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ABSTRACT 

 

Background: Complex regional pain syndrome (CRPS) is the most painful disorder known to 

man and presents with altered sensory perceptions and motor dysfunction. Past neuroimaging 

studies demonstrate that CRPS is associated with brain changes. The overall aim of this thesis 

was to investigate the role of the brain in CRPS pain and motor dysfunction.  

 

The sensorimotor cortex is important in pain and motor function. Sensorimotor cortical 

reorganisation and disinhibition have been identified in CRPS and many have postulated that 

such changes involve altered gamma-aminobutyric acid (GABA) mechanisms. These 

sensorimotor changes are thought to be so significant that treatments of CRPS aim to restore 

sensorimotor cortical reorganisation and disinhibition. And yet despite the postulated 

GABAergic mechanisms for sensorimotor disinhibition, sensorimotor cortex concentrations of 

inhibitory and excitatory neurotransmitters have never been evaluated in CRPS.  

 

In addition to the sensorimotor cortex, the basal ganglia also regulates pain. The basal ganglia 

has separate functional loops involved in motor and non-motor functions. In CRPS, it has been 

shown that there are changes to basal nuclei such as the putamen and caudate nucleus and such 

changes have been linked to CRPS pain and motor dysfunction. Further, neuroinflammation 

by infiltration of activated astrocytes has been found in the basal ganglia of CRPS patients. 

However, the basal ganglia functional loops have not been systematically evaluated in CRPS.  
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Finally, the transmission and modulation of pain involves multiple brainstem nuclei such as 

the periaqueductal gray (PAG), locus coeruleus (LC), and rostral ventromedial medulla (RVM). 

In other chronic pain conditions, the PAG, LC, and RVM have been found to facilitate pain. 

Interestingly, many CRPS studies have postulated that pain processing is altered at the 

brainstem, yet the brainstem has not yet been directly investigated in CRPS.  

 

Methods: A series of three experiments were conducted comparing upper limb CRPS patients 

with pain-free controls to investigate various brain regions important in pain and motor 

function. i) In Chapter 2, magnetic resonance spectroscopy (MRS) was used to determine 

GABA and glutamate concentrations in the sensorimotor cortex of 14 CRPS and 30 pain-free 

controls. The relationship between GABA and glutamate concentrations and tactile acuity in 

CRPS was determined using Pearson’s correlation. ii) In Chapter 3, resting-state functional 

magnetic resonance imaging (fMRI) was used to determine infraslow oscillations (ISO) and 

functional connectivity of the motor and non-motor basal ganglia loops in 15 CRPS and 45 

age- and sex-matched pain-free controls. Pearson’s correlation was used to determine the 

relationship between basal ganglia ISO and pain and motor function in CRPS. iii) Finally, in 

Chapter 4 resting-state fMRI was used to determine the functional connectivity between the 

PAG, LC, and RVM, and the functional connectivity of the PAG and LC to higher brain areas 

in 15 CRPS and 30 age and sex-matched pain-free controls. Using Pearson’s correlations, the 

relationship between CRPS functional connectivity changes of brainstem nuclei and pain 

intensity was determined.  

 

Results: Contrary to our original hypothesis, sensorimotor cortex GABA and glutamate 

concentrations did not differ between CRPS and controls or between CRPS brain hemispheres 
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and neither concentration was correlated to tactile acuity in CRPS. Investigations of the basal 

ganglia circuitry revealed the motor putamen of CRPS patients had increased ISO power and 

both the putamen and caudate body had increased functional connectivity to the basal ganglia 

cortical input areas such as the primary motor cortex (M1), cingulate motor area, and 

orbitofrontal cortex. Increased ISO and functional connectivity of the putamen were correlated 

to increased perceived pain and motor dysfunction in CRPS. Additionally, functional 

connectivity between the PAG, LC, and RVM was not different between CRPS and controls. 

However, compared to controls, the PAG and LC had altered functional connectivity to higher 

brain areas in CRPS, with decreased PAG to S1 and posterior parietal cortex connectivity and 

increased LC to the caudate nucleus, anterior cingulate cortex, and hippocampus connectivity. 

Decreased PAG to S1 functional connectivity correlated to decreased pain in CRPS.  

