HC on medications 
 
Three studies compared PD patients to HC when both took dopaminergic medications. Cold, 
electricity and heat were examined. No significant differences in pain sensitivities were found (Table 
3.6). 
 

Study Modality Outcomes Result  
Brefel-Courbon 2005 Cold CPT (oC) ↔ 
Gerdelat Mas 2007 Electrical RIII (mA) ↔ 
Schetasky 2007 Heat HPT (oC) 

HPT (Watts) 
↔ (data not provided) 
↔ (data not provided) 

Table 3.6: PD patients on medications versus HC on medications.  + = reduced pain threshold in PD patients; 
↔ = no significant difference 
Abbreviations: CPT = cold pain threshold; HPT = heat pain threshold; RIII = RIII value for the nociceptive withdrawal reflex;  
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3.3.2.5 Meta-analysis of PD patients off medications versus HC off medications 
 
Of the 19 studies that examined PD Med OFF versus HC Med OFF, two were not included in the 
meta-analysis. Chen et al.'s study examined electrical pain tolerance, not thresholds, while 
Granovsky et al.'s study did not provide data in a numerical format. 
 
3.3.2.5.1 Heat pain 
 
Heat pain threshold data from nine studies were entered into the meta-analysis, which included 210 
PD participants and 172 HC (Figure 3.2). Seven assessed heat pain threshold using a contact 
thermode, with results provided in degrees Celsius; while two assessed heat pain threshold using 
laser, with results reported in Watts. This analysis revealed an SMD of -0.57 [-0.78,-0.36], with 
Z=5.34, p<0.00001, indicating the presence of significantly reduced heat pain threshold in PD 
patients of moderate effect size. I2 was 0%, indicating no observed substantial heterogeneity. 

 Figure 3.2: Meta-analysis of heat pain threshold in PD Med OFF versus HC Med OFF 

 
3.3.2.5.2 Cold pain 
 
Cold pain threshold data from four studies were entered into the meta-analysis (Figure 3.3). This 
included 102 PD participants and 81 HC. Three studies provided cold pain threshold results in 
degrees Celsius, with two of them using a contact thermode and one using the cold pressor test. 
These results were multiplied by -1 so that lower values indicated lower pain thresholds. The final 
study used the cold pressor test and provided cold pain threshold results in seconds. The combined 
SMD was -1.24 [-2.32, -0.16], with Z=2.26, and p=0.02, indicating the presence of significantly 
reduced cold pain threshold in PD patients of large effect size. However, substantial heterogeneity 
was present, with I2 of 89%, which was statistically significant with p<0.001. 
 

 Figure 3.3: Meta-analysis of cold pain threshold in PD Med OFF versus HC Med OFF 
 

Study or Subgroup

Ciampi 2012
Djaldetti 2004
Mylius 2009
Mylius 2011
Schestatsky 2007
Stamelou 2012
Tinazzi 2008
Tinazzi 2009
Vela 2012

Total (95% CI)

Heterogeneity: Tau² = 0.00; Chi² = 7.11, df = 8 (P = 0.52); I² = 0%
Test for overall effect: Z = 5.34 (P < 0.00001)

Mean

44.6
44

43.9
44.6

11.06
42.7

7.7
7.1441

44.9

SD

3.7
3.3
1.3
1.6

2.2349
1.5926

1.25
1.3556

1.7

Total

25
51
15
29
18
18
18
17
19

210

Mean

45.7
46.1
44.9
45.2
12.3
44.9
8.45
8.05
45.2

SD

2.9
2.9
0.9
1.1
0.9

1
1.14
1.81

1

Total

35
28
18
27

9
9

18
11
17

172

Weight

16.6%
19.8%

8.5%
15.7%

6.6%
5.4%
9.9%
7.4%

10.3%

100.0%

IV, Random, 95% CI

-0.33 [-0.85, 0.18]
-0.66 [-1.13, -0.18]
-0.89 [-1.61, -0.17]
-0.43 [-0.96, 0.10]
-0.63 [-1.45, 0.19]

-1.49 [-2.40, -0.58]
-0.61 [-1.28, 0.06]
-0.57 [-1.34, 0.21]
-0.21 [-0.86, 0.45]

-0.57 [-0.78, -0.36]

IPD HC Std. Mean Difference Std. Mean Difference
IV, Random, 95% CI

-2 -1 0 1 2
Lower pain threshold IPD Lower pain threshold HC

Study or Subgroup

Brefel-Courbon 2005
Ciampi 2012
Lim 2008
Vela 2012

Total (95% CI)

Heterogeneity: Tau² = 1.07; Chi² = 28.47, df = 3 (P < 0.00001); I² = 89%
Test for overall effect: Z = 2.26 (P = 0.02)

Mean

-8
-14.8

10
-15.2

SD

2.9
5.6

1
7.4

Total

9
25
50
18

102

Mean

-4.4
-11.5

22
-10.4

SD

3.8
7.2

8
6.3

Total

9
35
19
18

81

Weight

22.8%
26.6%
25.2%
25.5%

100.0%

IV, Random, 95% CI

-1.01 [-2.01, -0.02]
-0.49 [-1.02, 0.03]

-2.80 [-3.52, -2.09]
-0.68 [-1.36, -0.01]

-1.24 [-2.32, -0.16]

IPD HC Std. Mean Difference Std. Mean Difference
IV, Random, 95% CI

-2 -1 0 1 2
Lower pain threshold IPD Lower pain threshold HC



66 
 

 
3.3.2.5.3 Pressure pain 
 
Two studies performed pressure pain threshold testing, including 43 PD participants and 53 HC 
(Figure 3.4). The final result (SMD -1.11 [-1.54, -0.67], Z=4.98, p<0.00001) suggests the presence of 
significantly reduced pressure pain threshold of a large effect size in PD patients. 
 
 

 Figure 3.4: Meta-analysis of pressure pain threshold in PD Med OFF versus HC Med OFF 
 
3.3.2.5.4 Electrical pain 
 
Data from eight studies were entered into the meta-analysis, which compared electrical pain 
threshold in 220 PD patients and 167 HC (Figure 3.5). The objective electrical pain threshold was 
used in all studies with the exception of Zambito (Zambito Marsala, Tinazzi et al. 2011), where only 
the subjective electrical pain threshold was available. This analysis revealed an SMD of -0.76 [-1.40, -
0.12], Z=2.32 and p=0.02, indicating that the PD patients had significantly reduced electrical pain 
threshold compared to HC, with a large effect size. However, I2 was 86%, indicating the presence of 
substantial heterogeneity, with a significance of p<0.001. 

Figure 3.5: Meta-analysis of electrical pain threshold in PD Med OFF versus HC Med OFF 
 
 
 
3.4 Discussion 
 
The overarching effect of PD on pain processing appears to be that of hyperalgesia. A majority of the 
studies in this systematic review found that PD patients are more sensitive to noxious stimuli 
compared to HC. This increase in pain sensitivity is observed when participants are tested off PD 
medications, and involves all modalities of pain. The meta-analysis draws similar conclusions, with 
PD participants in the Med OFF state demonstrating significantly reduced pain thresholds of 

Study or Subgroup

Ciampi 2012
Vela 2012

Total (95% CI)

Heterogeneity: Tau² = 0.00; Chi² = 0.97, df = 1 (P = 0.32); I² = 0%
Test for overall effect: Z = 4.98 (P < 0.00001)

Mean

5.8
241.1

SD

3.2
89.7

Total

25
18

43

Mean

13.3
325.8

SD

7
106.2

Total

35
18

53

Weight

59.4%
40.6%

100.0%

IV, Random, 95% CI

-1.29 [-1.86, -0.72]
-0.84 [-1.53, -0.16]

-1.11 [-1.54, -0.67]

IPD HC Std. Mean Difference Std. Mean Difference
IV, Random, 95% CI

-1 -0.5 0 0.5 1
Lower pain threshold IPD Lower pain threshold HC

Study or Subgroup

Gerdelat-Mas 2007
Massetani 1989
Mylius 2009
Mylius 2011
Perrotta 2005
Perrotta 2011
Stamelou 2012
Zambito 2011

Total (95% CI)

Heterogeneity: Tau² = 0.70; Chi² = 49.82, df = 7 (P < 0.00001); I² = 86%
Test for overall effect: Z = 2.32 (P = 0.02)

Mean

6.9
6.2
9.8

10.7
50.93

8.54
12.8
17.3

SD

1.2
2.4
3.6
4.1

31.7
1.4603

4.3
10.9

Total

13
5

15
29
18
15
19

106

220

Mean

9.7
5.3

18.1
16.6

27.32
13.1
18.3
24.1

SD

3.4
2

6.8
6.3

9.22
2.1

7
13.9

Total

10
8

18
27
24
12
17
51

167

Weight

11.8%
10.4%
12.5%
13.7%
13.2%
10.9%
13.0%
14.7%

100.0%

IV, Random, 95% CI

-1.12 [-2.02, -0.22]
0.39 [-0.74, 1.52]

-1.45 [-2.23, -0.67]
-1.10 [-1.67, -0.54]

1.06 [0.41, 1.72]
-2.50 [-3.54, -1.45]
-0.94 [-1.63, -0.24]
-0.57 [-0.91, -0.23]

-0.76 [-1.40, -0.12]

IPD HC Std. Mean Difference Std. Mean Difference
IV, Random, 95% CI

-4 -2 0 2 4
Lower pain threshold IPD Lower pain threshold HC
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moderate to large effect sizes across all modalities of pain. However, the difference in pain 
sensitivity is not as apparent when PD patients are on levodopa, or when pain is applied to the face, 
suggesting that dopaminergic and regional mechanisms may also be relevant pathophysiologically.   
 
Many neuroanatomical structures involved in the pain matrix are diseased in PD, including the 
peripheral epidermal nerve fibres (Nolano, Provitera et al. 2008), the dorsal horn, the brainstem 
nociceptive descending inhibitory structures (Braak, Sastre et al. 2007), and the basal ganglia and 
cortex (Hawkes, Del Tredici et al. 2010). Neurodegeneration in any or all of them may potentially 
result in hyperalgesia, from failure of inhibition of nociception, aberrant enlistment of circuits 
upregulating nociceptive responses, or both – although it would seem that central processes are 
more culpable, as the multimodal hypersensitivity tends to argue against a selective peripheral 
effect. This is because different populations of primary afferents respond to different types of stimuli. 
 
The dorsal horn is a prospective region likely to contribute to hyperalgesia in PD patients. 
Neurodegeneration is predominantly observed in the lamina 1 neurons (Braak, Sastre et al. 2007), 
which consist mainly of inhibitory interneurons responsible for mediating local and descending 
modulation of nociception. The presence of facilitated temporal summation of the lower limb NWR 
(Perrotta, Sandrini et al. 2011) is also suggestive of dysfunction in inhibitory control at the spine. 
Interestingly, there is relative sparing of the trigeminal lamina 1 neurons (Braak, Sastre et al. 2007), 
which may explain the relative lack of increased pain sensitivity seen in the face. There is also 
increasing animal model evidence pointing to dopaminergic-mediated inhibition of pain at this level 
(Millan 2002, Lapirot, Melin et al. 2011), which could account for the possible levodopa-related 
reduction in hyperalgesia. 
 
Likewise, dysfunction of the other central structures may validly contribute to hyperalgesia in PD 
patients. The brainstem descending nociceptive structures, namely the coeruleus/subcoeruleus 
complex, reticular formation and posterior raphe nuclei, are involved early and extensively in PD 
(Hawkes, Del Tredici et al. 2010); and while these pathways are predominantly non-dopaminergic, 
there is increasing evidence to suggest the involvement of dopaminergic mechanisms as well (Wei, 
Viisanen et al. 2009).  There have been attempts to interrogate descending inhibitory control in PD 
patients using conditioned pain modulation, which have not found significant differences in pain 
sensitivity to date (Mylius, Engau et al. 2009, Granovsky, Schlesinger et al. 2013), though it is 
important to point out that the circuitry involved in conditioned pain modulation - namely the  
subnucleus reticularis dorsalis and direct projections to the dorsal horn and spinal trigeminal nucleus 
- is only one component of descending nociceptive inhibition, and other circuits have not been 
tested yet. The basal ganglia also plays a role in pain processing; while the exact mechanisms remain 
unclear, both animal and human functional studies suggest that dopamine-deficiency states lead to 
hyperalgesia and pain (Hagelberg, Jaaskelainen et al. 2004, Pertovaara and Wei 2008). 
 
To our knowledge, this is the first systematic review of pain thresholds in PD patients. Conclusions 
were drawn using a meta-analytic approach to pool data from studies that may not have been 
powered to compare pain thresholds between PD patients and HC. Limitations of this meta-analysis 
include the presence of substantial heterogeneity in the trials included for cold and electrical pain; 
the low number of trials involved, especially with pressure pain and cold; and the presence of 
methodological concerns that may bias outcomes – including possible publication bias, the lack of 
effective blinding in all studies, inadequate case definition of PD in some studies, and failure to 
account for conditions that may affect the pain experience. While a number of studies did not take 
into account reaction time (Djaldetti, Shifrin et al. 2004, Mylius, Brebbermann et al. 2011, Ciampi De 
Andrade, Lefaucheur et al. 2012, Vela, Cano-de-la-Cuerda et al. 2012), this bias should have resulted 
in a tendency to overestimate pain thresholds in PD patients off medications; it is therefore unlikely 
to have significantly affected the conclusions drawn from the meta-analysis. 
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In conclusion, the results of this review support the hypothesis that PD patients have increased pain 
sensitivity. Dopaminergic and regional mechanisms may underlie this phenomenon, and may 
potentially be further explored in humans using functional imaging. Furthermore, whether increased 
pain sensitivity actually translates into the clinical experience of pain in PD patients remains to be 
seen. A number of studies have already been performed with a view to examining the relationship 
between pain thresholds and clinical pain (Djaldetti, Shifrin et al. 2004, Schestatsky, Kumru et al. 
2007, Lim, Farrell et al. 2008, Mylius, Engau et al. 2009, Dellapina, Gerdelat-Mas et al. 2011, Mylius, 
Brebbermann et al. 2011, Zambito Marsala, Tinazzi et al. 2011, Dellapina, Ory-Magne et al. 2012, 
Brefel-Courbon, Ory-Magne et al. 2013), and the effect of dopaminergic medications on pain 
thresholds (Massetani, Lucchetti et al. 1989, Brefel-Courbon, Payoux et al. 2005, Perrotta, Serrao et 
al. 2005, Gerdelat-Mas, Simonetta-Moreau et al. 2007, Schestatsky, Kumru et al. 2007, Lim, Farrell et 
al. 2008, Tinazzi, Del Vesco et al. 2008, Gierthmuhlen, Arning et al. 2010, Nandhagopal, Troiano et al. 
2010, Dellapina, Gerdelat-Mas et al. 2011, Perrotta, Sandrini et al. 2011, Spielberger, Wolf et al. 
2011, Vela, Cano-de-la-Cuerda et al. 2012, Brefel-Courbon, Ory-Magne et al. 2013, Marques, Chassin 
et al. 2013), with heterogeneous outcomes in both. A logical next step would be to perform a 
systematic review and meta-analysis on these studies to see if either hypothesis could be supported. 
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Chapter 4:  Systemic review and meta-analysis of 
pain sensitivity in PD patients and its association 
with clinical pain and response to dopaminergic 
stimulation 
 

4.1 Introduction 
 
While it is increasingly evident that PD patients have increased pain sensitivity compared to healthy 
age-matched controls (see Chapter 3), not only are the mechanisms underlying this phenomenon 
unclear, it is also uncertain if the hyperalgesia observed in experimental studies has any relevance to 
the experience of clinical pain in PD patients. 
 
In regards to the underlying mechanism of hyperalgesia in PD, a number of evoked pain sensitivity 
studies have already been performed in an attempt to address this issue. Given the importance of 
dopamine to both the pathophysiology of PD and to endogenous pain modulation, most of the 
studies to date have concentrated on examining the effects of dopaminergic medications on 
hyperalgesia. Unfortunately, reports from studies have been hard to interpret, with dopaminergic 
stimulation resulting in anti-nociceptive, pro-nociceptive or no effects on pain threshold outcomes. 
 
Likewise, a number of studies have been performed with the intention of examining whether 
hyperalgesia has a significant bearing on the experience of pain clinically. If this assumption were 
true, PD patients with persistent clinical pain should display increased pain sensitivity compared to 
those without pain. Again, findings have been heterogenous, leading some reviewers to endorse the 
role of abnormal pain processing in the development of central PD pain (Ha and Jankovic 2012), and 
others dismissing it as a factor in the expression of clinical pain (Wasner and Deuschl 2012). 
 
Therefore, the purpose of this chapter is to systematically examine the data from pain sensitivity 
studies in PD patients with the intent of testing the following hypotheses. 

1. PD patients with persistent clinical pain (PDP) will be more sensitive to evoked pain 
compared to those who do not experience clinical pain (PDNP) – suggesting that 
hyperalgesia may play a significant role in the development of persistent clinical pain in PD 
patients. 

2. Administration of dopaminergic medications will reduce evoked pain sensitivity in PD 
patients, suggesting that dopaminergic mechanisms might be involved in the pathogenesis 
of hyperalgesia in PD. 
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4.2 Methods 
 
Full details of the methodology used in this systematic review and analysis are provided in Chapter 2, 
Sections 2.1 and 2.1.3. Studies that performed experimental pain sensitivity testing in PD patients 
were considered. The ones that compared pain sensitivities between PD patients with and without 
clinical pain, and PD patients with and without dopaminergic medications, were selected. 
 
For the comparison of pain sensitivities in PD patients with and without clinical pain, study quality 
assessment was carried out using a modified NOS. Outcomes to different modalities of pain 
stimulation were pooled, as the previous meta-analysis performed on PD versus HC (Chapter 3) 
indicated no significant differences between the different modalities, and there were not enough 
data to analyse by individual modalities of stimulus. 
 
For the comparison of pain sensitivities in PD patients with and without dopaminergic medications, 
study quality assessment was carried out using the Cochrane risk of bias assessment tool, modified 
to assess crossover studies. Outcomes to different modalities of pain were also pooled, for the same 
reasons as above. Meta-analysis was carried out using Comprehensive Meta-Analysis software, 
which allows for analysis of repeated measures in a single group. 
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4.3 Results 
4.3.1 Study selection overview 
 
The trial selection process is detailed in Figure 4.1.   

 
Figure 4.1: Overview of trial selection process 
 
  

429 records identified via database search
MEDLINE: 254 abstracts
EMBASE: 175 abstracts

372 records screened

32 full-text articles dealing with pain sensitivity in PD patients

20 compared PD off medication to PD on mediction

6 met criteria for meta-analysis

10 compared PD with clinical pain versus PD without pain

7 used for meta-analysis

340 not relevant
1 not available

1 additional article from examination of reference lists

57 duplicates
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Database searching identified 429 records, of which 33 articles dealt specifically with pain sensitivity 
testing in PD patients (Battista and Wolff 1973, Massetani, Lucchetti et al. 1989, Urakami, Takahashi 
et al. 1990, Djaldetti, Shifrin et al. 2004, Brefel-Courbon, Payoux et al. 2005, Perrotta, Serrao et al. 
2005, Gerdelat-Mas, Simonetta-Moreau et al. 2007, Schestatsky, Kumru et al. 2007, Slaoui, Mas-
Gerdelat et al. 2007, Vela, Lyons et al. 2007, Lim, Farrell et al. 2008, Nolano, Provitera et al. 2008, 
Tinazzi, Del Vesco et al. 2008, Mylius, Engau et al. 2009, Tinazzi, Recchia et al. 2009, Gierthmuhlen, 
Arning et al. 2010, Nandhagopal, Troiano et al. 2010, Dellapina, Gerdelat-Mas et al. 2011, Maruo, 
Saitoh et al. 2011, Mylius, Brebbermann et al. 2011, Perrotta, Sandrini et al. 2011, Spielberger, Wolf 
et al. 2011, Zambito Marsala, Tinazzi et al. 2011, Ciampi De Andrade, Lefaucheur et al. 2012, 
Dellapina, Ory-Magne et al. 2012, Stamelou, Dohmann et al. 2012, Vela, Cano de la Cuerda et al. 
2012, Brefel-Courbon, Ory-Magne et al. 2013, Granovsky, Schlesinger et al. 2013, Ikeda, Deguchi et 
al. 2013, Marques, Chassin et al. 2013, Tykocki, Kornakiewicz et al. 2013, Chen, Mao et al. 2015).   
 
Ten studies examined pain sensitivities in PD patients with pain and without pain (Urakami, 
Takahashi et al. 1990, Djaldetti, Shifrin et al. 2004, Schestatsky, Kumru et al. 2007, Slaoui, Mas-
Gerdelat et al. 2007, Mylius, Engau et al. 2009, Dellapina, Gerdelat-Mas et al. 2011, Zambito Marsala, 
Tinazzi et al. 2011, Dellapina, Ory-Magne et al. 2012, Brefel-Courbon, Ory-Magne et al. 2013, Chen, 
Mao et al. 2015), although only three of them had the primary aim of comparing pain sensitivities 
between PDP and PDNP (Djaldetti, Shifrin et al. 2004, Schestatsky, Kumru et al. 2007, Brefel-Courbon, 
Ory-Magne et al. 2013). All of the other studies included PDP versus PDNP pain sensitivity data as 
part of subgroup analyses.   
 
Twenty studies performed pain sensitivity testing in PD patients for both Med OFF and Med ON 
(Battista and Wolff 1973, Massetani, Lucchetti et al. 1989, Djaldetti, Shifrin et al. 2004, Brefel-
Courbon, Payoux et al. 2005, Perrotta, Serrao et al. 2005, Gerdelat-Mas, Simonetta-Moreau et al. 
2007, Schestatsky, Kumru et al. 2007, Slaoui, Mas-Gerdelat et al. 2007, Lim, Farrell et al. 2008, 
Tinazzi, Del Vesco et al. 2008, Gierthmuhlen, Arning et al. 2010, Nandhagopal, Troiano et al. 2010, 
Dellapina, Gerdelat-Mas et al. 2011, Perrotta, Sandrini et al. 2011, Spielberger, Wolf et al. 2011, Vela, 
Cano-de-la-Cuerda et al. 2012, Brefel-Courbon, Ory-Magne et al. 2013, Granovsky, Schlesinger et al. 
2013, Marques, Chassin et al. 2013, Chen, Mao et al. 2015). Most of these studies (13/20) were 
carried out with the primary aim of examining pain sensitivity differences between the Med OFF and 
Med ON state, with the remaining seven studies including Med OFF and Med ON pain sensitivity 
data as part of subgroup analyses.   
 