 

Conclusions: Overall these findings demonstrate that CRPS involves changes to the basal 

ganglia motor and non-motor loops and brainstem pathways to the higher brain areas but does 

not involve changes to sensorimotor cortex GABA or glutamate concentration. Increased ISOs 

in the motor putamen may indicate neuroinflammation via astrogliosis and increased astrocytic 

calcium wave propagation in CRPS. It is postulated that noradrenaline released by the LC may 

induce the basal ganglia ISO increases of CRPS by activation of astrocytic α1 receptors. This 

in turn can potentially decrease GABAA receptor activity which may explain CRPS 

sensorimotor reorganisation and disinhibition. Additionally, altered functional connectivity of 

the PAG and LC to higher brain areas but not the RVM suggests that there are altered ascending 

brainstem pain pathways but not descending pain modulatory pathways in CRPS. Together 

with the correlations of brain changes to pain and motor dysfunction, this thesis suggests that 

basal ganglia and ascending brainstem pain pathways may underpin pain and motor 
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dysfunction in CRPS. Future CRPS studies could aim to investigate the role of GABAA and α1 

receptors.  
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Chapter 1 Introduction 

 

The International Association for the Study of Pain (IASP) defines pain as "an unpleasant 

sensory and emotional experience associated with actual or potential tissue damage, or 

described in terms of such damage" (Raja et al., 2020). Pain becomes chronic when it “persists 

or recurs for more than 3 months” (Treede et al., 2019). Chronic pain, as the leading cause of 

disability, affects more than 30% of the world’s population and exerts significant disease and 

economic burden (Cohen, Vase & Hooten, 2021). 

 

1.1 CRPS  

 

Complex regional pain syndrome (CRPS) is a chronic pain condition that ranks higher on the 

McGill Pain scale than amputation of a digit and childbirth and is considered to be the most 

excruciating chronic pain disorder (Abbott-Fleming, 2020; Johnston-Devin et al., 2021). Injury, 

usually a fracture, is often the precipitating event that results in the development of CRPS, 

however, CRPS can develop spontaneously without a known predisposing injury (Dijkstra et 

al., 2003; Marinus et al., 2011). CRPS is characterised by “continuing pain which is 

disproportionate to any inciting event” and, unlike other chronic pain conditions, often involves 

profound vasomotor and sudomotor changes characterised by changes in skin colour and 

temperature as well as oedema and sweating (Harden et al., 2007; Johnston-Devin et al., 2021; 

Marinus et al., 2011; Ott & Maihöfner, 2018). CRPS most commonly affects the upper limbs 

with a recent study reporting that of 1,042 CRPS patients, 70% had ongoing pain in the upper 

limbs, 31% of the lower limbs, and 0.7% had CRPS in more than one location (Ott & Maihöfner, 

2018). Further, although CRPS pain is usually located in the distal limb, it can spread 
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proximally, as well as to the opposite limb (Bruehl, 2015; Forss, Kirveskari & Gockel, 2005; 

van Rijn et al., 2011). 

 

Throughout the years, CRPS has been referred to by multiple different names including reflex 

sympathetic dystrophy, causalgia, algoneurodystrophy, and Sudeck’s atrophy (Taylor et al., 

2021). Although not initially termed CRPS, the pain disorder was first described in 1812 at the 

Siege of Badajoz where a soldier suffered a bullet injury to his upper limb (Denmark, 1813; 

Iolascon et al., 2015). While the wound quickly healed, it was documented that the soldier 

continued to suffer excessive pain of a burning nature (Denmark, 1813; Iolascon et al., 2015). 

Later, during the American Civil War in 1864, signs and symptoms of CRPS continued to be 

documented in detail (Mitchell, Morehouse & Keen, 1864). As the syndrome became better 

documented and defined over time, the nomenclature of the syndrome has been changed to 

CRPS (Stanton-Hicks et al., 1995; Taylor et al., 2021). Still today, definitive 

pathophysiological causes of CRPS have not been described, and effective long-term and non-

invasive/safe treatments are needed for CRPS (Bruehl, 2015; Marinus et al., 2011).  

 

1.1.1 Epidemiology  

1.1.1.1 Prevalence 

 

The prevalence of CRPS in Australia has not yet been investigated. However, in a United States 

retrospective database analysis of 6,575,999 chronic pain patients, 1.2% (79,025 patients) were 

diagnosed with CRPS between 2000 and 2012 (Murphy et al., 2017). Further, in another United 

States retrospective database analysis of 33,406,123 adult hospital inpatients, 0.7% (22,533 

patients) were diagnosed with CRPS between 2007 and 2011 (Elsharydah et al., 2017). In both 

studies, females were more likely to be diagnosed with CRPS (Elsharydah et al., 2017; Murphy 
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et al., 2017). Other factors that were associated with a higher prevalence of CRPS were 

Caucasian race, higher income, headache, depression, drug abuse, and having private health 

insurance (Murphy et al., 2017). Additionally, having long-term disability and multiple pain 

diagnoses increased the likelihood of CRPS (Elsharydah et al., 2017). Diabetes, obesity, 

hypothyroidism, and anaemia were associated with lower CRPS prevalence (Murphy et al., 

2017).  