4.3.2 PDP versus PDNP results 
 
4.3.2.1 Study quality 
 
Overall, study quality scores were reasonable, ranging from five to nine, with a median of seven. 
Results are listed in Table 4.1. 
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Study 

Modified NOS score  
Study 

intention 
Selection Comparability Outcome Total 

1 2 3 4 5 6 7 8 9  
Brefel-Courbon 2013          7 1o 
Chen 2015          6 2o 
Dellapina 2011          8 2o 
Dellapina 2012          8 2o 
Djaldetti 2004          5 2o 
Mylius 2009          7 2o 
Schestastky 2007          9 1o 
Slaoui 2007          7 2o 
Urakami 1990          5 1o 
Zambito Marsala 2011          5 2o 

Table 4.1: Modified NOS score for the PDP versus PDNP studies 
 
Selection of cases and controls was carried out well across studies. Nearly all studies used 
internationally recognised criteria for the definition of PD, and were clear in their definitions of PDP 
and PDNP, with the exception of Urakami et al., where the diagnostic criteria for PD was not 
explicitly mentioned. Zambito et al. included patients with comorbidities other than PD, which may 
have predisposed them to chronic pain. While Djaldetti et al. did not specifically exclude other 
painful conditions in their PDP cohort, they did mention that all patients had pain related to their PD. 
Comparability was also good across studies. Six studies found no significant differences in age, 
disease duration or disease severity assessed by UPDRS III between PDP and PDNP, with two studies 
noting higher UPDRS scores in PDP (Zambito Marsala, Tinazzi et al. 2011, Chen, Mao et al. 2015). 
Djaldetti et al. did not provide demographic information about their patients to assess for 
comparability, and Dellapina et al. 2011 did not provide UPDRS scores.  
 
Quality of outcome measures were not as good. Blinding of assessors was specifically described and 
carried out in four studies. Five studies included measures that were free from reaction time bias. 
Two studies did not report all data relevant to the hypothesis: Slaoui et al. did not give values for 
pain threshold testing, while Zambito et al. only provided data obtained from the hands and not the 
feet.  
 
4.3.2.2  Clinical characteristics  
 
A summary of the clinical characteristics from the 10 studies are listed in Table 4.2. This included 199 
patients with clinical pain, and 166 without clinical pain. As pair-wise comparisons were performed 
on age, disease duration, levodopa equivalent daily dosage, UPDRS III and gender, only results with a 
p-value less than 0.01 were considered significant. 
 
Age data was available for 166 PDP and 158 PDNP. The combined age of the two groups was well 
matched, at 65.8 ±18.5 years for PDP and 66.2 ± 9.0 years for PDNP, with no significant difference 
between them (p=0.805, 2 sample t-test). Although most of the individual studies had comparable 
disease characteristics between the PDP and PDNP groups, differences began to emerge when the 
data was combined. Statistically significant differences were detected with PD severity, dosage of 
dopaminergic medication, and gender ratios, with PDP having more severe disease (UPDRS III 
29.8+13.1 n=136, versus 23.3+11.9 n=112, p<0.001), higher dosages of medication (631+525mg, 
n=166, versus 478+370mg, n=148, p=0.003), and a higher proportion of females (48% female versus 
30%, Chi-square statistic 9.3, p=0.002) compared to the PDNP group. Disease duration was longer in 
the PDP group (7.6+4.2yrs, n=100, versus 6.5+4.3yrs, n=108; p=0.064), but the difference was not 
statistically significant.    
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Study PDP 
(n) 

PDNP 
(n) PDP characteristics PDP 

age 
PDNP 
age 

PDP 
disease 

duration 

PDNP 
disease 

duration 

PDP 
LEDD (mg) 

PDNP 
LEDD (mg) 

PDP 
UPDRS III 

 

PDNP 
UPDRS III 

PDP 
gender 
(M:F) 

PDNP 
gender 
(M:F) 

Brefel-Courbon 2013 9 9 PD primary central pain only 61±7.1 65.1±8.1 7.4 ± 4.2 9.6 ± 3.7 815 ± 250 728 ± 255 28.4 ± 14.7 25.1 ± 9.4 6:3 6:3 

Chen 2015 30 42 Any PD pain lasting > 2 months 63.2±8.4 65.9±8.9 5.6 ± 3.2 4.4 ± 2.9 402.3±258.2 330.3±285.4 35.1 ± 12.3 25.6± 2.9 16:14 28:14 

Dellapina 2011 12 13 PD-related neuropathic pain 63.9± 6.5 62.2± 6.1 8.7 ± 0.9 8.2 ± 0.7 944.6±387.8 876.6±338.2 na na 7:5 11:2 

Dellapina 2012 8 8 PD-related central pain 65.1 ±5 61.8± 7.6 12.4 ± 6 13.1±2.9 675±362.5 500±192.3 32.1 ± 14.3 25 ± 5.9 na na 

Djaldetti 2004 33 18 Any pain na na na na na na na na na na 

Mylius 2009 8 7 PD-related pain 61.6±12.2 65.3±10.5 11.5 ± 2 10.4±7.9 1427 ± 844 956 ± 738 30.3 ± 7.6 26.1±11.3 na na 

Schestastky 2007 9 9 PD primary central pain only 61.2 ± 6.6 59 ± 8.6 6 ± 4.1 5.4 ± 3.6 306 ± 63.9 302 ± 78.5 (17.1±3.7)* (19.1±2.3) 5:4 6:3 

Slaoui 2007 14 6 PD-related pain 64.4 ± 9.5 67.3±11.5 9.9 ± 3.5 8.16±2.64 1498.2±741.6 1030 ± 340 33.5 ± 6.4 29.3±11.2 9:5 4:2 

Urakami 1990 10 14 Frequent complaints of pain 65±10.2 67±6.4 3.23±1.58 3.64±1.88 300 300 na Na 5:5 7:7 

Zambito Marsala 2011 66 40 Pain over 2 months 69.7±27.2 70.2 ± 9.3 6.7±29.0** 5.2±12.9** 462 ± 294 380 ± 260 26.4 ± 13.9 18.7±11.6 29:37 30:10 

Total 199 166 Combined data 65.8±18.5 
n=166 

66.2 ± 9.0 
n=148 

7.6+4.2 
n=100 

6.5+4.3 
n=108 

631.2+524.5 
n=166 

478.4+369.8 
n=148 

29.8+13.1 
n=135 

23.3+11.9 
n=112 

77:73 92:41 

Table 4.2: Summary of clinical characteristics of PDP and PDNP 
 
* Only a total UPDRS score was provided. 
** Disease duration was not provided, but was calculated by subtracting the mean disease onset age from mean current age. These values were not 
included in the combined disease duration statistic. 
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4.3.2.3  Methodologies and outcome measures  
 
Seven studies examined a single modality of pain; of these, one study reported more than one type 
of outcome (contact thermode-induced heat pain threshold versus laser heat-induced pain 
threshold) as an internal measure of consistency. Three studies examined more than one modality of 
pain. A summary of the methodologies employed is shown in Table 4.3. 
 

Study Modalities Stimuli used Outcomes Site tested Result 
Brefel-Courbon 2013 Cold Cold pressor CPT (time) Right hand ↔ 
Chen 2015 Electrical Sinusoidal current EPTol (mA) Finger (both sides) ↔ 
Dellapina 2011 Heat 

Electrical 
Contact thermode 
Square wave 

HPT (oC) 
RIII (mA) 

Thenar (most affected side) 
Sural 

↔ 
↔ 

Dellapina 2012 Heat Contact thermode HPT (oC) Thenar (most affected side) + 
Djaldetti 2004 Heat Contact thermode HPT (oC) Thenar (both) + 
Mylius 2009 Heat 

Electrical 
Contact thermode 
Square wave 

HPT (oC) 
EPT (mA) 
RIII (mA) 

Arm (right) 
Sural nerve (left) 
Sural nerve (left) 

↔ 
↔ 
↔ 

Schestastky 2007 Heat 
 

Contact thermode 
CO2 laser 

HPT 
HPT Watts 

Hand (both) + 
+ 

Slaoui 2007 Cold 
Heat 

Contact thermode 
Contact thermode 

CPT (oC) 
Cold tolerance (time) 
HPT (oC) 
Heat tolerance (time) 

Thenar (most affected side) ↔ 
↔ 
↔ 
↔  

Urakami 1990 Pressure / 
Ischaemic 

Tourniquet Pain tolerance (time) 
 

Arm + 
 

Zambito Marsala 2011 Electrical Ring electrode, 
square wave 

EPT (mA) 
 
EPTol (mA) 

Hands 
Feet 
Hands 
Feet 

↔ 
↔ 
↔ 
↔ 

Table 4.3: Methodologies, outcomes and results of PDP versus PDNP studies.  ↔ = no difference; + 
= increased pain sensitivity in PDP 
Abbreviations: CPT = cold pain threshold; HPT = heat pain threshold; EPTol = electrical pain tolerance threshold; EPT = 
electrical pain threshold; RIII = RIII value for the nociceptive withdrawal reflex 
 
 Heat pain: 
 
Six studies assessed heat pain. Heat pain threshold was defined as the temperature at which heat 
was felt to be painful. This was reported in degrees Celsius, with lower values indicating increased 
pain sensitivity. Results were obtained using QST with a contact thermode, mostly using the method 
of limits. This method introduces reaction time bias, as participants with more severe disease will 
take longer to react, resulting in an overestimation of the heat pain threshold (i.e. reduced pain 
sensitivity). In addition to testing heat pain threshold using the method of limits, Slaoui et al. also 
repeated the test using the method of adjustments, which was free from reaction time bias. 
Schetastky et al. used a CO2 laser to evoke heat pain. In their case, heat pain threshold was defined 
as the power (Watts) of the CO2 laser stimulus required to evoke pain, with results obtained using 
the method of levels; lower values indicated increased pain sensitivity.   
 
 Electrical pain: 
 
Four studies used electricity as the painful stimulus. Three of them employed a standard square 
wave electrical pulse, which non-selectively stimulates nerve fibres. Dellapina et al. examined 
objective electrical pain thresholds, defined as the minimum current (mA) required to elicit an NWR 
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(RIII). In addition to testing the RIII, Mylius et al. also determined subjective electrical pain thresholds, 
defined by the minimum current (mA) required to elicit a sensation of pain via the method of levels. 
Zambito Marsala et al. tested subjective electrical pain thresholds, as well as the tolerance threshold 
using the method of limits, defined by the maximum current (mA) the patient could tolerate. The 
remaining study by Chen et al. employed sine-wave currents at 2000Hz, 250Hz and 5Hz to selectively 
stimulate Aβ, Aδ and small C-polymodal fibres respectively; it then examined the electrical pain 
tolerance threshold using the method of limits. In all scenarios, lower values indicated increased 
pain sensitivity. 
 
 Cold pain: 
 
Two studies examined cold pain and reported cold pain threshold outcomes. Brefel-Courbon et al. 
performed the cold pressor test, where the cold pain threshold was determined by immersing the 
subjects’ hands in progressively colder water baths, and defined by the average temperature at 
which the cold water elicited a pain level of 3/10. Slaoui et al. used contact thermodes and QST 
methods, and both the method of limits and method of levels, to determine the cold pain threshold, 
defined as the temperature at which the cold stimulus became painful. In both cases, higher values 
indicated increased pain sensitivity. Slaoui et al. also attempted to assess cold pain tolerance, but 
found that their thermodes did not reach a sufficiently low temperature to cross the pain tolerance 
threshold. 
 
 Pressure / ischaemic pain: 
 
Urakami et al. examined pain sensitivity using the tourniquet pain test, which involved inflating a 
blood pressure cuff to 30mmHg above the systolic blood pressure, and measuring the maximum 
time the patient could tolerate having the cuff inflated. Longer times indicated higher pain tolerance. 
 
4.3.2.4 Study results 
 
Most of the studies (6/10) did not find any significant differences in pain sensitivities between the 
two groups (Table 4.3), although all of the outcomes had a trend towards favouring increased pain 
sensitivity in the PDP group (with the exception of RIII in Mylius et al.'s study).   
 
Four studies found significantly increased pain sensitivity in the PDP group, with three of them 
noting reduced heat pain thresholds in PDP, and the remaining one noting reduced pressure pain 
tolerance.   
 
Good internal validity of the results was maintained in all studies, with no incongruent results 
occurring in any of the studies that examined multiple pain modalities or reported multiple 
outcomes. 
 
4.3.2.5  Meta-analysis of PDP versus PDNP 
 
Seven out of ten studies were used in the meta-analysis. Two studies (Urakami, Takahashi et al. 1990, 
Chen, Mao et al. 2015) were excluded from the meta-analysis as they only tested pain tolerance, 
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while Slaoui was excluded as no pain threshold data was provided. Dellapina et al. and Mylius et al. 
performed heat and electrical pain threshold testing. For both studies, the RIII outcome was used for 
the meta-analysis, as it was more objective, free from reaction time bias, and did not have as great 
an effect size in favour of the hypothesis. In the case of Zambito et al., results from pain sensitivity 
testing of the hands were used, as they did not provide data from the feet. All PDP had pain 
specifically attributed to PD, except for the cohort recruited by Zambito et al., where other 
potentially painful comorbidities were allowed. 
 

 
Figure 4.2: Meta-analysis of PDP versus PDNP using the random effects model 
 
A total of 145 PDP and 104 PDNP were included in the meta-analysis. Demographic data about these 
patients were incomplete: Djaldetti et al. did not provide any demographic data; Dellapina et al. 
2011 did not provide UPDRS III scores; and Dellapina et al. 2012 and Mylius et al. did not provide 
gender information. From the information available, there was no significant difference between 
PDP and PDNP in mean age (68.4 ± 21.9 n=112 versus 66.1 ± 9.4 n=86, p=0.32), disease duration (7.7 
± 22.4 n=112 versus 7.3 ± 9.5 n=86, p=0.865), and LEDD (613 ± 456 n=112 versus 541 ± 386 n=86, 
p=0.231). However, PDP had more severe disease (UPDRS III 26.5 ± 13.3 n=100 versus 20.9 ± 10.3 
n=73, p=0.002) and a higher ratio of females (M:F ratio 47:49 in PDP, 53:18 in PDNP, fishers exact 
test p=0.0008). 
 
The combined SMD was -0.55 [-0.99, -0.11], with Z=2.47 and p=0.01, indicating the presence of a 
statistically significant increased pain sensitivity of a moderate effect size in the PDP group. A 
moderate degree of heterogeneity between studies was present, with an I2 value of 54%, with a 
significance of p=0.04.   
 
4.3.2.6 Sensitivity analysis of meta-analysis for PDP versus PDNP 
 
Performing the meta-analysis using the fixed effects model did not alter the outcomes significantly, 
with the resulting SMD being -0.49 [-0.75, -0.22], with Z=3.63, p=0.0003, and an I2 value of 82.3% 
and p=0.004. 
 
Likewise, removing Zambito et al.'s cohort, to ensure the meta-analysis only included PDP with pain 
attributed exclusively to PD, did not significantly alter the outcomes. In this scenario, the meta-
analysis included 79 PDP and 64 PDNP, with the resultant SMD being -0.63 [-1.18, -0.08], with Z=2.23, 
p=0.03, and an I2 value of 80.4% and p=0.006.   
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Performing further one-study removed meta-analyses did not significantly alter the outcomes either, 
with results still favouring increased pain sensitivity in PDP patients regardless of the study removed 
(Table 4.4). Removing Djaldetti et al'.s study, however, did result in loss of significance, with the 95% 
confidence interval (CI) crossing 0 to reach 0.03, and a p-value of 0.06. 
 
Study removed SMD [95% CI] Z p-value 
Brefel-Courbon 2013 -0.61 [-1.11, -0.12] 2.43 0.02 
Dellapina 2011 -0.63 [-1.13, -0.13] 2.46 0.01 
Dellapina 2012 -0.46 [-0.9, -0.02] 2.04 0.04 
Djaldetti 2004 -0.44 [-0.91, 0.03] 1.85 0.06 
Mylius 2009 -0.65 [-1.10, -0.2] 2.82 0.005 
Schestatsky 2007 -0.44 [-0.85, -0.02] 2.06 0.04 
Table 4.4: Results of one-study removed meta-analyses for PDP versus PDNP 
 
Finally, removing the studies that analysed PDP versus PDNP as part of a subgroup analysis to avoid 
the inclusion of data-mined results (Slaoui, Mas-Gerdelat et al. 2007, Mylius, Engau et al. 2009, 
Dellapina, Gerdelat-Mas et al. 2011, Zambito Marsala, Tinazzi et al. 2011, Dellapina, Ory-Magne et al. 
2012) did not have a significant effect on the outcome of the meta-analysis. The resulting meta-
analysis included 51 PDP and 36 PDNP from three studies, with an SMD of -0.88 [-1.56, -0.19] and an 
overall Z value of 2.49, p=0.01, and an I2 value of 69.3% and p=0.07. 
 
4.3.3 Med ON versus Med OFF results 
 
4.3.3.1  Study quality 
 
The risk of bias for each individual study is summarised in Table 4.5. 
 
Participant selection was mostly assessed as being low or unknown risk of bias. Seven out of 20 
studies were assessed as low risk, with appropriate definitions of PD, Med ON and Med OFF, and 
confirmation of the medication status via motor assessment (Brefel-Courbon, Payoux et al. 2005, 
Gerdelat-Mas, Simonetta-Moreau et al. 2007, Slaoui, Mas-Gerdelat et al. 2007, Dellapina, Gerdelat-
Mas et al. 2011, Perrotta, Sandrini et al. 2011, Vela, Cano-de-la-Cuerda et al. 2012, Brefel-Courbon, 
Ory-Magne et al. 2013). Ten studies were categorised as unknown risk, with the main reasons being:  

1. failure to provide diagnostic criteria for PD (Djaldetti, Shifrin et al. 2004, Lim, Farrell et al. 
2008, Tinazzi, Del Vesco et al. 2008, Granovsky, Schlesinger et al. 2013, Marques, Chassin et 
al. 2013), with authors stating that participants had Idiopathic PD without specifying the 
exact criteria;  

2. failure to define the Med OFF state, with authors stating that medications were withdrawn 
overnight, but not specifying the exact time (Djaldetti, Shifrin et al. 2004, Granovsky, 
Schlesinger et al. 2013, Chen, Mao et al. 2015); 

3. failure to define the Med ON state (Marques, Chassin et al. 2013), where testing was 
performed after the morning dose challenge, but the exact timeframe was not specified; 

4. failure to confirm a clinically significant improvement in UPDRS III post levodopa challenge 
(Perrotta, Serrao et al. 2005, Schestatsky, Kumru et al. 2007); and 
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5. Spielberger et al. communicated their results in a letter, and only provided limited details 
about their testing methodology. 

Three studies (Battista and Wolff 1973, Massetani, Lucchetti et al. 1989, Nandhagopal, Troiano et al. 
2010) were assessed as high risk due to suboptimal definition of the Med ON period, where testing 
could have been performed in a state not truly indicative of Med ON. This is further discussed in 
Section 4.3.3.3. Additionally, Battista et al. did not specifically exclude participants who may have 
had other causes of Parkinsonism. 
 
Randomisation, blinding and allocation concealment were performed poorly, with most studies 
assessed as high risk under all three categories. Randomisation was only performed in seven studies 
(Brefel-Courbon, Payoux et al. 2005, Gerdelat-Mas, Simonetta-Moreau et al. 2007, Slaoui, Mas-
Gerdelat et al. 2007, Nandhagopal, Troiano et al. 2010, Dellapina, Gerdelat-Mas et al. 2011, Brefel-
Courbon, Ory-Magne et al. 2013, Marques, Chassin et al. 2013), with none of them describing their 
randomisation method – except for Marques et al., where a simple randomisation plan with a block 
size of six was used. Marques et al. was also the only study to have allocation concealment.   
 
Double blinding was performed by Marques et al. and Dellapina et al. via the administration of 
placebo during Med OFF testing; however, Dellapina et al. did not describe their blinding method. 
Single blinding of investigators was also carried out in three studies (Djaldetti, Shifrin et al. 2004, 
Schestatsky, Kumru et al. 2007, Perrotta, Sandrini et al. 2011) by employing independent 
investigators to perform pain threshold testing. However, blinding was at high risk of being 
ineffective, as the order in which the participants were tested was the same for every subject (Med 
OFF first, proceeded immediately by Med ON). 
 
Carry-over effects of evoked painful stimulation going into the second session was also determined 
to be high risk for a majority of the studies, with most of them performing same-day testing, and not 
assessing for the presence of carry-over effects. Two studies performed assessment of carry-over 
effects. Dellapina et al. performed their pain sensitivity tests over two days, and found no significant 
difference between the two sessions – this study was therefore assessed as low risk. On the other 
hand, Granovsky et al. found significantly increased pain sensitivity across most of their measures on 
the second session of testing, and was therefore rated as high risk. Carry-over effects were 
considered insignificant for three studies (Battista and Wolff 1973, Perrotta, Serrao et al. 2005, 
Marques, Chassin et al. 2013), as they had waiting periods of one week to one month between 
testing sessions, and not relevant for Massetani et al.'s study, as they did not utilise a crossover 
design. 
 
Data reporting was generally performed reasonably well. Most studies were at low risk of giving 
biased data or selective reporting, though many studies did not provide enough information to 
determine if there were any missing data. Three studies were at high risk of bias for all three 
categories, as they only presented their conclusions without providing data (Battista and Wolff 1973, 
Djaldetti, Shifrin et al. 2004, Schestatsky, Kumru et al. 2007); a potential reason for this occurrence 
probably stems from the fact that examination of the effect of dopaminergic medications on pain 
sensitivity was not part of their primary aim. Two studies provided results in graphical but not 
numerical format, while Brefel-Courbon et al.'s 2013 study only reported the mean change result in 
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cold pain threshold between the Med ON and Med OFF state, without details about the absolute 
results. 
 
Finally, most studies (13/20) derived their outcomes using at least one method that was free from 
reaction time bias. Six studies (Battista and Wolff 1973, Djaldetti, Shifrin et al. 2004, Lim, Farrell et al. 
2008, Vela, Cano-de-la-Cuerda et al. 2012, Granovsky, Schlesinger et al. 2013, Marques, Chassin et al. 
2013) did not consider reaction time bias effects, which in this scenario will result in 
underestimation of the pain threshold in the Med OFF state, as participants will take longer to react 
to the stimulus.  
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Study Participant selection Randomisation Allocation 
concealment 

Blinding Carry over Unbiased data Incomplete data Selective 
reporting 

Reaction time bias 

Battista 1973 PD criteria inappropriate, Med ON 
definition inappropriate 

Not done Not done Not done 3–4 week wait Data not provided Unable to determine Only conclusions 
presented 

Present (method of 
limits) 

Brefel-Courbon 
2005 

PD, Med OFF and Med ON defined 
and appropriate 

Yes, but not 
described 

Not done Not done Not assessed, 
same-day tests 

All data provided Unable to determine  No selective 
reporting 

Derived from 
stimulus response 

Brefel-Courbon 
2013 

PD, Med OFF and Med ON defined 
and appropriate 

Yes, but not 
described 

Not done Not done Not assessed, 
same-day tests 

Provided mean 
change result only 

Unable to determine Reported only 
mean change 

Derived from 
stimulus response 

Chen 2015 Did not define overnight duration 
for Med OFF 

Not done Not done Not done Not assessed, 
same-day tests 

All data provided 36/72 completed testing, 
incomplete data excluded 

No selective 
reporting 

Forced choice 
protocol 

Dellapina 2011 PD, Med OFF and Med ON defined 
and appropriate 

Yes, but not 
described 

Unable to 
determine 

Yes, but not 
described 

2-day wait, 
effect assessed 

All data provided Unable to determine No selective 
reporting 

Method of levels 

Djaldetti 2004 Did not define overnight duration 
for Med OFF 

Not done Not done Yes, but same 
order 

Not assessed, 
same-day tests 

Data not provided Unable to determine Only conclusions 
presented 

Present (method of 
limits) 

Gerdalat-Mas 
2007 

PD, Med OFF and Med ON defined 
and appropriate 

Yes, but not 
described 

Unable to 
determine 

Not done Not assessed, 
same-day tests 

All data provided No missing data, data from 
all 13 patients presented 

No selective 
reporting 

Method of levels 

Gierthmuhlen 
2010 

PD criteria not specified Not done Not done Not done Not assessed, 
same-day tests 

All data provided Unable to determine No selective 
reporting 

Assessed and not 
significant 

Granovsky 2013 Did not define overnight duration 
for Med OFF 

Not done Not done Not done More pain in 
second session 

Data provided in 
graph format only 

3/26 did not complete 
tests, unclear if excluded 

No selective 
reporting 

Present (method of 
limits) 

Lim 2008 PD criteria not specified Not done Not done Not done Not assessed, 
same-day tests 

All data provided Unable to determine No selective 
reporting 

Present (method of 
limits) 

Marques 2013 PD criteria not specified, Med ON 
criteria not specified 

Yes, 
appropriate 

Yes Yes, double 
blinded 

1-week wait All data provided No missing data No selective 
reporting 

Present (Method of 
limits) 

Massetani 1989 PD criteria not specified, Med ON 
definition inappropriate  

Not applicable Not applicable Not done Not applicable All data provided Unable to determine No selective 
reporting 

Method of levels 

Nandhagopal 
2010 

PD criteria not specified, Med ON 
definition inappropriate 

Yes, but not 
described 

Not done Not done Not assessed, 1-
day wait 

All data provided No missing data, data from 
all 12 patients presented 

No selective 
reporting 

Derived from 
stimulus response 

Perotta 2005 PD, Med OFF and Med ON defined 
and appropriate 

Not done Not done Not done 1-month wait All data provided Unable to determine No selective 
reporting 

Derived from 
stimulus response 

Perotta 2011 PD, Med OFF and Med ON defined 
but did not confirm UPDRS 

Not done Not done Yes, but same 
order 

Not assessed, 
same-day tests 

Temporal summation 
data in graph only 

Unable to determine No selective 
reporting 

Staircase procedure 

Schetasky 2007 PD, Med OFF and Med ON defined 
but did not confirm UPDRS 

Not done Not done Yes, but same 
order 

Not assessed, 
same-day tests 

Data not provided Unable to determine Only conclusions 
reported 

Laser assessment 
free, but not heat 

Slaoui 2007 PD, Med OFF and Med ON defined 
and appropriate 

Yes, but not 
described 

Unable to 
determine 

Not done Unable to 
determine 

All data provided Unable to determine No selective 
reporting 

Method of levels 
and limits done 

Spielberger 
2011 

Unable to determine Unable to 
determine 

Unable to 
determine 

Unable to 
determine 

Unable to 
determine 

All data provided Unable to determine No selective 
reporting 

Unable to 
determine 

Tinazzi 2008 PD criteria not specified Not done Not done Not done Not assessed, 
same-day tests 

All data provided No missing data No selective 
reporting 

Derived from 
stimulus response 

Vela 2012 PD, Med OFF and Med ON defined 
and appropriate 

Not done Not done Not done Not assessed, 
same-day tests 

All data provided Unable to determine No selective 
reporting 

Present (method of 
limits) 

Table 4.5: Risk of bias assessment for Med OFF versus Med ON studies.  Green = low risk; yellow = unclear risk; red = high risk 
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4.3.3.2  Clinical characteristics (Med ON versus Med OFF) 
 
A total of 409 PD patients across 19 studies had testing of their pain sensitivities in the Med ON and 
Med OFF states (Table 4.6). The combined mean age was 63.2 ± 8.1yrs. On average, patients had PD 
for 7.4 ± 4.9 years, and took a levodopa daily equivalent dose of 426 ± 376mg. Three studies 
included patients treated with DBS implantation (Gierthmuhlen, Arning et al. 2010, Spielberger, Wolf 
et al. 2011, Marques, Chassin et al. 2013). 
 
Massetani et al. did not do before and after testing, but instead compared pain sensitivities of 10 PD 
patients on chronic levodopa therapy to five who were levodopa naive. In their sample, patients 
who were dopamine naive were younger (56.4 ± 9.4 versus 64.1 ± 6.3), and had shorter duration of 
the disease (1.8yrs versus 5.2yrs). 
 

Study n Age PD duration LEDD (mg) 
Battista 1973 11 64.8 ± 11.7 N/A N/A 
Brefel-Courbon 2005 9 65 ± 8 9.6 + 3.7 728 ± 255 
Brefel-Courbon 2013 9** 61 ± 7.1 7.4 ± 4.2 815 ± 250 
Chen 2015 72 64.8 ± 8.8 4.9 ± 3.1 362.7 ± 273.2 
Dellapina 2011 25 63 ± 6.2 8.4 ± 2.7 907.8 ± 355.4 
Djaldetti 2004 15 65.3 ± 10.4  10.6 ± 4.1 N/A 
Gerdalat-Mas 2007 13 61.5 ± 9.6 7.3 ±± 5.3 265 ±± 90 
Gierthmuhlen 2010* 17 57.8 ± 10.4 10.5 ± 4.6 182.4 ± 122.4 
Granovsky 2013 26 61.5 ± 7.0 6.3 ± 5.2 337.5 ± 374.3 
Lim 2008 50 64.5 ± 3 4.3 ± 1.8 708 ± 268 
Marques 2013* 19 62.3 ± 5.7 13.2 ± 2.8 763 ± 246 
Nandhagopal 2010 12 59.8 ± 9.1 9.4 ± 3.2 859 ± 312 
Perotta 2005 18 64.3 ± 8.29 5.33 ± 2.84 N/A 
Perotta 2011 15 63 ± 9.1 5.6 ± 3.3 316 ± 73.1 
Schetasky 2007 18 60.1 ± 7.5 5.7 ± 3.8 304 ± 69.5 
Slaoui 2007 20 65.2 ± 9.9 9.3 ± 3.3 1308 ± 529 
Spielberger 2011* 15 64.2 ± 9.9 17.3 ± 4.8 N/A 
Tinazzi 2008 18 61.1 ± 6.2  3.25 ± 1.31 457.16 ± 202.80 
Vela 2012 18 65 ± 10 11.6 ± 6 N/A 

Table 4.6: Clinical characteristics of the 19 studies that did before and after Med OFF and Med ON 
testing. * denotes studies that included patients with DBS.  **Brefel-Courbon et al.'s 2013 study is a 
continuation of their 2005 study, with another 9 PDP added into their existing data from 9 PDNP. 
The results shown here are for the 9 new PDP. 
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4.3.3.3  Methodologies and outcome measures 
 
 4.3.3.3.1 Methods for determining Med ON and Med OFF 
 
Seventeen out of 20 studies examined pain sensitivities in the Med ON and Med OFF state by way of 
an acute dopaminergic medication challenge.   
 
For all of them, the Med OFF state was induced by performing overnight withdrawal of 
dopaminergic medications, lasting 10–18 hours. While this may be long enough for standard 
levodopa preparations to be eliminated, most studies included patients who were taking dopamine 
agonists (see “On DA” column in Table 4.7), which have much longer half-lives. As such, it is likely 
that many of the patients tested may still have had some residual dopamine agonist activity at the 
time of Med OFF testing. Only Gierthmuhlen et al. mentioned extending the withdrawal period to 
three days for dopamine therapies with longer elimination half-lives, but it is unclear if this was 
sufficient, as some dopamine agonists (i.e. cabergoline) have very long half-lives (>60 hours). 
 
For Med ON, pain sensitivity testing was performed 30–90 minutes after administration of 
medications. For the challenge, levodopa, or a combination of levodopa plus the patient's usual 
dopamine agonist, was administered at a dose based on the patient's usual morning dosage of 
medication. This was either at the same dose as the usual morning medication, or with the addition 
of either 100mg of levodopa or 50% of the morning levodopa dose. The only exception to this 
method was the study by Dellapina et al., where apomorphine was administered in isolation, at a 
dose titrated to cause a 30% improvement in UPDRS III score. 
 
Efficacy of the challenge was assessed by comparing the patient's motor function pre and post 
medication, and was performed in 12 out of 17 studies. All of them demonstrated clinically 
significant improvements in UPDRS III scores, with the mean difference ranging from 8.3 to 22.7. As 
such, even though significant methodological differences exist between the studies, it is likely that 
the acute dopaminergic challenge resulted in the same clinical effect of achieving an optimal Med 
ON state. 
 
The remaining three studies employed different methods for assessing Med ON and Med OFF pain 
sensitivities. Battista et al. did a chronic medication challenge, where patients were first tested 
before initiation of levodopa therapy, then retested 3–4 weeks after levodopa was initiated. 
Massetani et al. compared levodopa naive patients to those who were on chronic levodopa therapy. 
Nandhagopal et al. did an overnight withdrawal of dopaminergic medications in order to perform 
the Med OFF testing, and then did Med ON testing on a day when the patients were on their usual 
medications. Because all three studies did not take into account the timing of when dopaminergic 
medications were administered, it is possible that pain sensitivity testing could have been performed 
at a time when medications were wearing off, and not be truly indicative of a Med ON state. 
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Study On DA Med OFF  Med ON  Drug Dose UPDRS III off UPDRS III on 
Brefel-Courbon 2005 Yes 12hr 60min, >50% ↓UPDRS III, PO L MD + 100mg 25.1 ± 9.4 14.3 ± 7.4 
Brefel-Courbon 2013 Yes 12hr 60min, >50% ↓UPDRS III, PO L MD + 100mg 28.4 ± 14.7 10.3 ± 6.8 
Chen 2015 N/A Overnight 1hr L MD + 100mg 32.6 ± 13.3 23.1 ± 9.3 
Dellapina 2011 Yes 12hr 30min, >30% ↓UPDRS III Apo Titrated to UPDRS III N/A ↓ by 30% 
Djaldetti 2004 N/A Overnight 30min  L N/A N/A N/A 
Gerdalat-Mas 2007 Yes 12hr 1–1.5hr, >50% ↓UPDRS III, PO L MD + 100mg 21.2 ± 11.8 10.8 ± 8.8 
Gierthmuhlen 2010 N/A 12hr–3d 30min L 1.5X MD 52.0 ± 15.1 29.3 ± 14.4 
Granovsky 2013 Yes Overnight 1hr L + DA MD N/A N/A 
Lim 2008 Yes 12hr 60min L MD + 50mg L 29.5 ± 3.4 21.2 ± 3.7 
Marques 2013 Yes 10hr Morning, time not specified L 1.5X MD 28.2 ± 11 13.8 ± 9.9 
Perotta 2005 Yes 18hr 40min  L + DA 1.5X MD, usual DA N/A by 55.26% 
Perotta 2011 Yes 18hr 40min  L + DA 1.5X MD, usual DA N/A N/A 
Schetasky 2007 Yes 14hr 40min  L + DA MD + 100mg, usual DA N/A N/A 
Slaoui 2007 Yes 12hr 45min  L + DA 1.5X MD, usual DA 32 ± 8 17 ± 6 
Spielberger 2011 N/A N/A N/A N/A N/A 43.6 (no sd) 34.6 (no sd) 
Tinazzi 2008 Yes 12hr 60min  L MD + 100mg N/A N/A 
Vela 2012 Yes 12hr 30min L MD 34.5 ± 6.7 22.1 ± 7.6 
Battista 1973 N/A Before L 3–4 wks after starting therapy L Usual dose N/A N/A 
Massetani 1989 N/A L naive While on usual therapy L Usual medications N/A N/A 
Nandhagopal 2010 Yes 12hr While on usual therapy L + DA Usual medications 28.8 ± 9.4 15 ± 10.9 
Table 4.7: Methodologies used to determine Med OFF and Med ON.  The last three studies in the table did not perform an acute dopaminergic challenge.  
Legend: DA = dopamine agonist, L = levodopa, Apo = apomorphine, MD = morning dose of levodopa, PO = patient opinion, N/A = information not available 
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4.3.3.3.2 Pain sensitivity methods and outcome measures 
 
Fifteen studies reported pain threshold outcomes; one study reported pain tolerance outcomes 
(Chen, Mao et al. 2015); and four studies reported both pain threshold and pain tolerance outcomes 
(Battista and Wolff 1973, Slaoui, Mas-Gerdelat et al. 2007, Lim, Farrell et al. 2008, Marques, Chassin 
et al. 2013). 
 
Twelve studies performed pain sensitivity testing in a single modality of pain. Of these, four reported 
more than one type of outcome as a measure of internal consistency – i.e. subjective and objective 
electrical pain thresholds (Massetani, Lucchetti et al. 1989, Perrotta, Serrao et al. 2005); heat pain 
threshold temperature and heat pain rating severity (Nandhagopal, Troiano et al. 2010); electrical 
pain threshold and electrical pain rating (Perrotta, Sandrini et al. 2011). The remaining eight studies 
examined multiple modalities of pain. A summary of the methodologies employed for each study are 
listed in Table 4.8, and will only be briefly described, as most of the methods involved have already 
been covered in previous sections.  
 
 Heat pain 
 
Heat pain threshold testing was performed in 11 studies. Nine studies used a contact heat probe and 
QST methods to determine heat pain threshold. Two studies used laser to evoke heat pain, and 
obtained heat pain threshold results using the method of levels. One of the two studies (Schestatsky, 
Kumru et al. 2007) also did heat pain threshold assessment using a contact heat probe. Battista et al. 
performed radiant heat testing using a Hardy-Wolff-Goodell dolorimeter projector to apply a 
constant radiant head flux of 250 millicalories/s/cm2 on a 2cm diameter area of the forehead. The 
heat pain threshold was determined by the method of limits, and was defined as the average time it 
took for the patient to detect pain over six trials. 
 
Heat pain tolerance was performed in three studies. Marques and Slaoui used contact heat probe 
and QST methods, and defined heat pain tolerance as the maximum temperature the patient could 
tolerate. Battista defined heat pain tolerance as the amount of time the participant could tolerate 
the radiant heat on their forehead. 
 
Heat pain ratings were assessed in two studies (Nandhagopal, Troiano et al. 2010, Granovsky, 
Schlesinger et al. 2013), where set levels of suprathreshold heat was applied via contact thermode, 
with patients asked to rate the pain on an NRS. Nandhagopal et al. also asked their participants to 
rate the heat pain experienced on an unpleasantness scale. 
 
 Cold pain 
 
Cold pain was utilised in eight studies. All studies performed cold pain threshold testing, with half 
utilising a cold pressor stimulus that involved immersing the hand in cold water, and the other half 
using QST methods via a contact probe. Two of the studies that did cold pressor testing also 
assessed cold pain tolerance (Battista and Wolff 1973, Lim, Farrell et al. 2008).   
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 Electrical pain 
 
Seven studies assessed electrical pain. Electrical stimuli were delivered via surface skin electrodes in 
rectangular wave pulses, with the exception of Chen et al., where sine wave currents were used. 
Objective electrical pain threshold was the most commonly reported outcome (5/7), followed by 
subjective electrical pain threshold (3/7), electrical pain tolerance (2/7), and finally the temporal 
summation threshold (1/7).   
 
 Pressure pain 
Four studies examined pressure pain. Stimuli were delivered using either an algometer or Von Frey 
Hairs, with outcome measures being pressure pain threshold (4/4), pressure pain tolerance (1/4) and 
mechanical temporal summation (mTS) (1/4). 
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Study Modalities Stimuli used Site tested Outcomes Result 
Battista 1973 Cold 

 
Heat 
 
Electrical 

Cold pressor 
 
Radiant heat 
 
Rectangular wave pulses 

Hand 
 
Forehead 
 
Fingers 

CPT (time)  
CPTol (time) 
HPT (time) 
HPTol (time) 
EPT (mA) 
EPTol (time) 

↔ 
↔ 
+ 
+ 
↔ 
↔ 

Brefel-Courbon 2005 Cold Cold pressor Right hand CPT (oC) + 
Brefel-Courbon 2013 Cold Cold pressor Right hand CPT (oC) + 
Chen 2015 Electrical Sine wave pulses Both sides, fingers EPTol (mA) ↔ 
Dellapina 2011 Heat 

Electrical 
Contact heat 
Rectangular wave pulses 

More affected side thenar  
More affected side sural 

HPT (oC), 
RIII (mA) 

↔ 
↔ 

Djaldetti 2004 Heat Contact heat Thenar (heat) HPT (oC) ↔ 
Gerdalat-Mas 2007 Electrical Rectangular wave pulses Right sural nerve RIII (mA) + 
Gierthmuhlen 2010 Cold 

Heat 
Pressure 

Contact cold 
Contact heat 
Spring loaded algometer 
Von Frey Hairs 

Bilateral thenar CPT (oC)  
HPT (oC)  
PPT (kPa)  
PPT (mN) 

↔ 
↔ 
↔ 
↔ 

Granovsky 2013 Heat 
 
Pressure 

Contact heat  
Contact heat 
Von Frey Hairs 

Bilateral thenar  
 
Bilateral forearm 

HPT (oC), 
Heat pain rating 
PPT (Von Fey g) 
mTS 

↔ 
- 
-* 
-* 

Lim 2008 Cold Cold pressor Bilateral hand CPT (time) 
CPTol (time) 

+ 
+ 

Marques 2013 Heat 
 
Pressure 

Contact heat 
 
Electronic algometer 

Bilateral anterior forearm 
  
Bilateral 2nd phalange of 2nd –
5th fingers 

HPT (oC)  
HPTol (oC) 
PPT (kPa) 
PPTol (kPa) 

↔ 
↔ 
+ 
+ 

Massetani 1989 Electrical Rectangular wave pulses 1st trigeminal branch EPT (mA)  
RIII (mA) 

↔ 
↔ 

Nandhagopal 2010 Heat Contact heat Volar forearm  HPT 
Heat pain rating 
Unpleasantness 

↔ 
↔ 
- 

Perotta 2005 Electrical Rectangular wave pulses Bilateral supraorbital nerve EPT (mA) 
RIII (mA) 

↔ 
↔ 

Perotta 2011 Electrical Rectangular wave pulses Bilateral sural RIII (mA),  
TST 

↔ 
↔ 

Schetasky 2007 Heat Contact heat 
Laser pinprick 

Bilateral dorsum of hand HPT (oC)  
LPT (Watts) 

↔ 
↔ 

Slaoui 2007 Cold 
Heat 

Contact cold 
Contact heat 

More affected side thenar CPT (oC)  
HPT (oC) 
HPTol (oC) 

+ ** 
+ 
+ 

Spielberger 2011 Cold 
Heat 

Contact cold 
Contact heat 

 More affected side CPT (oC),  
HPT (oC) 

↔ 
↔ 

Tinazzi 2008 Heat Laser pin prick Bilateral dorsum of hand, 1st 
metacarpal space 

LPT (Watts) ↔ 

Vela 2012 Cold 
Heat 
Pressure 

Contact cold 
Contact heat 
Electronic algometer 

Bilateral frontal bone, neck, 
hand (finger for pressure),  
tibialis anterior muscle   

CPT (oC) 
HPT (oC)  
PPT (kPa) 

↔ 
↔ 
↔ 

Table 4.8: Summary of methodologies employed, outcome measures and results  
Legend: ↔ = no difference; + = more pain sensitive Med OFF; - = more pain sensitive Med ON  
Abbreviations: CPT = cold pain threshold; CPTol = cold pain tolerance; HPT = heat pain threshold; HPT = heat pain tolerance; 
EPT = electrical pain threshold; EPTol = electrical pain threshold; PPT = pressure pain threshold; PPTol = pressure pain 
tolerance; RIII = RIII value for the nociceptive withdrawal reflex, TST = temporal summation threshold, mTS = mechanical 
temporal summation, LPT = Laser pain threshold 
* Only in subgroup analysis, for patients with left-sided, but not right-sided, Parkinsonism 
** Significant for method of levels, but not method of limits 
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4.3.3.4  Study results 
 
A majority of the studies (11/20) found no significant differences in any of their outcomes between 
Med OFF and Med ON. Seven out of 20 reported at least one outcome favouring reduced pain in the 
Med ON state, while the remaining two studies reported at least one outcome favouring increased 
pain experience in the Med ON state. 
 
For studies reporting reduced pain post medications, the anti-nociceptive effects of dopaminergic 
medications were able to be observed in all modalities of pain tested. The modality of pain most 
likely to see this effect was cold – half of the studies testing cold pain (4/8) found reduced pain 
sensitivity in the Med ON state. This was followed by pressure (1/4), heat (2/11), and electricity (1/7). 
 
For the cold pain sensitivity measures that reduced post medication, both of Brefel-Courbon et al.'s 
studies, as well as Lim et al., reported increased cold pain threshold to cold pressor challenge. Slaoui 
et al. found increased cold pain threshold on QST using the method of levels, although no significant 
difference was found using the reaction time bias prone method of limits. Lim et al. also reported 
increased cold pain tolerance post medications. 
 
For the other modalities with reduced pain post medications, Marques et al. noted increased pain 
thresholds and tolerance to algometer-induced pressure pain after medications. Slaoui et al. and 
Battista et al. reported increased heat pain threshold and tolerance post medications to contact and 
radiant heat respectively, while Gerdalat-Mas et al. found increased RIII threshold post medications. 
Two studies reported increased pain experience in the Med ON state, involving heat and pressure 
pain. Granovsky et al. found increased ratings to suprathreshold contact heat post medications, 
although there was no significant difference in the actual heat pain threshold. They also reported 
increased monofilament-induced mechanical temporal summation and reduced pressure pain 
thresholds post medications, but only in the subgroup of patients with left-side dominant PD. 
Nandhagopal et al. reported increased unpleasantness rating to contact heat post medications, 
although their heat pain threshold and tolerance results showed no significant difference. 
 
Good internal validity was observed in most of the studies reporting more than one type of outcome 
within the same modality of pain stimulus (8/11). Exceptions to this were Slaoui et al., Granovsky et 
al., and Nandhagopal et al., where there was a mixture of significant and non-significant results, as 
mentioned above. None of the studies yielded significant results in the opposite direction. 
 