 

1.1.1.2 Incidence 

 

As with prevalence, CRPS incidence is greater in females, where there is a 3-4 times greater 

likelihood that women will be affected by CRPS than men (de Mos et al., 2007; Ott & 

Maihöfner, 2018; Sandroni et al., 2003). The estimated annual incidence of CRPS ranges from 

5.46 to 26.2 cases per 100,000, with peak incidence within the 50–70-year-old age range 

(Bruehl, 2015; de Mos et al., 2007; Ott & Maihöfner, 2018; Sandroni et al., 2003). Authors 

from three separate studies identified fracture to be the most common event preceding CRPS 

development (42-46% of cases) (de Mos et al., 2007; Ott & Maihöfner, 2018; Sandroni et al., 

2003). In a 2020 systematic review, it was found that within 4 months of wrist fracture, there 

was a 3.7 to 14% incidence risk of CRPS development (Rolls et al., 2020). Further, individuals 

who rated pain greater than 5/10 in the first week following wrist fracture were at a higher risk 

of developing CRPS than individuals reporting less intense pain (Moseley et al., 2014).  

 

1.1.1.3 Risk factors 

 

Several risk factors have been identified for CRPS onset including being female, sustaining a 

fracture, and reporting severe pain during the early stages of injury (de Mos et al., 2007; 
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Elsharydah et al., 2017; Moseley et al., 2014; Murphy et al., 2017; Ott & Maihöfner, 2018; 

Pons et al., 2015; Sandroni et al., 2003). In addition, Pons et al. (2015) reported that 

postmenopausal females were more likely to develop CRPS. Interestingly, however, it was 

found that CRPS development was not related to endogenous estrogen exposure, use of 

contraceptives, or hormone replacement therapy (de Mos et al., 2009b). Instead, menstrual 

conditions such as constipation, pain before menstruation, and headaches during menstruation 

were identified as risk factors for developing CRPS (van den Berg et al., 2009). Additionally, 

Pons et al. (2015) reported that immobilisation of a fractured limb increased the risk of CRPS. 

Other conditions such as fibromyalgia and rheumatoid arthritis also increase the risk of CRPS 

(Taylor et al., 2021). 

 

1.1.1.4 Prognosis 

 

The majority of CRPS cases spontaneously resolve, with a 74% resolution rate in the first year 

(Sandroni et al., 2003) and a 36% resolution rate after 6 years (de Mos et al., 2009a).  Many 

CRPS patients notice an improvement in their symptoms within 6-13 months (Bean, Johnson 

& Kydd, 2014). However, patients who do not recover from CRPS often have a poor prognosis 

of lasting pain and disability (Bean, Johnson & Kydd, 2014; de Mos et al., 2009a). In a study 

of 102 CRPS patients, 54% of patients self-reported stable CRPS, 30% reported full recovery 

while 16% continue to report severe and progressive CRPS after 6 years (de Mos et al., 2009a). 

 

As well as dealing with the condition itself, persistent CRPS also adds a significant financial 

burden (Elsamadicy et al., 2017). In the year of CRPS diagnosis, CRPS patients have an 

estimated 2.17-fold increase in annual total outpatient-and-inpatient costs and a 2.56-fold 

increase in annual pain prescription costs, followed by a 1.06-fold annual increase in pain 
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prescriptions in the years following the initial 12 months after diagnosis (Elsamadicy et al., 

2017). In addition, insurance costs of CRPS were 19 times higher and treatment costs 13 times 

higher than accidents that did not result in an individual developing CRPS (Scholz-Odermatt 

et al., 2019). Adding to the financial strain is the fact that the majority of CRPS patients are 

permanently unable to return to work (31-80%), while those that can return to work often 

require work adjustments such as decreased working hours or reduced physical demands (de 

Mos et al., 2009a; Kang et al., 2012; Scholz-Odermatt et al., 2019). Overall, CRPS patients 

experience a profound loss of quality of life (Mouraux et al., 2021; van Velzen et al., 2014).  