For the eight studies that assessed pain in more than one modality of pain, five studies concluded 
that medications had a homogenous effect across the different modalities tested, with four 
reporting no significant differences (Gierthmuhlen, Arning et al. 2010, Dellapina, Gerdelat-Mas et al. 
2011, Spielberger, Wolf et al. 2011, Vela, Cano-de-la-Cuerda et al. 2012), and one reporting reduced 
pain across all tested modalities (cold and heat) post medication (Slaoui, Mas-Gerdelat et al. 2007). 
The other three studies found differing effects of medication to pain sensitivity across different 
modalities. Marques et al. noted improved pressure pain but not heat pain sensitivity; Battista 
reported improved heat pain but not cold or electrical pain sensitivity; and Granovsky et al. noted 
increased heat but not pressure pain sensitivity, unless their patients were subdivided based on the 
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laterality of PD – in which case the left-side predominant PD patients had increased pain sensitivity 
to both pressure and heat. None of the studies yielded significant results in the opposite direction. 
 
4.3.3.5 Meta-analysis of Med OFF versus Med ON 
 
Seven studies performed randomisation of the Med OFF and Med ON states for pain sensitivity 
testing. Of these, one study (Nandhagopal, Troiano et al. 2010) did not provide data in a format that 
could be utilised in the meta-analysis, and was therefore not included. Additionally, the 2013 study 
from Brefel-Courbon et al. was a continuation of their 2005 study, with an additional nine PD 
patients recruited. As the 2013 paper included the combined results for all 18 patients, results from 
the 2005 study were not included in the meta-analysis. 
 
The resulting meta-analysis included data from five studies, totalling 95 PD patients who were 
examined in the Med OFF and Med ON state (Figure 4.3). The combined SMD was -0.594 [-0.971, -
0.218], with Z=3.097 and p=0.002, indicating the presence of a statistically significant reduction of 
pain sensitivity in the Med ON group. A moderate degree of heterogeneity between studies was 
present, with a I2 value of 64%, at a significance of p=0.025.   

Figure 4.3: Meta-analysis of pain thresholds for PD patients in Med OFF versus Med ON state 
 
4.3.3.6 Sensitivity analysis for meta-analysis of Med OFF versus Med ON 
 
Meta-analysis using the fixed effects model did not result in a different outcome, with the resulting 
SMD being -0.52 [-0.740, -0.299], with a Z value of -4.612, and p<0.001. Similarly, performing the 
meta-analysis with one study removed did not alter the results significantly, with results being 
significant for reduced pain in the Med ON condition regardless of which study was removed (Figure 
4.4).

Figure 4.4: Results of meta-analysis for Med OFF versus Med ON with one study removed, using the 
random effects model 
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4.4 Discussion 
 
Although a majority of the studies examined found no significant differences in pain sensitivity 
between PDP versus PDNP and Med ON versus Med OFF, results from the meta-analyses appear to 
support the hypothesis that hyperalgesia may play a significant role in the development of persistent 
clinical pain in PD patients, and that dopaminergic mechanisms may be involved in the development 
of hyperalgesia.   
 
For the descriptive systematic review of PDP versus PDNP, all studies had results that were either 
non-significantly trending in favour of, or significantly in favour of, increased pain sensitivity in the 
PDP group. The only exception was Mylius et al., which noted that the lower limb RIII threshold had 
a non-significant trend of a small effect size in the opposite direction. Meta-analysis of PDP versus 
PDNP pain sensitivity studies found a significant moderate-sized effect in favour of hyperalgesia in 
PDP patients. Repeating the analysis using different methods – including using a fixed effects model, 
removing one study from the meta-analysis, and removing studies using data from subgroup analysis 
– did not have an impact on the results, indicating a robust outcome. As such, it is safe to conclude 
that PDP are much more likely to have increased pain sensitivity compared to PDNP. 
 
This review also found associations between persistent clinical pain in PD and increased disease 
severity, female gender and higher medication dosage. Several studies have noted similar 
associations between pain in PD and disease severity (Tinazzi, Del Vesco et al. 2006, Negre-Pages, 
Regragui et al. 2008), levodopa dosage (Defazio, Berardelli et al. 2008, Negre-Pages, Regragui et al. 
2008), and female gender (Scott, Borgman et al. 2000, Barone, Antonini et al. 2009, Beiske, Loge et 
al. 2009, Martinez-Martin, Falup Pecurariu et al. 2012, Yoritaka, Shimo et al. 2013). However, this 
has not been consistently reported throughout the literature, with others finding no significant 
correlation to any of these factors (Hanagasi, Akat et al. 2011, Lin, Yu et al. 2016) or some of these 
factors (Beiske, Loge et al. 2009). Likely explanations for these discrepancies may relate to 
differences in sample size, patient population and method of data collection.  
 
In regards to Med OFF versus Med ON, the systematic review found that most studies skewed in 
favour of reduced pain sensitivity in the Med ON state, although there were more conflicting results, 
with some studies reporting the opposite effect. The most likely explanation is increased 
heterogeneity in study methodology; in particular, the need to test patients with and without 
medications introduces additional variability. Inspection of the studies reporting increased pain in 
the Med ON state also revealed some methodological concerns. In the case of Granovsky et al., their 
Med ON results – which occurred immediately after Med OFF testing – were affected by a significant 
carry-over effect. Significantly increased pain sensitivity was present during the second session of 
testing, even in healthy control participants who did not take dopaminergic medications. As for 
Nandhagopal et al., Med ON testing was done without taking into account the time from the last 
dosage of medication – meaning it was possible that the increased unpleasantness experienced 
could have been attributable to acute wearing-off effects. It must also be pointed out that the 
unpleasantness rating is a measure of the affective-motivational dimension of pain, whereas the 
other outcomes of pain thresholds have been sensory discriminative in nature; as such, another 
possible explanation for this result is that dopaminergic stimulation may have differential effects on 
the medial and lateral pain systems.  
 
To reduce confounding effects and carry-over bias, only studies that randomised Med OFF and Med 
ON states were used in the meta-analysis. A moderate-sized effect in favour of reduced pain 
sensitivity in the Med ON state was found. Repeating the analysis using different methods did not 
alter this outcome. This suggests that PD patients in a Med OFF state have increased sensitivity to 
evoked pain compared to when they are in a Med ON state, and vice versa. 
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This is the first systematic review to address the effects of clinical pain and dopaminergic 
medications on pain sensitivity in PD patients. Pooling of data using a meta-analytic technique 
permitted conclusions that would not have been possible in a single study approach. Sensitivity 
studies, performed in a number of ways, identified no significant changes to the meta-analysis 
outcomes, suggesting that the conclusions drawn were robust, though the presence of significant 
heterogeneity did temper their validity. External validity was good, with the results being broadly 
generalisable to PD patients with any form of PD-associated pain, and PD patients taking either 
levodopa or dopamine agonists. 
 
A number of other caveats to the interpretation of the results apply. Foremost is the fact that the 
link between hyperalgesia and clinical pain in PD is one of association, not a causal one. It might be 
reasonable to speculate that hyperalgesia leads to clinical pain in PD but this cannot be proven 
without longitudinal data. Secondly, the presence of other group differences in the PDP versus PDNP 
comparison – such as the presence of increased disease severity, female gender and higher 
medication dosage in the PDP group – means that any of these factors could also have contributed 
to the finding of hyperalgesia. For example, evoked pain sensitivity studies often find that females 
are hyperalgesic compared to males (Fillingim, Edwards et al. 1999, De Rui, Marini et al. 2015).   
 
In regards to the finding of a Med OFF state being associated with hyperalgesia, while it is 
reasonable to speculate that the underlying pathophysiology is central in nature and related to 
deficiency in dopamine (Brefel-Courbon, Payoux et al. 2005), it is not possible to exclude the 
contribution of non-dopaminergic mechanisms. Noradrenaline has a major role in anti-nociception; 
supraspinal structures, such as the locus coeruleus and RVM, modulate nociception through both 
ascending feedback inhibition and descending suppression of pain (Pertovaara 2006). Since levodopa 
is the precursor to both dopamine and noradrenaline, and its administration has been demonstrated 
to mildly increase noradrenaline levels in the cerebrospinal fluid (Maruyama, Naoi et al. 1996), it is 
conceivable that some of the analgesic effect of levodopa is mediated via noradrenaline. The only 
study to have assessed the effect of dopamine on pain sensitivity in isolation (via the use of 
apomorphine to stimulate dopamine receptors) failed to show any significant effect on pain 
sensitivity (Dellapina, Gerdelat-Mas et al. 2011), which does lend some credence to this theory. 
 
Finally, the presence of hyperalgesia in the Med OFF state and in the PDP group cannot be taken as 
proof of central sensitisation to pain, as peripheral sensitisation can result in the same outcome – 
although the fact that hyperalgesia is observed across all modalities of pain seems to implicate a 
more central mode of action. Schetasky et al.'s 2007 study is also particularly illuminating, as their 
PDP had reduced heat pain threshold, but normal conduction and function of the ascending 
nociceptive pathways as measured by laser evoked scalp potentials – suggesting that the aetiology 
of pain in their group of patients was due to impaired descending inhibition. In regards to the 
descending inhibitory system and PD, two studies (Mylius, Engau et al. 2009, Granovsky, Schlesinger 
et al. 2013) have used conditioned pain modulation to interrogate DNIC, but did not find any 
impairments to its function, suggesting that other descending inhibitory systems might be involved. 
As such, assessment of pain sensitivity using objective measures of central activity – for example 
with functional imaging – may be helpful to establish whether and where central sensitisation might 
have occurred. 
 
The findings in this study have significant clinical implications to the approach of managing pain in 
PD, in particular the way dopamine is administered. As the Med OFF state is associated with 
hyperalgesia, the mainstay of therapy needs to be based on strategies aimed at reducing wearing off 
fluctuations. Increasing dopaminergic medication dosage may in fact exacerbate hyperalgesia by 
promoting increased fluctuations, as evidenced by the association of increased dopamine daily 
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dosage to pain in PD seen here. Although there was not sufficient data from the studies included to 
directly investigate the association of motor fluctuations to pain in PD, this has previously been 
reported in other studies (Tinazzi, Del Vesco et al. 2006); furthermore, there is circumstantial 
evidence here in favour of the hypothesis, as the LEDD doses of >600mg in the PDP group have been 
known to confer an increased risk for the development of fluctuations (Fahn 2005).   
 
In conclusion, the results of this systematic review and meta-analysis support the hypothesis that 
hyperalgesia contributes to clinical pain in PD, and that the underlying mechanism may be 
dopaminergically driven. Measuring pain sensitivity using functional imaging modalities, such as 
fMRI, will provide additional information about the underlying central mechanisms involved in the 
development of hyperalgesia, and help direct future interventional strategies. 
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Chapter 5:  Pain and dyskinesia may share 
common pathophysiological mechanisms – an 
fMRI study 
 

5.1 Introduction of hypothesis and aims 
 
PD patients treated with levodopa initially experience a stable response throughout the day. 
However, with the passage of time and progression of disease, the ongoing pulsatile administration 
of levodopa leads to the development of motor complications, namely levodopa-induced dyskinesia 
(LID) and fluctuations (e.g. shortening of medication effect, reduced efficacy), which are not seen in 
the absence of therapy. The pathophysiological mechanism underlying this phenomenon is thought 
to originate from levodopa-induced plastic changes in the brain, with LID reflecting pharmacological 
sensitisation of the motor pathways, while fluctuations are considered to be an effect of drug 
tolerance (Lees 1989, Nutt 2007). 
 
Clinically, the presence of LID is an independent predictor for other non-motor symptoms, such as 
compulsive behaviours and pain (Wen, Zhang et al. 2012), raising the possibility that these 
symptoms may share similar pathophysiological mechanisms. In particular, Evans et al. (Evans, 
Pavese et al. 2006) has already linked compulsive drug-taking behaviour to sensitisation of the NAcc 
on PET scans in dyskinetic PD patients, demonstrating that levodopa-induced plastic changes do 
indeed affect non-motor pathways.  
 
There is some evidence to support the hypothesis that dyskinetic PD patients may have levodopa-
induced plastic changes in the brain and process pain differently from non-dyskinetic PD patients. A 
preclinical study involving mice that had been primed with levodopa found that mice experience 
hyperalgesia after withdrawal of levodopa (Shimizu, Iwata et al. 2006). Furthermore, Lim et al. (Lim, 
Farrell et al. 2008) found that only dyskinetic PD patients experience large increases in cold pain 
threshold and tolerance after a dose of levodopa. This observed change in pain sensitivity after 
levodopa in dyskinetic patients may reflect the presence of dopaminergic nociceptive pathways that 
have undergone pharmacological sensitisation.  
 
Alternatively, levodopa-induced changes to non-dopaminergic pathways may also serve as a possible 
pathophysiological substrate underlying altered pain processing in dyskinetic patients. There is 
increasing evidence from post-mortem, imaging and preclinical studies to suggest that non-
dopaminergic pathways are altered in dyskinesia (Huot, Johnston et al. 2013). In particular, some of 
the changes, such as enhanced cannabinoid transmission (van der Stelt, Fox et al. 2005) and 
increased preproenkephalin expression (Calon, Birdi et al. 2002), involve neurotransmitter 
mechanisms that have a significant role in normal pain processing – although no studies have 
specifically examined the relationship of these changes to clinical pain in PD patients. 
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The primary aim of this study is to test the hypothesis that central pain processing is altered in 
dyskinetic PD patients. This can be achieved by comparing pain thresholds on psychophysical testing, 
as well as pain-related activation of the distributed brain regions implicated in pain processing (also 
referred to as the “pain neuromatrix”), between dyskinetic and non-dyskinetic PD patients.   
 
If levodopa sensitises central nociceptive pathways, we would anticipate a change in the activation 
of the pain neuromatrix in dyskinetic PD patients, accompanied by a change in pain sensitivity on 
psychophysical testing. The principal brain regions of the pain neuromatrix include the cingulate 
cortex, the primary and secondary somatosensory cortices, and the insula, all of which show levels 
of pain-related activation that correlate with intensity of pain (Coghill, Sang et al. 1999). 
 
If the sensitised pathways mediate anti-nociception, we may also expect to see increased activation 
of areas implicated in the recruitment of endogenous analgesia.  Studies using placebo and 
distraction paradigms have reported activation of pregenual cingulate cortex and NAcc correlating 
with an analgesic response during noxious stimulation (Bantick, Wise et al. 2002, Zubieta, Bueller et 
al. 2005), so it is speculated that these areas may be involved in endogenous analgesia.  Furthermore, 
functional connectivity analyses during placebo and distraction that use these modulating regions as 
seeds have shown increased levels of correlation with the PAG (Valet, Sprenger et al. 2004), a key 
region implicated in descending inhibition of dorsal horn responses to nociceptive inputs.   
 
The secondary aim of this study is to test the hypothesis that dyskinetic patients may have centrally 
sensitised nociceptive pathways that are dopaminergic in nature. In particular, the mesolimbic 
system, consisting of the ventral tegmental area and NAcc, are known to be involved in reward 
processes and may mediate anti-nociception. If these pathways are sensitised, one would expect an 
interaction effect between dyskinesia and medication to be present, with more pronounced 
reduction in pain sensitivity, accompanied by increased pain-induced activation in the brain after 
administration of levodopa in dyskinetic patients. 
  

5.2  Methods 
 
A brief overview of the methods involved will be provided here; a more detailed description has 
already been provided in Chapter 2. 
 
5.2.1 Participants 
 
Twenty-five PD patients gave informed consent to participate in the study, which was approved by 
the Human Research Ethics Committee of Melbourne Health. All participants were recruited from 
the Movement Disorders Clinic at the Royal Melbourne Hospital. Participants were adults diagnosed 
with PD, with no dementia or other comorbidities that cause significant chronic pain other than 
osteoarthritis and depression. 
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5.2.2 Outcome measures: 
 
5.2.2.1 Psychophysical outcomes 
 
The primary outcomes relate to pain sensitivity. They include: 
 

1. JNP threshold for pressure pain and cold pain. This is defined by the minimum intensity of 
pressure (kg) and cold (oC) required to elicit a report of JNP respectively in the Med OFF 
state. 

2. MP threshold for pressure pain and cold pain. This is defined by the intensity of pressure (kg) 
and cold (oC) required to elicit a rating of 5/10 respectively in the Med OFF state. 

3. Pressure pain ratings during fMRI scanning for Med OFF and Med ON states to innocuous 
pressure stimuli and pressure stimuli calibrated to cause MP. 

4. Cold pain ratings during fMRI scanning for both Med OFF and Med ON states to innocuous 
temperature stimuli and cold temperature stimuli calibrated to cause MP. 

5. Stimulus-response function and slope. This is derived from results obtained during stimulus-
dependent tests to determine JNP and MP. The stimulus-response function is obtained by 
plotting the stimulus intensity on the horizontal axis against the pain rating on the vertical 
axis.   

 
Secondary outcomes assessed included 

1. PANAS -ve score – a measure of negative affect 
2. PANAS +ve score – a measure of positive affect 
3. Short-form McGill – a measure of clinical pain 

 
Clinical baseline data collected included: age, sex, ethnicity, age of PD onset, duration of PD, LEDD, 
MDS-UPDRS, short-form McGill, Wearing-Off Questionnaire-9, Geriatric Depression Scale, PDQ-39, 
PANAS and 26-item Parkinson’s Disease Dyskinesia Scale. 
 
5.2.2.2 fMRI outcomes 

1. Regional BOLD signal changes associated with the application of phasic pressure stimulus 
applied to the right thumbnail 

2. rCBF changes associated with the application of a sustained temperature stimulus to the 
right foot  

 
5.2.3 Procedures 
 
The study was conducted over three experimental sessions. The first session involved determining 
pain threshold levels, and the intensity of painful stimulus required to achieve MP using pressure 
and cold stimuli. Baseline clinical data were also obtained in this session.   
 
The second and third sessions involved collecting pain ratings, PANAS scores, short-form McGill 
scores, BOLD data and ASL data in both the Med OFF and Med On states. The Med OFF state 
involved an overnight withdrawal of all dopaminergic medications, while the Med ON state was 
induced by giving the patient their usual dose of morning levodopa, plus their usual morning dose of 
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dopamine agonist if the patient is normally taking a dopamine agonist. The order of medication state 
was randomised using a random number generator in Excel. A more detailed description of the study 
methods can be found in Chapter 2. 
 
5.2.4 Power calculations 
 
The number needed for each group was calculated from psychophysical data, as there are no pre-
existing data on the effect of levodopa on BOLD or ASL activation of the pain-neuromatrix. The only 
study to have examined interaction effects on levodopa and dyskinesia was performed by Lim et al.  
In this study, the interaction effect was quite large – based on the comparison of two independent 
means on t-testing, with the non-dyskinetic group having a mean change in tolerance of 6% with a 
standard deviation of 17%, and the dyskinetic group having a mean change in tolerance of 73% with 
a standard deviation of 122%, the d effect size was calculated to be 0.9. 
 
Therefore, employing the analysis of variance (ANOVA) repeated measures within-between 
interaction model, assuming a large f effect size of 0.4, α of 0.05, power of 0.95, number of groups of 
2, number of measurements of 2, and correlation among repeated measures of 0.5, the total sample 
size was calculated to be 24. 
 
5.2.5 Statistical analysis 
 
All psychophysical data are presented as mean ± standard error of the mean. Statistical analysis was 
performed using Minitab 17. Two-way ANOVA (group, medication state) with repeated measures on 
one factor (medication state) was used to test for differences in pain ratings, affect data and fMRI 
movement data. In the case of pain ratings, individual ratings from each condition were averaged 
prior to performing the ANOVA. For comparison of other clinical data measures, unpaired student’s 
t-tests were performed for continuous dependent variables, while the Chi-squared test was 
employed for categorical variables. 
 
5.2.6 fMRI acquisition and analysis 
 
Functional brain imaging data were acquired at the Murdoch Children’s Research Institute using a 
Siemens TRIO 3T MRI scanner and analysed with the FSL Expert Analysis Tool (FEAT, FMRIB, Oxford, 
UK) (Smith, Jenkinson et al. 2004). Details have been provided in Chapter 2. 

 
5.3 Results 
 
5.3.1 Psychophysical data 
 
5.3.1.1 Baseline data 
 
Of the 25 PD patients, 12 were dyskinetic and 13 were non-dyskinetic. A summary of the clinical data 
is provided in Table 5.1. All patients completed psychophysical testing procedures. Dyskinetic 
patients had significantly increased duration of disease (p=0.003), had more severe disease by way 
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of higher UPDRS scores (p=0.019), and were on higher levodopa equivalent doses (p<0.001) 
compared to non-dyskinetic patients. The severity of dyskinesia in the dyskinetic group was 
relatively mild, with an average MAIMS score of 4.6 ± 0.9, (range 1–11). In contrast to clinical 
observations, in our sample of patients, the prevalence of pain was not increased in the dyskinetic 
group. Otherwise, both groups were well matched for age, gender, side of more severe 
parkinsonism, cognition and mood, all of which are factors that could potentially affect the 
experience of pain and influence the psychophysical and fMRI results. 

 
Table 5.1: Baseline clinical data of the 25 PD participants  
 
5.3.1.2 JNP threshold results 
 
Consistent with our primary hypothesis, dyskinetic patients had increased pain sensitivity to 
pressure pain, requiring less pressure stimulus to achieve JNP compared to non-dyskinetic patients 
(0.729 ± 0.18 kg/cm2 versus 1.308 ± 0.19 kg/cm2, p=0.038). 
 
However, this effect was not observed with cold pain, where no significant differences between the 
two groups were found (12.5 ± 1.4 oC versus 14.77 ± 1.3 oC, p=0.241). 
 
5.3.1.3 MP threshold results 
 
No significant group differences in stimulus intensities were found for either pressure or cold (2.5 ± 
0.3kg/cm2 for dyskinetic subjects versus 2.4 ± 0.3kg/cm2 for non-dyskinetic subjects, p=0.865; and 
6.96 ± 1.27oC for dyskinetic subjects versus 10.08 ± 1.49oC for non-dyskinetic subjects, p=0.124). 
 
5.3.1.4 Pressure pain ratings 
 
Ratings to innocuous pressure and MP pressure were tested for the presence of order effect, to 
ensure that the order of the sessions did not significantly impact on the rating scores. No order 
effect was observed in either the innocuous or MP pressure ratings (F(1,25) = 0.39, p=0.535 and 
F(1,25) = 0.30, p=0.584). 
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The average pain ratings for the dyskinetic and non-dyskinetic PD patients to innocuous and MP 
pressure stimuli during MRI scanning are provided in Table 5.2. 
 

 Innocuous OFF Innocuous ON MP OFF MP ON 
Dyskinetic 0.792 ± 0.15 0.806 ± 0.193 5.833 ± 0.268 5.208 ± 0.391 
Non-dyskinetic 0.628 ± 0.171 0.705 ± 0.234 4.846 ± 0.414 4.038 ± 0.449 
Table 5.2: Average pain ratings for dyskinetic and non-dyskinetic PD patients to pressure stimuli 
 
Two-way ANOVA with repeated measures on one factor were employed in order to examine 
whether there was an interaction between dyskinesia and medication state on pressure pain ratings. 
As the same participant was tested in both Med ON and Med OFF states, a “repeated measures on 
one factor” design was employed.  
 
For both innocuous pressure and pain ratings, residual plots did not identify any violations to the 
assumption of normality, outliers or constant variance.   
 
No significant interaction effects between the effects of dyskinesia and medication were found to 
either pressure pain ratings (F(1,23) = 0.1, p=0.754) or innocuous pressure pain ratings (F(1,23) = 
0.15, p=0.703). 
 
However, for pressure pain ratings, simple main effects analysis did reveal significant group 
differences for the factors dyskinesia and medication. Dyskinetic patients gave higher pressure pain 
ratings (5.52 ± 0.241 versus 4.44 ± 0.31, F(1,23) = 5.21, p=0.032) compared to non-dyskinetic 
patients, while the Med OFF state resulted in higher pain scores compared to the Med ON state (4.6 
± 0.31, versus 5.32 ± 0.27, F(1,23) = 6.2, p=0.02). 
 
No group differences for dyskinesia or medication were noted for innocuous pressure pain ratings. 
 
5.3.1.5 Cold pain 
 
As with pressure pain, no significant order effects were observed between sessions for pain ratings 
to cold and innocuous temperature stimulation (F(1,25) = 1.46, p=0.234, and F(1,25) = 3.61, p=0.064).   
 
The average pain ratings for the dyskinetic and non-dyskinetic PD patients to innocuous and cold 
temperature stimuli during MRI scanning are provided in Table 5.3 
 

 Innocuous OFF Innocuous ON Cold OFF Cold ON 
Dyskinetic 0.722 ± 0.250 0.292 ± 0.132 4.486 ± 0.558 3.611 ± 0.637 
Non-dyskinetic 0.2308 ± 0.2308 0.564 ± 0.241 4.449 ± 0.640 3.936 ± 0.714 
Table 5.3: Average pain ratings for dyskinetic and non-dyskinetic PD patients to pressure stimuli 
 
A “two-way ANOVA with repeated measures on one factor” design was employed to examine 
whether there was an interaction between dyskinesia and medication state on cold pain ratings and 
innocuous temperature ratings. 
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In regards to cold pain ratings, no significant interaction effect was found between dyskinesia and 
medication status (F(1,23) = 0.28, p=0.599). Simple main effects analysis also showed no significant 
group effects for either dyskinesia or medication state groups. 
 
However, a significant interaction effect was found between dyskinesia and medication status to 
innocuous cold pain ratings (F(1,23) = 5.59, p=0.027). Dyskinetic patients rated pain to innocuous 
temperature stimulation higher in the MED Off state compared to the Med ON state, while non-
dyskinetic patients rated pain to innocuous temperature stimulation lower in the Med Off state 
compared to the Med ON state. 
 
5.3.1.6 Stimulus-response function 
 
A summary of the weight and temperature required to elicit JNP and MP are presented in Table 5.4. 
Two-factor ANOVA with repeated measures on one factor was employed to see if there was a 
difference in stimulus-response function slope depending on dyskinesia status. No significant 
interaction effect between dyskinesia status and threshold values for pressure (F(1,23) = 2.37, 
p=0.137) or cold (F(1,23) = 0.98, p=0.332) were found. The stimulus-response functions for pressure 
and cold are displayed in Charts 5.1 and 5.2 respectively; dyskinetic participants had a stimulus-
response function that was shifted to the left for pressure stimulus, but shifted to the right for 
temperature stimulus. 
 

 Pressure (kg) Cold (oC) 
 Dyskinetic Non-dyskinetic Dyskinetic Non-dyskinetic 
JNP 0.729 ± 0.181 1.308 ± 0.190 12.50 ± 1.35 14.77 ± 1.31 
MP 2.500 ± 0.331 2.423 ± 0.304 6.96 ± 1.27 10.08 ± 1.49 
ANOVA (F(1,23) = 2.37, p=0.137) (F(1,23) = 0.98, p=0.332) 
Table 5.4: Weight (kg) and temperature (°C) required to elicit JNP and MP 
 

 
Chart 5.1: Stimulus-response function for pressure stimulation. Stimulus intensity increases from left 
to right on the horizontal axis 
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Chart 5.2: Stimulus-response function for cold stimulation. Stimulus intensity increases from left to 
right on the horizontal axis 
 
5.3.1.7 PANAS 
 

No significant order effects were present between sessions. 
 
A “two-way ANOVA with repeated measures on one factor” design was used to examine whether 
there was an interaction between dyskinesia and medication state on affective ratings. No 
interaction effects were found for either PANAS+ (F(1,23) = 1.68, p=0.208) or PANAS- (F(1,23) = 0.49, 
p=0.492). 
 

Simple main effects analysis found that patients in a Med ON state gave lower PANAS- scores (11.96 
± 0.55, versus 13.88 ± 0.76; F(1,23) = 8.05, p=0.009). 
 

5.3.1.8 Short-form McGill 
 
As results from the short-form McGill were not normally distributed (due to the floor effect of 
patients scoring zero when they do not experience pain), the data were analysed using the Kruskal-
Wallis Test. Neither dyskinesia nor medication status had an effect on the short-form McGill 
(dyskinesia: H=1.6, DF=1, p=0.206; medication: H=0.46, DF=1, p=0.496). 
 
5.3.2.  fMRI data 
 
5.3.2.1. fMRI quality control 
 
Of the 25 patients, 24 patients completed MRI scanning; one dyskinetic participant was unable to 
complete MRI scanning due to claustrophobia. fMRI data on the most dyskinetic patient (MAIMs 11) 
had to be excluded due to excessive motion artefact (5.38mm relative movement of head during 
one run). Ten dyskinetic and 13 non-dyskinetic participants were included in the final analysis of 
fMRI data. 
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As dyskinetic patients are by definition prone to abnormal movements when they are in a Med ON 
state, it was important to assess for the presence of systematic differences in head movement 
during MRI scanning between groups and also across medication states. A summary of head 
movement values during BOLD testing is provided in Table 5.5. 
 

 Relative head movement (mm) Absolute head movement (mm) 
 Dyskinetic Non-dyskinetic Dyskinetic Non-dyskinetic 

Med OFF 0.09 ± 0.01 0.16 ± 0.02 0.34 ± 0.05 0.42 ± 0.05 
Med ON 0.08 ± 0.01 0.15 ± 0.02 0.32 ± 0.05 0.41 ± 0.05 

Table 5.5: Head movement of participants during fMRI scanning 
 
Two-way ANOVA with repeated measures across the medication factor did not identify any 
significant interaction effects for either absolute (F(1,67) = 0, p=0.95) or relative movement (F(1,67) 
= 0.02, p=0.89). Simple main effects analysis did not find significant group differences between 
dyskinesia (absolute: F(1,67) = 1.23, p=0.28; relative: F(1,67) = 3.37, p=0.08) or medication state 
(absolute: F(1,67) = 0.1, p=0.76; relative: F(1,67) = 0.94, p=0.34). 
 
As a final quality control step, a correlation analysis was performed to see if specific experimental 
events (painful stimulation, innocuous stimulation, rating procedure) corresponded to increased 
head movement. None of the participants had correlations exceeding 0.3 for any of the events.    
 
5.3.2.2. BOLD data 
 
(A) Single group activations 
 
Both dyskinetic (n=10) and non-dyskinetic groups (n=13) showed significant pain-related activation 
of the pain neuromatrix, including the bilateral midcingulate cortex, the primary and secondary 
somatosensory cortices, and the insula. Areas implicated in the recruitment of endogenous analgesia 
during pain-related activation, such as the pregenual cingulate cortex and NAcc, were activated as 
well. There was also activation of mesolimbic/mesocortical structures (ventral tegmental area, 
amygdala, dorsolateral prefrontal cortex, pallidum) and the descending pain inhibitory structures 
(PAG, Locus Coeruleus) in the dyskinetic group (Figure 5.1 and Table 5.6). 
 
Both Med OFF and Med ON states also had robust activation of the pain neuromatrix during 
pressure pain. The Med ON state had additional activation of the right substantia nigra and the pons 
raphe nuclei (Figure 5.1). 
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Figure 5.1: Regional increases in BOLD signal activity during MP compared against innocuous pressure. Statistical maps are displayed on the average of all subjects T1 weighted anatomical image normalised 
into standard space, presented axially, with Z values indicating the location of the slice in MNI space. Amyg = amygdala, PAG = periaqueductal grey, SN = substantia nigra, NAcc = nucleus accumbens, VTA = 
ventral tegmental area, Pre Cing = pregenual cingulate, DLPF = dorsolateral prefrontal cortex, AMCC = anterior midcingulate, PMCC = posterior midcingulate, Post Cing = posterior cingulate, S2 = secondary 
somatosensory cortex / parietal operculum, Pons RN = pontine raphe nuclei 
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Dyskinetic PD patients Non-dyskinetic PD patients 

Region 

Peak voxel  
coordinate Z 

Score 

Peak voxel  
coordinate Z 

Score 
x y z x y z 

PAG matter 2 -38 -10 3.45 - - - - 
Locus coeruleus  (R) 6 -32 -26 3.11 - - - - 
   (L) -6 -32 -26 3.18 - - - - 
Ventral tegmental area (R) 8 -22 -10 3.12 - - - - 
   (L) -10 -24 -10 3.45 - - - - 
Substantia nigra   (R) 12 -16 -12 2.83 - - - - 
   (L) -6 -14 -12 2.77 - - - - 
Nucleus accumbens   (R) 12 12 -6 2.40 12 12 -6 3.18 
Putamen    (R) 18 12 -2 4.10 24 4 -8 3.28 
   (L) -20 12 2 6.29 -20 12 -4 3.84 
Caudate    (R) 18 20 4 4.73 14 12 4 2.74 
   (L) -12 12 4 3.69 - - - - 
Pallidum   (R) 18 0 0 4.35 18 0 -6 3.21 
   (L) -20 0 0 4.30 -18 0 -6 3.04 
Subthalamic nucleus  (R) 14 -16 -6 3.66 - - - - 
   (L) -12 -16 -6 2.33 - - - - 
Thalamus   (R) 8 -4 2 4.86 12 -8 10 4.31 
   (L) -12 -10 2 4.63 -8 -10 8 4.66 
Anterior prefrontal cortex (R) 26 56 22 5.50 - - - - 
   (L) -32 48 18 4.47 -30 60 16 4.05 
Dorsolateral prefrontal cortex (R) 34 38 22 6.43 - - - - 
   (L) -34 38 22 4.42 -30 60 16 4.05 
Pregenual cingulate cortex (R) 2 40 0 4.23 4 42 20 4.09 
   (L) -4 32 12 4.75 -4 32 10 3.51 
Anterior midcingulate cortex (R) 4 20 34 7.78 4 16 26 4.33 
   (L) -4 18 24 5.43 -2 18 24 4.06 
Posterior midcingulate cortex (R) 4 -2 36 5.13 4 -2 36 4.08 
   (L) -6 0 42 6.34 -6 -2 40 2.54 
Posterior cingulate cortex (R) 6 -26 46 5.37 - - - - 
   (L) -6 -24 40 3.37 - - - - 
Amygdala   (R) 28 -2 -14 3.79 - - - - 
   (L) -24 -4 -20 3.54 - - - - 
Insula cortex  (R) 36 12 -4 6.95 42 4 0 4.04 
   (L) -40 -4 -2 7.12 -42 0 -4 4.60 
S2 / parietal operculum  (R) 58 -36 26 7.31 62 -34 20 3.71 
   (L) -56 -30 20 6.27 -56 -30 18 3.73 
Inferior parietal lobule (R) 64 -32 38 4.83 - - - - 
   (L) -62 -32 30 5.10 -54 -36 46 4.42 
Superior parietal lobule (R) 24 -54 64 3.62 - - - - 
S1 / post central gyrus (R) 50 20 40 4.11 56 -20 54 3.36 
   (L) -46 -18 42 3.27 -38 -32 52 3.51 
Postcentral gyrus (finger) (L) -58 -16 46 4.10 - - - - 
M1 / precentral gyrus (R) 36 -16 44 6.26 - - - - 
   (L) -42 -14 44 4.63 - - - - 
Cerebellum crus I and VI (R) 36 -62 -36 4.87 - - - - 
   (L) -44 -58 -30 4.356 - - - - 
Cerebellum vermis 6 -62 -20 5.095 - - - - 

Table 5.6: Summary of regions showing increased pain-related BOLD activity in dyskinetic and non-dyskinetic groups. Coordinates of the 
maximally activated voxel in each region are provided in MNI space. All activations were at cluster level significance of p<0.05 corrected. 
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(B) Group differences 
 
Dyskinetic versus non-dyskinetic PD patients 
 
Greater pain-related activation was present in dyskinetic patients (n=10) compared to non-
dyskinetic patients (n=13). Areas involved in pain processing that showed significant differences 
included the PAG, right anterior midcingulate cortex (AMCC), posterior cingulate cortex (PCC), 
superior parietal lobule (SPL), secondary somatosensory region / parietal operculum (S2), and 
bilateral postcentral gyrus (S1). There was also increased activity in motor-related regions, such as 
the left precentral gyrus (M1) and the cerebellum (Table 5.7, Figure 5.2). 
 

Region 
Peak voxel coordinate 

Z score 
X Y z 

PAG matter 2 -38 -10 3.45 
AMCC   (R) 4 20 34 4.32 
Posterior cingulate  (R) 8 -26 40 3.49 
Superior parietal lobule (R) 34 -48 40 4.06 
S2 / operculum  (R) 58 -36 26 4.26 
S1 / postcentral gyrus (R) 28 -36 68 3.96 
   (L) -28 -26 58 3.97 
M1 / precentral gyrus (L) -42 -14 44 3.17 
Cerebellum  (R) 36 -62 -36 4.40 
   (L) -26 -70 -28 3.62 
Cerebellar vermis 4 -64 -28 4.08 

Table 5.7: Summary of regions showing group differences (dyskinetic > non-dyskinetic) in BOLD activity during moderately 
painful versus innocuous pressure stimulation. Coordinates of the maximally activated voxel in each region are provided in 
MNI space. All activations were at cluster level significance of p<0.05 corrected. 

 
Med ON versus Med OFF state 
 
No significant difference in pain evoked BOLD activity was observed between the Med ON and Med 
OFF state (n=23). There was slightly less activation of the bilateral insula cortices in the Med ON 
state, but this was not statistically significant. When the dyskinetic and non-dyskinetic participants 
were assessed separately, the dyskinetic group had more BOLD activity in the occipital cortex and 
cerebellum in the Med OFF state than the Med ON state, suggesting that medication deactivated 
these areas. 
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Figure 5.2: Pain greater than innocuous pressure evoked BOLD activity in dyskinetic and non-
dyskinetic participants. Regions of interest relevant to pain processing showing significant group 
differences between dyskinetic and non-dyskinetic participants are displayed here, with 
corresponding charts showing percentage BOLD signal changes, and time series data. Red areas 
indicate regions that were more active in dyskinetic participants compared to non-dyskinetic 
participants with a cluster level significance of p<0.05 corrected. Yellow represents areas 
significantly activated in dyskinetic participants, and blue represents areas significantly activated in 
non-dyskinetic participants.  
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(C) Interaction differences 
 
No significant interaction effects between dyskinesia and medication status were observed, other 
than deactivation of the occipital cortex after levodopa in dyskinetic participants (defined by 
increased BOLD activity in the Med OFF > Med ON state, dyskinetic > non-dyskinetic, peak voxel 
intensity MNI coordinates: x = 42, y = -72, z = -2, Z-score = 4.27).   
 
5.3.2.3. ASL data 
 
(A) Cold versus innocuous 
 
No areas of increased rCBF were observed in either dyskinetic or non-dyskinetic groups when cold 
was compared against innocuous temperature stimulation. There was decreased rCBF with cold 
stimulation to the dyskinetic group, involving the bilateral middle frontal gyrus (frontal eye fields, 
Brodmann's area 6, peak voxel MNI coordinates: x = -8, y = 30, z = 54, Z-score = 5.03; x = 10, y = 30, z 
= 56, Z-score = 4.82) and left superior frontal gyrus (supplementary motor area, Brodmann's area 8, 
peak voxel MNI coordinates: x = -28, y = 14, z = 56, Z-score = 3.88); these areas were significantly 
more deactivated in the dyskinetic group compared to the non-dyskinetic group. 
 
(B) Med ON versus Med OFF 
 
No areas of increased rCBF were observed in either dyskinetic or non-dyskinetic groups after 
administration of medication. There was decreased rCBF after medication in the non-dyskinetic 
group in the locus coeruleus bilaterally and cerebellum, but this was not statistically significant. 
 
(C) Interaction between dyskinesia and medication state 
 
No significant interaction effect between dyskinesia and mediation state was found.   

 
5.4 Discussion 
 
The main findings of this chapter can be summarised as follows: 
 
1) Dyskinetic PD patients had reduced JNP thresholds, increased pain ratings to fixed pressure 
stimuli, and a shift of the stimulus-response function to the left when compared to non-dyskinetic 
PD patients on psychophysical testing to pressure stimuli.   
2) This was accompanied by increased pain-related BOLD activation in brain areas traditionally 
associated with encoding pain intensity (AMCC, S1, S2), pain spatial orientation (PCC) (Vogt 2005), 
descending pain inhibition (PAG), sensorimotor integration (SPL) (Wolpert, Goodbody et al. 1998), 
and motor control (M1, cerebellum).  
3) Although levodopa did have an impact on psychophysical measures, reducing pressure pain 
ratings and improving negative affect, there was no statistically significant different BOLD activity in 
areas normally associated with pain processing between dyskinetic and non-dyskinetic PD patients.   
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4) Contrary to pressure pain, there were no significant group differences to tonic cold pain on 
psychophysical testing, though functional imaging with ASL did find significantly reduced pain-
induced rCBF in the dyskinetic group in the bilateral superior frontal gyrus and left middle frontal 
gyrus. 
 
The observation of reduced pressure pain threshold, increased pressure pain ratings, and a left shift 
in the pressure stimulus-response function in dyskinetic PD patients is consistent with our 
hypothesis that PD patients with dyskinesia have increased pain sensitivity; it is also concordant with 
previous findings. The corresponding increase in BOLD activity of the pain neuromatrix in the 
dyskinetic group, combined with increased activity of the PAG – a key structure responsible for 
mediating both descending pain inhibition and facilitation (Vanegas and Schaible 2004) – supports 
the notion that central sensitisation of pain pathways occurs in dyskinetic PD patients, and may 
account for the observed increase in pain sensitivity. Even though the PAG has been demonstrated 
to contain dopaminergic neurons in animal studies (Li, Shi et al. 2014, Mor, Kang et al. 2015), the 
lack of an interaction effect between dyskinesia and medication status on fMRI argues against 
dopamine being the principle pathophysiological substrate underlying the findings here – non-
dopaminergic mechanisms are likely to be involved.  
 
Our dyskinetic group also had increased pain-induced activation of areas primarily related to motor 
function (M1, cerebellum). While previous functional imaging studies have noted similar pain-
induced activation of both the motor cortex (Casey, Minoshima et al. 1996, Baciu, Bonaz et al. 1999) 
and cerebellum (Peyron, Laurent et al. 2000), the relevance of these changes to pain processing 
remains unclear, although it is possible that they may have a role in endogenous analgesia. For 
example, cerebellar infarct patients experienced increased pain sensitivity (Ruscheweyh, Kuhnel et al. 
2014), while stimulation of the motor cortex has long been used for treatment of pain (Tsubokawa, 
Katayama et al. 1991), working possibly through disinhibition of PAG neurons (Chiou, Chang et al. 
2013, Franca, Toniolo et al. 2013).   
 
In contrast to Lim et al.'s study (Lim, Farrell et al. 2008), our participants did not demonstrate an 
interaction effect between dyskinesia and levodopa on psychophysical testing of cold pain. One 
possible explanation for the lack of interaction is the fact that the severity of dyskinesia in our 
participants was quite mild (MAIMS of 4.6 ± 0.9) compared to Lim et al.'s study (MAIMS of 17 ± 4) – 
meaning that the accompanying sensitisation of dopaminergic pathways may have been 
correspondingly mild, and our study might not have been sufficiently powered to detect this. 
 
With cold-induced ASL, no significant interaction related increase in pain-induced brain activity was 
observed, although significant deactivation of the right occipital cortex was detected after 
medication in the dyskinetic group. While the functional meaning behind stimulus-induced 
deactivation of the occipital cortex is still unclear, the observation that such signal decreases are 
more prominent when compared to resting state activity, combined with the fact that they are 
induced by a wide range of non-task specific goal-directed activities (Gusnard, Raichle et al. 2001, 
Raichle, MacLeod et al. 2001, Shmuel, Yacoub et al. 2002), suggests that these deactivations do 
genuinely represent reduced neural activity. In other words, the normal baseline processes active in 
these areas are shifted to another region in response to a novel stimulation. In the context of pain, 
similar stimulus-evoked deactivations in the visual areas have been observed in fibromyalgia 
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patients (Lopez-Sola, Pujol et al. 2014) and normal patients who have been sensitised to pain with 
capsaicin (Iannetti, Zambreanu et al. 2005). As such, we could potentially interpret the occipital 
deactivation in our study as indirect evidence of a central pain sensitised state in our dyskinetic PD 
group suggesting that the brain processing activity had been diverted away from the visual cortex to 
service dopaminergic structures.   
 
The failure of ASL to identify an increase of rCBF in the cold stimulation state compared to innocuous 
temperature stimulation states is surprising. Two possibilities exist – the first is that the cold 
paradigm failed to activate the pain neuromatrix due to methodological issues, and though the cold 
ratings suggested an adequate degree of pain activation, the temperature of the cold water bath 
inevitably did increase as the MRI scan went on, even if the rise in temperature was never more than 
2oC. The alternative explanation is that the innocuous temperature paradigm resulted in excessive 
activation of the pain neuromatrix – this is certainly possible, as the ratings obtained during 
innocuous stimulation were not zero; moreover, the dyskinetic PD patients had central pain 
sensitisation, and the ASL was always performed after BOLD acquisition. 
 
Three previous PET imaging studies examined the impact of dopaminergic medications on evoked 
pain in PD patients. Dellapina et al. carried out a randomised placebo-controlled double-blind study 
using the dopamine agonist apomorphine and heat pain, and found no significant differences in 
either psychophysical measures or brain activity. On the other hand, two unblinded studies by 
Brefel-Courbon et al. found that levodopa improved cold pain thresholds and reduced cold pain 
activation of the insula and ACC. In our study, levodopa (± dopamine agonist) reduced pressure pain 
ratings and improved negative affect, but there was no statistically significant reduction in pain 
neuromatrix activation; with respect to cold pain, medication did not have a significant impact on 
either psychophysical measures or rCBF. Differences in technique – such as the choice of imaging 
modality, dopaminergic medication, evoked pain paradigm, blinding, and the presence of a 
significant dopaminergically driven placebo analgesic effect in PD (de la Fuente-Fernandez 2009) – 
may potentially explain the discrepant findings.    
 
This is the first functional imaging study to specifically compare pain processing in dyskinetic versus 
non-dyskinetic PD patients, and provides evidence for the existence of centrally sensitised pain 
mechanisms in dyskinetic PD patients. It therefore implies that there may be an overlapping 
neurobiology between systems implicated in LID and central pain pathways. A number of issues 
need to be pointed out. First, neither subject nor examiner was blinded to medication state, 
increasing the risk of participation expectation bias and examiner bias to our tests results – though 
we did attempt to minimise participant placebo or nocebo effects by informing them that 
dopaminergic medications may either increase, reduce or have no effect on their pain. Secondly, our 
group of dyskinetic PD patients did not experience more clinical pain compared to the non-
dyskinetic group, so the presence of centrally sensitised pain mechanisms cannot be the only 
mechanism involved in the development of clinical pain; it will be worthwhile re-examining the data 
from the perspective of PD patients with pain versus those without pain to see if pain sensitisation is 
more prominent in the former group. Thirdly, as our dyskinetic group had significantly more severe 
disease and longer disease duration, it is difficult to attribute the change in pain sensitivity purely to 
dyskinesia; this could potentially be answered by modelling the covariates of disease severity and 
duration in future analyses. Finally, it is unclear if the increased PAG activity is related to facilitation 
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of pain or descending inhibition; this could potentially be resolved by performing seed connectivity 
analysis to see what other areas of brain were more functionally linked to the increased PAG activity.  
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Chapter 6: The effect of chronic pain on evoked 
pain sensitivity in PD patients – an fMRI study 

 

6.1 Introduction of hypothesis and aims 
 
Experimental paradigms have demonstrated that PD patients are more sensitive to pain (see 
Chapter 3). This has led to the hypothesis that increased pain sensitivity in PD patients may 
contribute to the development of clinical pain – although this view is not as widely accepted, as 
others have noted that the intensities of hyperalgesia involved in the studies are typically mild 
(Wasner and Deuschl 2012). Nevertheless, the finding that PD patients with pain also have increased 
hyperalgesia compared to those without pain (see Chapter 3 for review) suggests that altered pain 
sensitivity probably does have a role to play in the pathogenesis of clinical pain. 
 
The primary aim of this study is to test the hypothesis that PD patients with clinical pain have 
increased sensitivity to noxious stimulation compared to those without pain, and to identify regional 
brain responses associated with this phenomenon. 
 
Given the finding that dyskinetic PD patients appear to have centrally sensitised pain mechanisms 
(see Chapter 5), the other primary goal of this study is to examine whether PD patients with clinical 
pain have pain-related responses that are modulated by dopamine, which would be demonstrated 
by the presence of an interaction effect between experimental pain activations and medication 
status.  

6.2  Methods 
 
6.2.1 Participants, procedures and data analysis 

Data obtained from the 25 PD patients recruited in the previous chapter were used for this analysis. 
Details regarding the experimental protocol for psychophysical testing, functional MRI data 
acquisition, and data analysis are provided in Chapter 4 and Section 5.2.   

In addition to methods already described, participants were asked if they experienced pain in their 
usual day-to-day living. Those who did were classified into the “clinical pain” group, while those who 
did not were classified into the “no-pain” group. 

The underlying aetiology of pain in the “clinical pain” group was classified according to the schema 
as proposed by Ford et al. (Ford 2010), and was determined through appropriate use of history, 
examination, and review of the participants’ medical records and investigation results. 
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6.2.2 Outcome measures 
 
6.2.2.1 Psychophysical outcomes 

As before, the primary outcomes relate to measures of pain sensitivity, which have been described 
in Chapter 5. They included: 

1. JNP threshold for pressure pain and cold pain  
2. MP threshold for pressure pain and cold pain   
3. pressure pain ratings during fMRI scanning for Med OFF and Med ON states 
4. cold pain ratings during fMRI scanning for Med OFF and Med ON states 
5. stimulus-response function slope.  

 
Secondary outcomes assessed included: 

1. PANAS -ve score 
2. PANAS +ve score. 

Baseline data included age, sex, clinical pain characteristics, Mini-Mental State Examination and 
Geriatric Depression Scale. PD clinical characteristics were also recorded, and included duration of 
PD, dyskinesia state, MAIMS, presence or absence of wearing off, UPDRS score and PDQ-39. 
 
6.2.2.1 fMRI outcomes 

fMRI outcomes included:  

1. regional BOLD signal changes associated with the application of phasic pressure stimulus 
applied to the right thumbnail; and 

2. rCBF changes associated with the application of a sustained temperature stimulus to the 
right foot.  

 

6.3 Results 
 
6.3.1 Psychophysical data 
 
6.3.1.1 Baseline data 
 
Of the 25 PD patients, 14 reported clinical pain and 11 did not. A summary of the clinical 
characteristics of the two groups is provided in Table 6.1. While a number of factors have often been 
associated with pain in PD – namely age (Goetz, Tanner et al. 1986, Defazio, Berardelli et al. 2008, 
Negre-Pages, Regragui et al. 2008), disease duration (Tinazzi, Del Vesco et al. 2006, Negre-Pages, 
Regragui et al. 2008, Ehrt, Larsen et al. 2009), disease severity, and depression (Starkstein, Preziosi 
et al. 1991, Ehrt, Larsen et al. 2009) – no significant differences in these characteristics were 
observed in our cohort of patients, although the depressive symptoms endorsed by the “clinical pain” 
group showed a trend toward an increase compared to the “no pain” group.   
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Table 6.1: Clinical characteristics of PD patients divided according to pain status 
 

  
Type of pain 

Short-form  
McGill score 

(part A) 

  

Medication 
responsive 

002 Musculoskeletal, central, dystonic (UL) 6 No 
004 Musculoskeletal, radicular (legs) 6 No 
005 Musculoskeletal, central, dystonic (toes) 5 Yes 
006 Musculoskeletal, radicular (L leg) 1 No 
011 Musculoskeletal 2 No 
014 Dystonic (L hand) 12 Yes 
016 Akathitic pain 10 Yes 
017 Musculoskeletal (L arm) 10 Yes 
018 Radicular (L arm) 3 Yes 
019 Musculoskeletal 4 No 
021 Musculoskeletal 7 Yes 
022 Musculoskeletal, radicular (L leg) 6 No 
023 Musculoskeletal (legs) 1 No 
024 Musculoskeletal (legs) 3 No 
Table 6.2: Individual characteristics of pain experienced by current cohort of PD patients 
 
Musculoskeletal pain was the most common type of pain experienced in our cohort of PD patients 
who experienced clinical pain (11/14), followed by radicular pain (4/14), dystonic pain (3/14), central 
Parkinsonian pain (2/14), and akathitic pain (1/14). Five participants had more than one pain 
subtype. Six of the 14 participants noted that their pain improved with dopaminergic medication. No 
significant correlations between the type of pain experienced and response to dopaminergic 
medication were found; the numbers for central and akathitic pain were too low for statistical 
testing, while Fisher’s exact test was performed for musculoskeletal pain (p=0.055), radicular pain 
(p=0.58), and dystonic pain (p=0.54), as expected counts were less than five. 
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6.3.1.2 JNP threshold results 

With pressure stimulation, the group of PD patients who experienced clinical pain required lower 
mean stimulus intensities to induce JNP compared to the “no pain” group (0.79 ± 0.18 kg/cm2 versus 
1.34 ± 0.19 kg/cm2, p=0.049).   

PD patients in the “clinical pain” group had a higher mean temperature level of cold stimulation to 
evoke JNP compared to the “no pain” group, but the group difference was not statistically significant 
(14.9 ± 1.4oC versus 12.2 ± 1.1oC, p=0.167). 
 
6.3.1.2 MP threshold results 

There was no significant difference between “clinical pain” and “no pain” participants for both 
pressure-related MP threshold and cold-related MP threshold (2.2 ± 0.3kg/cm2 versus 2.6 ± 
0.3kg/cm2 with p=0.359, and 8.7 ± 1.6oC versus 8.4 ± 1.2oC with p=0.124, in the “clinical pain” versus 
the “no pain” group). 
 
6.3.1.3 Pressure ratings 
 
Ratings to innocuous pressure and MP pressure were tested for the presence of an order effect, to 
ensure that the order of the sessions did not significantly impact on the rating scores. No order 
effect was observed in either the innocuous or MP pressure ratings (F(1,25) = 1.75, p=0.193 and 
F(1,25) = 3.57, p=0.065). 
 
The average pain ratings to innocuous and MP pressure stimuli during MRI scanning are provided in 
Table 6.3. 
 

 Innocuous OFF Innocuous ON MP OFF MP ON 
Clinical pain 0.798 ± 0.140 0.762 ± 0.191 5.798 ± 0.343 5.036 ± 0.465 
No-pain 0.591 ± 0.187 0.742 ± 0.251 4.712 ± 0.351 4.045 ± 0.369 
Table 6.3: Average pain ratings for PD patients to pressure stimuli 
 
Two-way ANOVA were employed to test for the effects of pain group (clinical pain, no pain), 
medication status (Med ON, Med OFF), and their interaction on ratings of pain evoked by sustained 
noxious pressure or innocuous pressure during scanning. As the same participant was tested in both 
Med ON and Med OFF states, medication status was modelled as a repeated measures factor.   
 
Residual plots did not identify any violations to the assumption of normality, outliers or constant 
variance for either noxious pressure or innocuous pressure stimulation. No significant interaction 
between pain group and medication status was observed for ratings induced by MP pressure (F(1,23) 
= 0.03, p=0.871).   
 
Simple main effect analysis showed that clinical pain status and medication status had a significant 
effect on pain ratings to MP pressure. Patients with clinical pain gave higher pain ratings to MP 
pressure compared to those with no clinical pain (5.42 ± 0.29 versus 4.38 ± 0.26, F(1,23) = 4.67, 
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p=0.04). PD patients in a Med ON state reported lower pain ratings than when in a Med OFF state 
(4.6 ± 0.31 versus 5.32 ± 0.27, F(1,23) = 6.07, p=0.02).  
 
For ratings induced by innocuous pressure, no significant interaction effects (F(1,23) = 1.36, p=0.255) 
or group effects were observed (“clinical pain” group rating: 0.78 ± 0.12 versus “no pain” group 
rating: 0.667 ± 0.154, F(1,23) = 0.19, p=0.668; Med ON rating: 0.75 ± 0.15 versus Med OFF rating: 
0.707 ± 0.11, F(1,23) = 0.52, p=0.478).  
 
6.3.1.5 Temperature ratings 
 
Ratings to innocuous temperature stimuli and cold stimuli were tested for the presence of order 
effect, to see if the order of the sessions impacted on rating scores. No order effect was observed for 
ratings to cold stimuli (F(1,25) = 3.61, p=0.064); however, a significant order effect was observed on 
ratings to innocuous temperature stimulation (F(1,25) = 4.64, p=0.037), with subjects giving lower 
pain ratings to innocuous temperature stimulation during the second session.  The average pain 
ratings to innocuous and cold temperature stimuli during MRI scanning are provided in Table 6.4. 

 Innocuous OFF Innocuous ON Cold OFF Cold ON 
Clinical pain 0.524 ± 0.196 0.381 ± 0.154 4.988 ± 0.520 4.381 ± 0.652 
No pain 0.394 ± 0.186 0.500 ± 0.259 3.803 ± 0.656 3.015 ± 0.639 
Table 6.4: Average pain ratings for PD patients to cold stimuli 
 
A “two-way ANOVA with repeated measures on one factor” design was employed to examine 
whether there was an interaction between clinical pain and medication state on pain ratings to cold 
stimuli and innocuous stimuli. Residual plots did not identify any violations to the assumption of 
normality, outliers or constant variance for either noxious pressure or innocuous pressure 
stimulation.   
 
There was no significant interaction between the effects of clinical pain and medication status on 
pain ratings to cold (F(1,23) = 0.07, p=0.795) or innocuous stimuli (F(1,23) = 0.48, p=0.495). Simple 
main effects analysis showed that neither clinical pain (F=2.49, p=0.128) nor medication status 
(F=4.12, p=0.054) had a significant effect on pain ratings to cold stimuli. Similarly, simple main 
effects analysis showed that neither clinical pain (F=2.49, p=0.128) nor medication status (F=4.12, 
p=0.054) had a significant effect on pain ratings to innocuous temperature stimuli. 
 
6.3.1.6 Stimulus-response function slope 
 
A summary of weight and temperature required to elicit JNP and MP are presented in Table 6.5. 
Two-factor ANOVA with repeated measures on one factor was employed to see if there was a 
difference in stimulus-response function slope depending on the clinical pain status. A significant 
interaction effect between clinical pain status and threshold values was found; participants with 
clinical pain required a greater degree of stimulus to progress from JNP to MP for both pressure 
(F(1,23)=5.83, p=0.024) and cold stimulation (F(1,23)=10.56, p=0.04), corresponding to a less steep 
slope of stimulus-response function. The stimulus-response functions for pressure and cold are 
displayed in Charts 6.1 and 6.2 respectively; for both pressure and cold, the stimulus-response 
function for the” clinical pain” group was shifted to the left compared to the “no pain” group. 
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 Pressure (kg) Cold (oC) 
 Clinical pain No pain Clinical pain No pain 
JNP 0.786 ± 0.181 1.341 ± 0.194 14.86 ± 1.43 12.18 ± 1.06 
MP 2.227 ± 0.333 2.643 ± 0.294 8.71 ± 1.59 8.41 ± 1.20 
ANOVA F(1,23) = 5.83, p=0.024 F(1,23) = 10.56, p=0.04 
Table 6.5: Weight (kg) and temperatures (C°) required to elicit JNP and MP 
 

 
Chart 6.1: Stimulus-response function for pressure stimulation. Stimulus intensity increases from left 
to right on the horizontal axis. 
 

 
Chart 6.2: Stimulus-response function for cold stimulation. Stimulus intensity increases from left to 
right on the horizontal axis. 
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6.3.1.7 PANAS 
 

No significant order effects were present between sessions for either PANAS+ (F(1,25) = 0.1, p=0.751) 
or PANAS- scores (F(1,25) = 0.45, p=0.506).   
 
A “two-way ANOVA with repeated measures on one factor” design was used to examine whether 
there was an interaction between pain and medication state on affective ratings. No interaction 
effects were found for either PANAS+ (F(1,23) = 1.35, p=0.770) or PANAS- (F(1,23) = 0.13, p=0.718). 
 

Simple main effects analysis revealed significant group differences in PANAS- scores for both pain 
and medication status. Higher PANAS- ratings were observed in the PD patients with clinical pain 
(13.9 versus 11.6, F(1,23) = 4.51, p=0.045), and in the Med OFF state (13.9 versus 12.0, F(1,23) = 7.43, 
p=0.012).  
 
6.3.2 BOLD fMRI results 
 
6.3.2.1  fMRI quality control 
 
fMRI data from 23 out of 25 participants were used in the final analysis, for reasons previously 
specified in Section 5.3.2.1. This included 10 participants in the “no pain” group, and 13 in the 
“clinical pain” group. 
 
Two-way ANOVA with repeated measures and simple main effects analysis was performed on head 
movement data in order to exclude the presence of systematic differences in head movement during 
MRI scanning between groups and across medication states. 
 
No significant interaction between group and medication state was found for either absolute 
movement (F(1,46) = 0.01, p=0.93) or relative movement (F(1,46) = 0.23, p=0.63). Simple main 
effects analysis did not reveal significant differences in movement between groups (absolute 
movement F(1,46) = 0.06, p=0.82); relative movement F(1,46) = 0.00, p=0.96), or across medication 
states (absolute movement F(1,46) = 3.79, p=0.06; relative movement F(1,46) = 1.31, p=0.26). 
 
A summary of head movement values is presented in Table 6.6. 

 Relative head movement (mm) Absolute head movement (mm) 
 Pain No pain Pain No pain 
Med OFF 0.21 ± 0.05 0.24 ± 0.07 0.30 ± 0.03 0.28 ± 0.05 
Med ON 0.19 ± 0.02 0.19 ± 0.05 0.31 ± 0.06 0.29 ± 0.04 
Table 6.6: Head movement of participants during fMRI scanning listed by pain status 
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6.3.2.2. BOLD data 
 
(A) “Clinical pain” group versus “no pain” group 
 
 (i) Painful greater than innocuous stimulation contrast 
 
Both “clinical pain” and “no pain” groups showed significant pain-related activation, including the 
bilateral insula, cingulate cortex and sensory cortices (Figure 6.1A & B). There was a significantly 
greater degree of pain-related activation throughout the brain in the “no pain” group (Figure 6.1C), 
despite participants reporting a lower subjective experience of pain compared to the “clinical pain” 
group on their pain rating scales. A list of regions showing increased BOLD activity in the “no pain” 
group is provided in Table 6.7. 
 
In contrast, “clinical pain” patients did not have regions of significantly increased pain greater than 
innocuous activation compared to the “no pain” group, despite subjectively reporting increased 
levels of pressure pain compared to the other group. 
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Figure 6.1: Pain greater than innocuous BOLD activation in (A) “no pain” and (B) “clinical pain” group; 
and (C) regions with increased BOLD activity in “no pain” versus “clinical pain” group  
aPFC = anterior prefrontal cortex   PCC =  posterior cingulate cortex 
aMCC = anterior midcingulate cortex   RN =  raphe nuclei 
dlPFC = dorsolateral prefrontal cortex   S1 =  primary somatosensory cortex 
FC =  frontal cortex     SAC =  sensory associative cortex 
FEF =  frontal eye fields   SMA =  supplementary motor cortex 
Hip =  hippocampus     SN =  substantia nigra 
pACC =  pregenual anterior cingulate cortex SPL= superior parietal lobule 
Pall =  pallidum,     STA =  superior temporal area 
PH =  parahippocampus   Thal =  thalamus 
Put =  putamen    VC /VAC = visual cortex / visual associative cortex 
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Region 
 Peak voxel coordinate 

Z score 
BA X Y z 

  
    

Midbrain raphe nucleus  0 -24 -16 3.23 
Substantia nigra    (R)  14 -16 -12 2.98 
Caudate     (L) 48 -14 0 18 3.09 
     (R) 48 14 4 18 3.57 
Ventral pallidum    (L)  -20 -4 -6 3.31 
Putamen    (L) 49 -30 2 2 3.97 
Thalamus (posterior)   (R) 50 12 -26 12 3.29 
Pregenual anterior cingulate  (L) 24 -4 34 12 3.55 
     (R) 24 4 34 2 3.55 
Anterior midcingulate   (R) 32 4 22 26 2.83 
Cingulate isthmus   (R) 30 20 -44 2 3.49 
Posterior cingulate   (L) 23 -4 -48 36 3.51 
     (R) 23 4 -46 32 3.41 
Insula     (L) 13 -42 14 2 3.00 
     (R) 13 42 18 -12 3.70 
Parahippocampus   (L) 36 -28 -38 -12 3.20 
     (R) 36 26 -38 -12 2.87 
Hippocampus    (L) 54 -36 -22 -12 3.51 
     (R) 54 32 -16 -12 3.18 
Fusiform gyrus    (L) 37 -20 -48 -12 2.83 
     (R) 37 58 -48 -12 4.18 
Anterior prefrontal cortex   (L) 10 -2 56 -12 3.73 
     (R) 10 4 52 -12 3.37 
Inferior frontal gyrus (pars opercularis) (R) 44 40 14 6 4.85 
Dorsolateral prefrontal cortex  (L) 46 -42 40 2 3.27 
     (R) 46 44 32 14 3.86 
Middle frontal gyrus / frontal eye field (L) 8 -16 20 42 3.72 
     (R) 8 26 12 42 3.69 
Supplementary motor area  (L) 6 -22 -4 48 3.18 
     (R) 6 16 16 48 4.35 
Superior temporal area   (L) 22 -56 4 -12 2.99 
Primary somatosensory cortex  (R) 1 48 -22 48 4.49 
Sensory associative cortex   (L) 5 -28 -40 56 3.89 
     (R) 5 18 -40 48 4.24 
Supramarginal gyrus   (L) 40 -66 -28 26 3.19 
Superior parietal lobe (precuneus)  (L) 7 -12 -48 62 3.99 
     (R) 7 4 -48 68 3.63 
Occipital lobe primary visual cortex  (L) 17 -4 -90 4 4.35 
Occipital visual associative cortex  (R) 18 12 -96 12 3.72 
Cerebellum    (L)  -28 -72 -26 4.41 
     (R)  30 -78 -44 4.13 
  

     

Table 6.7: Peak pain > innocuous BOLD signal difference between “clinical pain” and “no pain” groups in 
relevant regions of interest 
 
  



120 
 

(ii) Innocuous stimulation and painful stimulation 
 
Examination of BOLD activity induced by innocuous pressure stimulation identified significant 
activations in both “clinical pain” and “no pain” groups, extending beyond the primary and 
secondary somatosensory cortices (Figure 6.2), involving the ipsilateral insula cortex and bilateral 
cingulate cortex in both groups, as well as the bilateral prefrontal cortex and caudate in the “clinical 
pain” group.   
 
The difference in BOLD activity induced by innocuous pressure stimulation between the two groups 
was statistically significant in a number of brain regions, with increased BOLD activation in the 
“clinical pain” group compared to the “no pain” group, involving the left dorsal anterior insula, 
putamen, parietal operculum, dorsolateral prefrontal cortex, bilateral caudate and posterior 
midcingulate (Table 6.8, Figure 6.2C, Figure 6.3).   
 
There was no statistically significant difference in BOLD activity induced by painful pressure 
stimulation between the “clinical pain” and “no pain” groups. The pressure-pain-induced BOLD 
activity maps for both groups are displayed in Figure 6.4.  
 
Together, this suggests that the reduced pain greater than innocuous stimulation activity in the 
“clinical pain” group compared to the “no pain” group was driven by significantly increased BOLD 
signal change to innocuous stimulation in the “clinical pain” group.  
 

Region 
 

BA 
Peak voxel coordinate 

Z score 
X Y z 

Caudate     (L) 48 -14 10 18 4.25 
     (R) 48 18 8 20 5.69 
Putamen    (L) 
Insula (dorsal anterior)   (L) 

49 
13 

-24 
-34 

12 
4 

6 
14 

3.20 
4.06 

Posterior midcingulate cortex  (L) 24 -2 0 34 3.19 
     (R) 24 6 -2 40 3.75 
Dorsolateral prefrontal cortex  (L) 46 -32 34 20 4.06 
Parietal operculum   (L)  -44 -10 14 3.35 
Table 6.8: Peak difference in innocuous-stimulation-induced BOLD signal difference between 
“clinical pain” and “no pain” group in clusters of activation 
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Figure 6.2: Innocuous pressure stimulation induced BOLD activity in the “no pain” and “clinical pain” 
group. In blue are regions with significant innocuous pressure induced BOLD activity in the “clinical pain” 
group; red are regions with significant innocuous pressure induced BOLD activity in the “no pain” group,  
and green are regions where there is significantly greater innocuous pressure stimulation induced BOLD 
activity in the “clinical pain” group compared to the “no pain” group 
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Figure 6.3: Regions of increased innocuous pressure induced BOLD activity in the “clinical pain” group compared to the “no pain” group. Areas with 

significant group differences are displayed in green, with corresponding charts showing percentage BOLD signal changes   
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Figure 6.4: Painful pressure stimulation induced BOLD activity in “clinical pain” and “no pain” groups.  



124 
 

(B) Interaction effects between clinical pain and medication status 
 
PD patients with clinical pain displayed areas of significantly increased pain greater than innocuous 
pressure-induced BOLD activity post dopaminergic medications, involving the right caudate, 
putamen, thalamus, dorsal anterior insula, parahippocampus, fusiform gyrus, hippocampus, middle 
temporal area and visual associative cortex (Figure 6.5A, Table 6.9). There were no regions of 
significantly reduced pain greater than innocuous pressure-induced BOLD activity post levodopa. 
 
In contrast, PD patients with no clinical pain demonstrated areas of significantly increased pain 
greater than innocuous pressure-induced BOLD activity during Med OFF days compared to Med ON 
days. This indicates that in the “no pain” group, administration of dopaminergic medications 
resulted in reduced pain greater than innocuous pressure-induced BOLD activity. The regions 
involved included the left orbitofrontal cortex / ventromedial prefronal cortex and ventral striatum, 
right parahippocampus, fusiform gyrus, pregenual anterior cingulate, caudate, pallidum, posterior 
insula, and bilateral subgenual anterior cingulate and prefrontal cortex (Figure 6.5B, Table 6.6). 
There were no areas of increased pressure-pain-induced BOLD activity post levodopa. 
 
Significant interaction differences in pain greater than innocuous pressure-induced BOLD activity 
were observed between PD pain and medication status (Figure 6.5C, Table 6.9).  Specifically, this was 
characterised by:  

1. increased BOLD activity to medication in the “clinical pain” group and reduced activity to 
medication in the “no pain” group involving the right caudate, parahippocampus and 
fusiform gyrus (Figure 6.6); 

2. greater increase in BOLD activity to medication in the “clinical pain” group compared to the 
“no pain” group in the right putamen, thalamus, middle temporal area and visual associative 
cortex (Figure 6.8A); and 

3. greater decrease in BOLD activity to medication in the “no pain” group compared to the 
“clinical pain” group involving the left orbitofrontal cortex / ventromedial prefrontal cortex 
and ventral striatum, right pallidum, primary somatosensory cortex, supramarginal cortex 
and SPL, and bilateral subgenual anterior cingulate and prefrontal cortex (Figure 6.8B). 

Additionally, there was one region of significant interaction difference involving the right ventral 
anterior insula cortex; however, there was no significant activation or deactivation post levodopa in 
its own right in either the “clinical pain” and “no pain” group respectively (Figure 6.7). 
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Figure 6.5: Regions that had significant differences in Pain > Innocuous pressure induced BOLD 
activity post levodopa in “clinical pain” and “no pain” groups, and regions that had a significant 
interaction effect between clinical pain status and medication status.  
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Figure 6.6: Regions with significant interaction effects between clinical pain status and medication 
status, characterised by increased activation in clinical pain group combined with reduced activation 
in no pain group post levodopa. 
 

 
Figure 6.7: Region showing a significant interaction effect between clinical pain status and 
medication status, despite the lack of significantly increased or decreased pain > innocuous pressure 
induced BOLD activity in either “clinical pain” group or “no pain” group. 
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Figure 6.8: Regions with significant interaction effects between clinical pain and medication status (magenta) characterised by increased pain > innocuous 
pressure induced BOLD activity in the “clinical pain” group post levodopa (blue), or reduced pain > innocuous pressure induced BOLD activity in the “no pain” 
group post levodopa (red).  
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  Clinical pain group (↑ BOLD) No pain group (↓ BOLD) Significant interaction 

Region BA 

 
Peak voxel  
coordinate Z score 

 
Peak voxel  
coordinate Z score 

 
Peak voxel  
coordinate Z score 

X Y Z X Y Z X Y Z 

Caudate   (R) 48 14 16 4 3.12 12 16 -2 3.82 14 14 4 4.13 
Parahippocampus (R) 36 22 -34 -14 3.23 18 -38 -8 3.65 20 -38 -6 4.01 
Fusiform gyrus   (R) 37 22 -44 -16 2.90 24 -54 -7 3.13 22 -44 -16 3.11 
Putamen  (R) 49 22 6 8 3.31 - - - - 26 -10 10 3.22 
Thalamus  (R) 50 6 -24 10 2.98 - - - - 15 -28 6 3.78 
Middle temporal area (R) 21 44 -40 0 3.41 - - - - 44 -40 2 3.22 
Visual associative cortex (R) 18 26 -48 0 3.74 - - - - 28 -50 0 3.15 
OFC/VMPFC  (L) 11 - - - - 10 56 -22 3.81 10 56 -22 3.53 
Ventral striatum  (L)  - - - - -12 18 -8 2.83 -12 18 -8 2.99 
Pallidum   (R)  - - - - 22 -10 2 2.74 24 -10 0 2.52 
Subgenual ACC  (L) 24 - - - - -6 26 -4 3.28 -6 24 -6 3.69 
   (R) 25 - - - - 4 28 -6 3.37 4 28 -6 3.55 
Prefrontal cortex   (R)  10 - - - - 34 56 -2 3.76 34 56 -2 4.30 
   (L) 10 - - - - -20 54 2 3.95 -22 54 2 3.81 
Primary somatosensory (R) 1 - - - - 42 -30 44 3.28 42 -30 44 3.50 
Supramarginal cortex (R) 40 - - - - 38 -50 48 3.29 40 -50 48 3.18 
Superior parietal lobule (R) 7 - - - - 32 -54 52 3.18 40 -52 52 3.01 
Visual cortex  (L) 17 - - - - -6 -78 8 3.66 -16 -78 6 3.75 
Insula (dAIC)  (R) 13 32 12 10 2.43 - - - - - - - - 
Hippocampus  (R) 54 24 -16 -18 3.68 - - - - - - - - 
Insula (PIC)  (R) 13 - - - - 36 -22 2 2.38 - - - - 
Primary somatosensory (L) 1 - - - - -64 -20 20 3.59 - - - - 
Insula (vAIC)  (R) 13 - - - - - - - - 40 22 -6 3.04 
Table 6.9: Peak pain greater than innocuous BOLD activations demonstrating an interaction effect between pain and medication. Legend: OFC/VMPFC = 
orbitofrontal cortex/ventromedial prefrontal cortex; ACC = anterior cingulate cortex; dAIC = dorsal anterior insula cortex; PIC = posterior insula cortex; vAIC 
= ventral anterior insula cortex  
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6.3.2.2. ASL data 
 
(A) Cold versus innocuous 
 
No areas of increased rCBF were observed in either the “clinical pain” or “no pain” group when cold 
was compared to innocuous temperature stimulation. However, there was significantly decreased 
rCBF in the “clinical pain” group to cold stimulation involving the left frontal eye field (BA8, peak 
voxel MNI coordinates: x=-22, y=24, z=52; Z-score=3.36), supplementary motor area (BA6, peak 
voxel MNI coordinates: x=-42, y=5, z=52; Z-score=3.47), and sensory associative cortex (BA5, peak 
voxel MNI coordinates: x=-24, y=-34, z=64; Z-score = 3.73).   
 
This resulted in a significant difference of rCBF between the two groups in the left supplementary 
motor area (peak voxel MNI coordinates: x=-44, y=5, z=54; Z-score=3.36), with the “clinical pain” 
group having reduced rCBF compared to the “no pain” group (Figure 6.4A). 
 
 (B) Med ON versus Med OFF 
 
No areas of increased rCBF were observed in either the “clinical pain” or “no pain” group after 
administration of medication. There was decreased rCBF after medication in the pain group in the 
left locus coeruleus (peak voxel MNI coordinates: x=-4, y=-36, z=-24; Z-score = 2.59) and cerebellum, 
but the rCBF in these areas was not significantly different compared to the “no pain” group. 
 
(C) Interaction between pain and medication state 
 
Cold-related increase in rCBF post levodopa was observed in the “clinical pain” group in the bilateral 
hippocampus, fusiform gyrus, visual cortex and cerebellum. No cold-related increase in rCBF post 
levodopa was observed in the “no pain” group. The increase in rCBF post medication in the “clinical 
pain” group was significant compared to the “no pain” group in the bilateral parahippocampus, 
fusiform gyrus and visual cortex (Figure 6.4B, Table 6.10). 
 

Region 
 Peak voxel coordinate 

Z score 
Brodmann's area X Y Z 

Fusiform gyrus   (L) 37 -30 -40 -14 3.23 
    (R) 37 32 -58 -10 3.02 
Visual association cortex   (L) 18 + 19 -14 -70 -8 3.47 
    (R) 19 22 -56 -10 2.84 
Parahippocampus  (L) 36 -18 -34 -14 2.80 
    (R) 36 12 -40 -6 2.98 
Table 6.10: Peak difference in cold-related increase of rCBF post levodopa in “clinical pain” versus 
“no pain” group 
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Cold-related decrease in rCBF post levodopa was also observed in the “clinical pain” group, involving 
the bilateral frontal eye fields and left supplementary motor area and primary somatosensory cortex. 
No cold-related decrease in rCBF was seen in the “no pain” group. The decrease in rCBF post 
medication in the “clinical pain” group was significant compared to the “no pain” group in the 
supplementary motor area and primary somatosensory cortex (Figure 6.4B, Table 6.11).  
 

Region 
 Peak voxel coordinate 

Z score 
Brodmann's area X Y Z 

Primary somatosensory cortex (L) 1 -28 -34 64 2.89 
Supplementary motor area (L) 6 -34 4 58 3.63 
Table 6.11: Peak difference in cold-related decrease of rCBF post levodopa in “clinical pain” versus 
“no pain” group 
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Figure 6.9: ASL data. Legend: SAC = sensory associative cortex; SMA = supplementary motor area; 
FEF = frontal eye fields; VAC = visual associative cortex; VC = visual cortex; PH = parahippocampus; 
S1 = primary somatosensory cortex 
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6.4 Discussion 
 
The main findings of this study can be summarised as follows. 
 
6.4.1  Psychophysical test results 
 
1) Stimulus-dependent testing of PD patients using pressure stimuli revealed that participants with 

clinical pain required less stimulus intensity to achieve JNP threshold compared to participants 
with no clinical pain.   
   

2) Response-dependent testing using a fixed pressure stimulus found that PD patients with clinical 
pain reported statistically significant higher pain ratings to pressure stimuli that previously 
induced MP, compared to those with no clinical pain. Both groups gave the innocuous pressure 
stimulus experience as a non-zero value rating. 

 
3) In both the “clinical pain” and “no pain” groups, levodopa reduced pain ratings to moderate 

pressure but not to innocuous pressure.   
 
4) PD participants with clinical pain had a leftward shift and reduction in the slope of the stimulus-

response function curve to both pressure and cold stimuli compared to those with no clinical 
pain. 

 
5) In regards to affective ratings, the “clinical pain” group of PD patients had higher ratings of 

negative affect (PANAS-). Levodopa appeared to improve negative affect ratings overall.   
 
6.4.2 Imaging results 
 
1) PD patients with no clinical pain had extensive regions of the brain with significantly increased 

pain greater than innocuous pressure-induced BOLD activity compared to PD patients with 
clinical pain, despite reporting less pain during testing. The brain regions showing this difference 
included the insula, somatosensory cortex, anterior cingulate, hippocampus and 
parahippocampus, prefrontal cortex, basal ganglia (thalamus, caudate, pallidum, putamen) and 
the midbrain raphe, the occipital lobes and the cerebellum. 
 

2) Further analysis showed that PD participants had widespread activation of the brain beyond the 
primary and secondary somatosensory cortices during innocuous stimulation, with “clinical pain” 
PD participants having significantly increased areas of BOLD activity to innocuous stimulation 
compared to “no pain” PD participants.  

 
3) Significant interaction effects between PD patient clinical pain status and medication status was 

present for pressure-induced BOLD activity. While both groups experienced a reduction in pain 
experience after dopaminergic therapy, on fMRI, “clinical pain” PD patients had increased pain 
greater than innocuous BOLD activity, while “no pain” PD patients had reduced pain greater 
than innocuous BOLD activity after administration of dopaminergic medications. 
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4) No significant areas of increased rCBF were observed in either the “clinical pain” or “no pain” 
groups when cold stimulation was compared against innocuous temperature stimulation. 
Interestingly, similar to the pressure pain BOLD results, PD patients with pain again had regions 
with less rCBF compared to “no pain” patients when stimulated with cold water. Additionally, an 
interaction effect between PD patient clinical pain status and medication status was present, 
with higher rCBF in the bilateral parahippocampus and fusiform gyrus but lower rCBF in the left 
(contralateral) supplementary motor area and S1 post dopaminergic medications in the “clinical 
pain” group. 

 
6.4.3 Discussion 
 
The psychophysical results in this study demonstrate that PD patients with clinical pain had more 
sensitisation of nociceptive pathways compared to those without clinical pain. This is particularly 
evident in the case of pressure stimulus, where PD patients with clinical pain had lower JNP 
thresholds, higher pain ratings to stimulus intensity calibrated to cause MP, and a leftward shift and 
reduced gradient of the stimulus-response function curve, compared to PD patients with no pain.   
 
The increased evoked pain experience is in line with the hypothesis that PD patients with clinical 
pain have increased pain sensitivity. However, the reduced slope of stimulus-response function here 
– characterised by a significantly lowered JNP threshold, but not significantly different MP threshold, 
when comparing “clinical pain” to “no pain” patients – is not a typical finding for hyperalgesia seen 
in chronic pain conditions, which is usually associated with steeper slopes (Vierck, Wong et al. 2014) 
and increased pain experience across all stimulus intensity levels.   
 
A similar pattern (involving higher ratings at lower stimulus intensity levels in conjunction with a less 
steep stimulus-response function) has previously been reported in pain sensitivity studies comparing 
Alzheimer’s disease participants to healthy controls (Cole, Farrell et al. 2006, Jensen-Dahm, Werner 
et al. 2014, Jensen-Dahm, Werner et al. 2015). In those instances, Jensen-Dahm et al. attributed this 
phenomenon to cognitive impairment rather than an inherent change in pain processing, with 
reduced ability to maintain vigilance when rating pain and reduced ability to recall previous pain 
ratings, thereby resulting in a regression towards the mean effect. However, our cohort of PD 
participants did not have cognitive impairment, nor was there a difference in Mini-Mental State 
Examination scores between the “clinical pain” and “no pain” groups; as such, this change may 
represent a genuine alteration in pain processing. 
 
Paradoxically, despite describing a more painful experience to evoked pain, the “clinical pain” PD 
group had less pain greater than innocuous pressure-induced BOLD activity. The most parsimonious 
explanation is that the increased BOLD activity in the “no pain” PD group, together with the reduced 
pain experience, represents the activation of endogenous analgesic mechanisms during evoked 
painful stimuli. Indeed, many of the regions showing increased pain greater than innocuous 
pressure-induced BOLD activity in the “no pain” PD group have been shown in other functional 
imaging studies to mediate analgesia during painful stimulation. Examples include the activation of 
the ACC (Petrovic, Kalso et al. 2002, Zubieta, Bueller et al. 2005, Kong, Gollub et al. 2006), insula 
cortex (Zubieta, Bueller et al. 2005), dorsolateral prefrontal cortex (Zubieta, Bueller et al. 2005, Kong, 
Gollub et al. 2006), fusiform gyrus and parahippocampus (Kong, Gollub et al. 2006) to placebo 
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analgesia, and activation of the posterior thalamus (Valet, Sprenger et al. 2004) to distraction-
induced analgesia. Accordingly, this could imply that reduced ability to recruit endogenous analgesic 
mechanisms to evoked painful stimuli may contribute to clinical pain in PD patients. 
 
If this hypothesis – namely that “no pain” PD patients have more capacity to recruit endogenous 
analgesic mechanisms to evoked pain compared to “clinical pain” PD patients – holds true, one 
would anticipate increased pain pressure-induced BOLD activity in the “no pain” group compared to 
the “clinical pain” group. However, this did not appear to be the case; rather, it was an increase in 
innocuous pressure-induced BOLD activity that was driving the reduced pain greater than innocuous 
pressure-induced BOLD activity in the “clinical pain” group. In particular, both groups of PD 
participants had quite extensive activation of regions outside the primary and secondary 
somatosensory cortices involving regions well known to be associated with pain processing, such as 
in the insula and cingulate cortices. The “clinical pain” group also had significantly more activation of 
the left dorsal anterior insula, putamen, parietal operculum, dorsolateral prefrontal cortex, and 
bilateral caudate and posterior midcingulate cortices. In fact, both “clinical pain” and “no pain” 
groups did not rate the innocuous pressure experience as zero, suggesting that some of the BOLD 
activity occurring outside the somatosensory cortices may potentially reflect allodynia. While brain 
responses to allodynia are not fully established, available functional imaging studies analysing 
allodynia in patients with neuropathic pain point to the involvement of the anterior insula, cingulate 
cortices and basal ganglia structures, such as the caudate and thalamus, in addition to the primary 
and secondary somatosensory cortices (Peyron, Schneider et al. 2004, Ducreux, Attal et al. 2006, 
Schweinhardt, Glynn et al. 2006, Witting, Kupers et al. 2006, Friebel, Eickhoff et al. 2011, Peyron, 
Faillenot et al. 2013), which would be compatible with the findings of our study. Nevertheless, there 
was no significant difference in ratings to innocuous pressure between the “clinical pain” and “no 
pain” group, so the increased innocuous pressure-induced BOLD activity in the “clinical pain” group 
cannot be attributed to allodynia. The actual behavioural correlate for this imaging finding is 
uncertain, though it clearly represents aspects of pain processing that are not linked to 
discriminating intensity; rather, it may potentially reflect cognitive or affective nociceptive processes 
– for example, increased anticipation of pain, or increased fear and anxiety towards a painful 
experience. Perhaps the closest clinical correlate this activity represents is nocebo hyperalgesia, 
where the patient’s expectation that the experience may be painful can increase pain; after all, 
nocebo motor effects are known to occur in PD patients (Pollo, Torre et al. 2002, Benedetti, Pollo et 
al. 2003), so it will not be surprising if the phenomenon occurs in nociceptive pathways. Regardless, 
the implication here is that clinical pain in PD may be related to aberrant nociceptive processing in 
response to low intensity pressure stimuli, rather than an increased pain response to explicitly 
painful levels of stimuli, and that this phenomenon may have more to do with cognitive and 
affective processing of pain, than the sensory/discriminative assessment of pain intensity.  
 
Another noteworthy finding of this study is the presence of an interaction effect between clinical 
pain and medication status on pressure-induced BOLD activity, as this is the first study to 
demonstrate that PD patients with clinical pain have central nociceptive pathways that have been 
sensitised by dopaminergic medications. Although levodopa did reduce pain ratings to moderately 
painful pressure in both groups, there was no associated significant interaction effect between 
clinical pain status and medications to pain ratings. As such, the brain regions showing this 
interaction effect do not reflect areas responsible for mediating the anti-nociceptive effect of 



135 
 

dopamine on pain intensity, but rather represent non-sensory/discriminative pain processing regions 
that have undergone dopamine-induced sensitisation. Interestingly, the same region in the right 
caudate showed this interaction effect, as well as the increased sensitivity to innocuous pressure in 
PD patients with clinical pain; it is therefore possible that some of the increased sensitivity to 
innocuous pressure may have arisen out of dopamine-induced sensitisation. Analysing whether 
there is a significant interaction between clinical pain and medication status for innocuous pressure-
induced BOLD activity by itself will be the next step in confirming whether or not this is the case. 
 
While the cold temperature-induced ASL activity also demonstrated regions of reduced activity in 
the “no pain” group, as well as the presence of an interaction effect between medication and clinical 
pain status, the results need to be interpreted with caution, as the cold stimulation did not result in 
greater regional activity compared to innocuous stimulation in its own right. As discussed previously, 
failure of cold to result in greater ASL activity could either reflect methodological issues, such as 
excessive increase in temperature of the water during ASL scanning, or excessive activity of the pain 
neuromatrix during innocuous temperature stimulation. Further analysis of the actual rCBF values 
will be necessary to identify which is the case. 
 
In conclusion, this study provides evidence that PD patients with clinical pain have increased pain 
sensitivity compared to their counterparts without pain. The pathophysiological mechanism 
underlying clinical pain in PD may be due to an aberrant nociceptive response to low-level intensity 
pressure stimuli, related to cognitive or affective aspects of pain processing. While levodopa reduces 
pain ratings at explicitly painful levels of pressure stimulation, it has no significant impact at low 
levels of intensity stimulation, so it may not necessarily have a significant impact on reducing clinical 
pain. On the other hand, chronic dopamine use may lead to pharmacological sensitisation of central 
nociceptive pathways that may be contributory to the development of clinical pain in PD. 
 
 

  



136 
 

Chapter 7: Conclusion 
 
Pain is a core non-motor symptom of PD that is poorly understood and suboptimally managed, 
particularly in patients who have had the disease for prolonged periods of time, and have developed 
dopaminergic treatment-related complications. While previous research implicates changes in pain 
sensitivity as a factor in the experience of clinical pain in PD patients, the heterogeneity of outcomes 
from multiple pain sensitivity studies has made it difficult to draw a firm conclusion on the matter. 
Additionally, very few functional neuroimaging studies have been performed to interrogate the 
central mechanisms underlying pain in PD patients, with none of them specifically addressing the 
influence of long-term dopaminergic medication use on pain processing. Through the use of 
systematic review and meta-analysis techniques, as well as psychophysical and functional magnetic 
imaging techniques, this thesis has helped address some of the shortcomings listed above. The key 
findings, limitations and future directions are discussed below. 

7.1 Key findings and implications  
 
7.1.1 Systematic review findings 
 
Based on the systematic review of currently available literature pertaining to pain sensitivity in PD 
patients, the key findings are as follows.  

1) PD participants have increased pain sensitivity compared to aged-matched healthy controls 
across all modalities of pain tested. 

2) PD participants who experience pain clinically have increased pain sensitivity compared to 
PD participants who do not experience pain. 

3) PD participants have decreased pain sensitivity during the Med ON state compared to the 
Med OFF state. 

 
The findings of the systematic reviews in this thesis have helped provide further surety to the 
consensus view that pain sensitivities are increased in PD patients. Furthermore, this evidence 
supports hypotheses that are less established, such as the presence of increased pain sensitivity in 
PD patients who experience clinical pain, and the finding of reduced pain sensitivity in the presence 
of dopaminergic medications. 
 
The implications here are threefold. Firstly, the finding that PD patients have increased pain 
sensitivity compared to aged-matched healthy controls strongly suggests that the disease itself 
results in abnormal pain processing, and shifts it in a pro-nociceptive manner. Secondly, the finding 
that PD patients who experience clinical pain have an even greater degree of pain sensitivity 
confirms that pain processing in these patients has shifted even further in a pro-nociceptive manner; 
a case could therefore be made that this may be the pathophysiological basis underlying clinical pain 
in PD patients. Thirdly, the finding that dopaminergic medications reduce pain sensitivity confirms 
that dopaminergic mechanisms are likely to be involved in the processing of pain for PD patients. 
 
Accordingly, these findings help to further shift the traditional view of PD as a motor disorder with 
pain arising as a consequence of motor disability, to one where altered nociception is an intrinsic 
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part of the disease process. Not only does this provide a framework for interrogating the 
pathophysiological mechanisms underlying pain in PD, it also helps shift the clinician’s perspective 
away from focusing on clinical pain as purely a consequence of motor dysfunction. 
  
7.1.2 Psychophysical and functional magnetic resonance findings 
 
The key findings are as follows. 

1) Dyskinetic PD participants have increased pressure pain sensitivity compared to non-
dyskinetic PD participants, which was associated with increased pressure-induced 
pain>innocuous BOLD activity in areas associated with encoding pain intensity (AMCC, S1, 
S2), pain spatial orientation (PCC), descending pain mediation (PAG), sensorimotor 
integration (SPL) and motor control. 

2) PD participants with clinical pain had increased pressure pain sensitivity and higher ratings 
of negative affect compared to PD participants without pain. The key difference on 
functional imaging between the two groups was that the “clinical pain” PD cohort had a 
significantly greater degree of innocuous pressure-induced BOLD activity, involving the 
contralateral dorsal anterior insula, putamen, parietal operculum, dorsolateral prefrontal 
cortex, and bilateral caudate and posterior midcingulate cortices. Additionally, functional 
imaging revealed an interaction between clinical pain and medications, with increased 
pressure-induced pain>innocuous BOLD activity after medications in the “clinical pain” 
group, and the reverse in the “no pain” group. 

3) Levodopa reduced pressure pain sensitivity on psychophysical measures, but no 
corresponding change in brain BOLD activity was detected. 

 
The psychophysical findings demonstrating increased pain sensitivity in “clinical pain” and dyskinetic 
PD patients, and reduced pain measures after levodopa, adds further weight to the conclusions 
drawn in the systematic review findings. More importantly, however, through the use of functional 
imaging, we have demonstrated for the first time that sensitisation of central nociceptive pathways 
occurs in dyskinetic and “clinical pain” PD patients, and that this may be the pathophysiological 
process underlying the increased pain sensitivity observed in these patients. 
 
Dyskinesia in PD is a unique side effect arising from long-term pulsatile administration of 
dopaminergic medications, and is a reflection of pharmacological sensitisation of motor pathways in 
the brain (Lees 1989, Nutt 2007). While it is possible that the increased pain sensitivity and centrally 
sensitised nociceptive pathways seen in our dyskinetic PD patients reflect a similar 
pathophysiological process of levodopa-induced pharmacological sensitisation – much the way 
compulsive drug-taking behaviours were linked to sensitisation of the nucleus accumbens in 
dyskinetic PD patients (Evans, Pavese et al. 2006) – the lack of an interaction effect between 
dyskinesia and dopaminergic medications in both psychophysical and functional imaging testing 
argues against the sensitised nociceptive pathways being directly influenced by dopamine levels. 
Instead, other neurotransmitters are likely involved. Of particular interest is the increased BOLD 
activity observed in the PAG matter, an important mediator of descending pain inhibition and 
facilitation that utilises L-glutamate, γ-aminobutyric acid, encephalin and substance P as its main 
neurotransmitters. As such, overactivity of PAG neurons may be the underlying mechanism for the 
increased pain sensitivity seen in dyskinetic PD patients. 
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For the “clinical pain” PD patients, the most striking difference was the marked increase in BOLD 
activity to innocuous pressure stimulation. Both “clinical pain” and “no pain” PD patients rated some 
pain to pressure in the normally innocuous range, suggesting that some degree of allodynia must 
have occurred during pain sensitivity testing. However, the lack of significant difference in pain 
ratings to innocuous stimulation argues against increased allodynia as the principle behavioural 
manifestation of the increased innocuous pressure-induced BOLD activity seen in “clinical pain” PD 
patients. Rather, this BOLD activity likely reflects aspects of pain processing that are not involved in 
discriminating intensity, but sub-serve the cognitive and affective domains, such as anticipation of 
pain or the affective experience of pain. Accordingly, an exaggerated painful emotional or cognitive 
response to low levels of stimuli may be the underlying pathophysiological mechanism for clinical 
pain in PD patients. This represents a decrement in the fidelity of pain processing where pain is not 
tightly linked to stimulus intensity, but is more associated with cognitive and affective factors, such 
as increased anticipation or expectation that a stimulus will be painful, with increased fear and 
anxiety in response.  Perhaps the closest clinical correlate this activity represents is nocebo 
hyperalgesia; after all, nocebo motor effects are known to occur in PD patients (Pollo, Torre et al. 
2002, Benedetti, Pollo et al. 2003), so it would not be surprising if this occurs.   
 
The presence of an interaction effect between clinical pain and medication status on functional 
imaging is a particularly important finding, as it provides direct evidence that levodopa has induced 
pharmacological sensitisation in central nociceptive pathways of “clinical pain” PD patients. The lack 
of interaction of these two factors on pain ratings again suggests that these dopaminergically 
sensitised nociceptive regions are not responsible for the sensory discriminative encoding of pain 
intensity, but mediate other aspects of pain evaluation. Some of the regions showing this interaction 
effect overlap increased innocuous-induced BOLD activity in “clinical pain” PD patients, raising the 
possibility that dopamine-induced sensitisation could potentially have given rise to the innocuous 
stimulation findings. 
 
A final note must be made about the finding that although levodopa reduced pain ratings to 
moderately painful pressure stimulus, it did not result in a corresponding change in BOLD activity on 
functional imaging, nor did it affect pain ratings to innocuous pressure stimulation. The difference in 
pain scores to moderately painful pressure stimulus, though significant, was quite small, and failure 
to detect a difference on functional imaging may be a reflection of the small effect size. Regardless, 
the implication is that although levodopa may result in slightly improved sensory/discriminative pain 
sensitivity results to moderately painful pressure stimulation, its small effect size – combined with 
the observation that clinical pain in PD is more associated with abnormalities in non-
sensory/discriminative aspects of pain processing to low intensity stimuli – means that levodopa 
may not have a significant effect on clinical pain experience.   
 
Taken together, these findings represent a paradigm shift in the understanding of clinical pain in PD; 
in particular, clinical pain in PD may occur as a consequence of exaggerated responses to lower 
intensity pressure stimuli rather than hyperalgesia to explicitly painful stimuli, and have less to do 
with sensory discriminative aspects and more to do with cognitive and affective factors. Additionally, 
although levodopa may reduce pain sensitivity to moderate intensity stimuli acutely, its clinical 
effect is likely to be small. Furthermore, it does not impact pain ratings at lower intensity levels of 
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stimulation, so it may not have a great impact on reducing clinical pain. On the other hand, long-
term dopamine use could result in sensitisation of central nociceptive pathways and lead to the 
development of clinical pain in the first instance. 
 
Clinically, this formulation correlates well with the observation that standard analgesic medications 
dealing predominantly with the sensory/discriminative aspects of pain – such as opiates 
(Trenkwalder, Chaudhuri et al. 2015) – are not particularly effective, whereas antidepressant-type 
medications – such as duloxetine (Djaldetti, Yust-Katz et al. 2007) – have better efficacy in treating 
Parkinsonian pain. The observation that some forms of Parkinsonian pain can be alleviated by 
reversing excessive striatal dopaminergic plasticity using continuous dopaminergic stimulation 
therapies, such as DBS and levodopa gel infusion, is in keeping with the hypothesis that 
dopaminergic sensitisation of nociceptive pathways leads to clinical pain. Accordingly, research and 
treatment of clinical pain in PD should shift away from methods to reduce sensory/discriminative 
pain, and focus more on strategies aimed at disengaging the increased nociceptive activity to 
innocuous stimulation, and the prevention and reversal of dopamine-induced sensitisation. 

7.2 Limitations and future directions 
 
While the studies in this thesis have helped provide new insights into the pathophysiological 
mechanisms of pain processing in PD patients, the cross-sectional nature of the data used in both 
our systematic review and psychophysical and functional imaging studies means that the 
information obtained only provides evidence of association, not cause and effect. In particular, it is 
difficult to determine whether the aberrant pain-related responses observed have a causal or effect 
link to clinical pain in PD. Future research aimed at establishing a causal link between abnormal 
central nociceptive processing and clinical pain in PD could follow a cohort of PD patients, then 
serially examine their pain sensitivities and pain-related brain activity, to see whether this predicts 
the development of clinical pain. A similar method could be used to investigate whether dopamine-
induced sensitisation results in central changes that contribute to clinical pain. However, a more 
interesting use of longitudinal data would be to test therapies that can potentially reverse 
sensitisation of central nociceptive pathways – such as continuous dopaminergic stimulation 
therapies, like deep brain stimulation or levodopa gel infusion – to see if they can improve clinical 
pain. 
 
In regards to the systematic review results, limitations inherent to the use of meta-analytic 
techniques – such as the presence of trial heterogeneity and the variable quality of trials involved, in 
this instance – may potentially affect the validity of results, although the impact here would have 
been minimised through the use of the random effects model. Nevertheless, the finding that clinical 
pain in PD is associated with increased pain sensitivity needs to be interpreted with caution, as there 
was a mismatch in group characteristics – namely that of more severe disease, higher medication 
dosages, and a higher proportion of females in the “clinical pain” PD group – meaning that these 
factors could also have contributed significantly to the difference in pain sensitivity. 
 
Likewise, with the psychophysical and functional imaging studies, the presence of mismatched 
clinical characteristics between groups – such as the existence of significantly higher disease severity, 
disease duration and medication dose in the dyskinetic group, compared to the non-dyskinetic group 
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– means that these other factors could have potentially contributed to the results. Another factor 
that was mismatched in both the dyskinetic and “clinical pain” groups was the finding that painful 
pressure stimulation during fMRI resulted in higher pain ratings, despite selecting a stimulus 
intensity that was supposed to eliminate group differences in pain experience. In both instances, 
adding these covariates in the modelling of BOLD activation levels would be helpful to address these 
concerns. However, in the case of the significantly increased innocuous BOLD activity in the “clinical 
pain” PD patients, the imbalance in pain experience during painful pressure should not alter the 
interpretation of the results. 
 
The demonstration of significantly increased pain-related brain activity to innocuous stimulation in 
the “clinical pain” PD group warrants further investigation into what this activity represents clinically, 
and what the pathophysiological basis underlying this change is. To begin with, examining whether 
this innocuous pressure-induced BOLD activity has an interaction effect between clinical pain and 
dopaminergic medications might give some clues as to whether this was brought about by 
pharmacological sensitisation to dopamine. As this effect is probably not linked to stimulus intensity, 
other aspects of pain – such as the affective emotional factors – should also be assessed, to see if 
they correlate with the increased brain activity.   
 
Finally, more time should be spent interrogating non-dopaminergic neurotransmitter systems that 
influence pain, such as noradrenaline, serotonin, L-glutamate, γ-aminobutyric acid and opiates. This 
could be done by combining the techniques used in this thesis with medications that have an effect 
on these neurotransmitter systems, or with the use of other functional imaging techniques, such as 
functional proton magnetic resonance spectroscopy, to measure neurotransmitter concentrations in 
key regions of interest identified in this study, or PET scans that utilise specific neurotransmitter 
receptor ligands to investigate the receptors of interest.   
 

7.3 Concluding remarks 

Pain is a poorly understood and suboptimally managed symptom of PD. It adversely impacts quality 
of life for both patients and carers, and represents an increasing area of concern in the public health 
system. Optimal pain management can only be achieved when the underlying pathophysiological 
mechanisms underlying this phenomenon are better characterised. To this end, this thesis 
investigated pain processing in PD, with a particular focus on changes in central nociceptive 
mechanisms associated with dopaminergic sensitisation and clinical pain.   

Three very important concepts have arisen out of the work in this thesis. Firstly, clinical pain in PD is 
associated with a marked increase in brain response to low-level pressure stimulation, but not to 
explicitly painful pressure stimulation; behaviourally, this activity is linked not to the intensity of 
pressure experience, but to other aspects such as affective and cognitive representations of the pain 
experience. Secondly, while levodopa may reduce pain ratings to explicitly painful pressure 
stimulation, it does not impact pain assessment at low levels of stimulation; so even though 
experimental studies may show reduced pain to explicitly painful stimuli, it may not have much 
impact on clinical pain. Thirdly, on the flip side, chronic dopamine use induces sensitisation of 
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central nociceptive pathways in PD patients, which may contribute to the development of clinical 
pain. 

Translating this back towards clinical practice, strategies designed to prevent and treat clinical pain 
in PD should focus primarily on avoiding dopamine-induced sensitisation and reversing this 
sensitisation when it is present. Also, medications that reduce pain intensity may not be particularly 
helpful for clinical pain in PD; the focus should move towards medications that work on the other 
dimensions of pain. Finally, in regards to further research, the greatest area of need is to identify the 
root cause of the increased sensitivity to innocuous pressure stimulation in PD patients with clinical 
pain, and to design strategies to better disengage this aberrant response.  
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Appendix 

MDS-UPDRS 
 

1.A Source of info:   PART III  

 PART I  3.4a Finger tap – R  
1.1 Cognitive impairment  3.4b Finger tap – L  
1.2 Hallucinations & psychosis  3.5a Hand movement – R  
1.3 Depressed Mood  3.5b Hand movement – L  
1.4 Anxious Mood  3.6a Pronation-supination - R  
1.5 Apathy  3.6b Pronation-supination – L  
1.6 Features of DDS  3,7a Toe tapping – R  
1.7 Sleep problems  3.7b Toe tapping – L  
1.8 Daytime Sleepiness  3.8a Leg agility – R  
1.9 Pain and other sensations  3.8b Leg agility – L  
1.10 Urinary problems  3.9 Arising from chair  
1.11 Constipation problems  3.10 Gait  
1.12 Light headedness on standing  3.11 Freezing of gait  
1.13 Fatugue  3.12 Postural stability  

 PART II  3.13 Posture  
2.1 Speech  3.14 Global spontaneity of movement  
2.2 Saliva and drooling  3.15a Postural tremor – RUL  
2.3 Chewing and Swallowing  3.15b Postural tremor – LUL  
2.4 Eating Tasks  3.16a Kinetic tremor – RUL  
2.5 Dressing  3.16b Kinetic tremor – LUL  
2.6 Hygiene  3.17a Rest tremor amplitude – RUL  
2.7 Handwriting  3.17b Rest tremor amplitude – LUL  
2.8 Doing hobbies and other activities  3.17c Rest tremor amplitude – RLL  
2.9 Turning in bed  3.17d Rest tremor amplitude – LLL  
2.10 Tremor  3.17e Rest tremor amplitude – Lip/jaw  
2.11 Getting out of bed  3.18 Constancy of rest tremor  
2.12 Walking and balance   Hoen Yahr Stage  
2.13 Freezing   Were dyskinesia present?  

 PART III   Did dyskinesia affect rating?  

3.1 Speech   Part IV  
3.2 Facial expression  4.1 Time spent with dyskinesias  
3.3a Rigidity - neck  4.2 Functional impact of dyskinesias  
3.3b Rigidity RUL  4.3 Time spent in OFF state  
3.3c Rigidity LUL  4.4 Functional impact of fluctuations  
3.3d Rigidity RLL  4.5 Complexity of motor fluctuations  
3.3e Rigidity LLL  4.6 Painful OFF state dystonia  
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PANAS 
 
This scale consists of a number of words that describe different feelings and emotions.  Read each 
item and then mark the appropriate answer in the space next to that word.  Indicate to what extent 
you are feeling this way right now, at this present moment.  Use the following scale to record your 
answers. 
 

1 = Not at all / Very slightly   
2 = A little 
3 = Moderately 
4 = Quite a bit 
5 = Extremely 

 
 
 
Interested ____________    Irritable  ____________ 
Distressed ____________    Alert  ____________ 
Excited  ____________    Ashamed ____________ 
Upset  ____________    Inspired ____________ 
Strong  ____________    Nervous ____________ 
Guilty  ____________    Determined ____________ 
Scared  ____________    Attentive ____________ 
Hostile  ____________    Jittery  ____________ 
Enthusiastic ____________    Active  ____________ 
Proud  ____________    Afraid  ____________ 
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Short Form McGill 
Part A: Please describe your pain at the present point in time 
 None (0) Mild (1) Moderate (2) Severe (3) 
1. Throbbing     
2. Shooting     
3. Stabbing     
4. Sharp     
5. Cramping     
6. Gnawing     
7. Hot-burning     
8. Aching     
9. Heavy     
10. Tender     
11. Splitting     
12. Tiring-exhausting     
13. Sickening     
14. Fearful     
15. Punishing-cruel     
 
Part B: Rate your pain during the last week 
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WOQ-9 
 

Symptom Experiences symptom Usually improves after dose 
1. Tremor   
2. Any slowness in movement   
3. Mood changes   
4. Any stiffness   
5. Pain/aching   
6. Reduced dexterity   
7. Cloudy mind/ slowness of thinking   
8. Anxiety / panic attacks   
9. Muscle Cramping   

 
Modified Abnormal Involuntary Movement Scale (mAIMS)  
 None Minimal Mild Moderate Severe 
Left upper limb 0 1 2 3 4 
Right upper limb 0 1 2 3 4 
Left lower limb 0 1 2 3 4 
Right lower limb 0 1 2 3 4 
Trunk 0 1 2 3 4 
Face & Neck 0 1 2 3 4 
 

Total Score  _____________ 
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PDYS-26 (The 26 item Parkinson Disease Dyskinesia Scale) 
 
This questionnaire is about involuntary movements (dyskinesias) that you may have.  In the last 
week, how much did involuntary movements interfere with your daily activities when your 
involuntary movements were at their worst?  Please try to distinguish any other causes, in 
particular slowness, stiffness, or tremor caused by Parkinson’s disease itself or dystonia (cramps).  
Only rate yje effect of involuntary movements on each activity. 
 
Activity Not at all Mild Moderate Severe Impossible N/A 
1. Sitting 0 1 2 3 4  
2. Talking on the telephone 0 1 2 3 4  
3. Talking face to face to family or 

friends 
0 1 2 3 4  

4. Talking face to face to strangers 0 1 2 3 4  
5. Drinking from a cup 0 1 2 3 4  
6. Dressing and undressing 0 1 2 3 4  
7. Putting on a coat 0 1 2 3 4  
8. Eating 0 1 2 3 4  
9. Writing 0 1 2 3 4  
10. Cutting up food 0 1 2 3 4  
11. Eating in public 0 1 2 3 4  
12. Washing yourself 0 1 2 3 4  
13. Brushing your teeth 0 1 2 3 4  
14. Using the toilet 0 1 2 3 4  
15. Walking 0 1 2 3 4  
16. Sitting in a public place (eg 

theatre/cinema/bus) 
0 1 2 3 4  

17. Dialling the telephone 0 1 2 3 4  
18. Meeting people socially 0 1 2 3 4  
19. Keeping still when stressed or 

excited 
0 1 2 3 4  

20. Doing up buttons 0 1 2 3 4  
21. Reading 0 1 2 3 4  
22. Holding objects 0 1 2 3 4  
23. Carrying objects 0 1 2 3 4  
24. Opening doors 0 1 2 3 4  
25. Keeping your head still (eg at 

dentist/hairdresser) 
0 1 2 3 4  

26. Standing still 0 1 2 3 4  
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PDQ39 – Quality of Life Scale 
Due to having Parkinson’s Disease, how often during the past 30days have you: 

Key: 0 = never; 1 = rarely; 2 = Sometimes; 3 = Often; 4 = Always or cannot do at all 
 

1. Had difficulty doing the leisure activities you would like to do?    ___ 
2. Had difficulty looking after your home, for example, housework, cooking, yard work? ___ 
3. Had difficulty carrying shopping bags?       ___ 
4. Had problems walking half a mile?        ___ 
5. Had problems walking 100yards (approximately 1 block)?     ___ 
6. Had problems getting around the house as easily as you would like?    ___ 
7. Had difficulty getting around in public places?      ___ 
8. Needed someone else to accompany you when you went out?    ___ 
9. Felt frightened or worried about falling in public?      ___ 
10. Been confined to the house more than you would like?     ___ 
11. Had difficulty showering and bathing?       ___ 
12. Had difficulty dressing?         ___ 
13. Had difficulty with buttons or shoelaces?       ___ 
14. Had problems writing clearly?        ___ 
15. Had difficulty cutting up your food?        ___ 
16. Had difficulty holding a drink without spilling it?      ___ 
17. Felt depressed?          ___ 
18. Felt isolated and lonely?         ___ 
19. Felt weepy or tearful?         ___ 
20. Felt angry or bitter?          ___ 
21. Felt anxious?          ___ 
22. Felt worried about your future?        ___ 
23. Felt you had to hide your Parkinson’s from people?      ___ 
24. Avoided situations which involve eating or drinking in public?    ___ 
25. Felt embarrassed in public?         ___ 
26. Felt worried about other people’s reaction to you?      ___ 
27. Had problems with your close personal relationships?     ___ 
28. Received the support you needed from your spouse or partner?    ___ 

(Answer N if you do not have a spouse or partner) 
29. Received the support you needed from your family or close friends?    ___ 
30. Unexpectedly fallen asleep during the day?       ___ 
31. Had problems with your concentration, eg, when reading or watching TV?   ___ 
32. Felt you memory was failing?        ___ 
33. Had distressing dreams or hallucinations?       ___ 
34. Had difficulty speaking?         ___ 
35. Felt unable to communicate effectively?       ___ 
36. Felt ignored by people?         ___ 
37. Had painful muscle cramps or spasms?       ___ 
38. Had aches and pains in your joints or body?       ___ 
Felt uncomfortably hot or cold?        ___
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Geriatric Depression Scale 
 

 
 
 

Total Score  _______________ 
 