 

1.1.2 Diagnostic criteria 

 

The International Association for the Study of Pain (IASP) Budapest Criteria of CRPS is the 

most preferred diagnostic tool for CRPS in adults and involves clinical evaluation of a set of 

signs and symptoms (Goebel et al., 2021; Harden et al., 2010; Harden et al., 2007; Mesaroli et 

al., 2021). There are four categories of signs and symptoms: sensory, vasomotor, 

sudomotor/oedema, and motor/trophic (Goebel et al., 2021; Harden et al., 2010; Harden et al., 

2007). Other than displaying signs and symptoms across the four categories, CRPS diagnosis 

is also dependent on continuing regional pain that has lasted more than three months, is 

“disproportionate to any inciting event” and “no other diagnosis can better explain the signs 

and symptoms” (Goebel et al., 2021; Harden et al., 2010; Harden et al., 2007) (Table. 1).  

 

1.1.2.1 CRPS I and CRPS II 

 

There are two main categories of CRPS: CRPS I and CRPS II (Goebel et al., 2021; Marinus et 

al., 2011; Taylor et al., 2021). These two CRPS categories are defined by the absence (CRPS 
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I) or presence (CRPS II) of a defined peripheral nerve injury (Marinus et al., 2011; Taylor et 

al., 2021). Therefore, CRPS that has occurred spontaneously without injury would be classified 

as CRPS I, while CRPS following injury or trauma to a nerve, such as radial nerve damage, 

would be classified as CRPS II. However, there is evidence that CRPS I is associated with 

small fibre peripheral nerve damage (Geertzen et al., 2015; Oaklander & Fields, 2009). Hence, 

both CRPS I and CRPS II are likely associated with some form of peripheral nerve damage. 

Furthermore, both CRPS I and CRPS II have identical diagnostic signs and the clinical 

significance of dividing CRPS into CRPS I and II are unclear (Goebel et al., 2021). Thus, for 

this thesis, there is no differentiation between CRPS I and II, and the syndrome will be referred 

to as CRPS.  

 

Table. 1 IASP diagnostic criteria for complex regional pain syndrome: The Budapest Criteria  

(Goebel et al., 2021) 

All the following criteria (A-D) must be met: 

A. The patient has continuing pain which is disproportionate to any inciting event. 

B. The patient reports at least one symptom in 3 or more of the categories. 

C. The patient displays at least one sign in 2 or more of the categories. 

D. No other diagnosis can better explain the signs and symptoms. 

Category Sign/Symptom 

1 “Sensory” Allodynia (to light touch/brush stroke and/or temperature 

sensation and/or deep somatic pressure and/or joint 

movement), and/or hyperalgesia (to pinprick). 

Reported hyperesthesia also qualifies as a symptom. 

2 “Vasomotor” Temperature asymmetry and/or skin colour changes and/or 

skin colour asymmetry. 

3 “Sudomotor/oedema” Oedema and/or sweating changes and/or sweating asymmetry. 

4 “Motor/trophic” Decreased range of motion and/or motor dysfunction 

(weakness, tremor, dystonia) and/or trophic changes 

(hair/nail/skin). 
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1.2 CRPS and the nervous system 

1.2.1 Autonomic dysfunction 

 

Autonomic abnormalities such as vasomotor and sudomotor changes, as well as pain in the 

affected limb of CRPS are thought to be at least partially driven by imbalances in sympathetic 

output (Knudsen et al., 2019). Sympathetic arousal and startle in healthy controls have been 

demonstrated to result in symmetrical vasoconstriction of the digits and decreased pain 

(Drummond et al., 2001). However, in CRPS, startle has instead been associated with increased 

perceived pain intensity and greater vasoconstriction on the affected CRPS hand compared to 

the unaffected (Drummond et al., 2001). It is therefore thought that increased responsiveness 

to sympathetic activity may drive pain in CRPS (Drummond et al., 2001; Knudsen et al., 2019). 

Indeed, increased sympathetic output such as stress has been shown to contribute to pain 

(Hannibal & Bishop, 2014). Interestingly, in CRPS, injection of phenylephrine, an α1 

adrenergic receptor agonist, was associated with prolonged pain and pinprick hyperalgesia in 

patients with upregulated expression of α1 adrenergic receptors in peripheral nociceptors and 

keratinocytes (Drummond et al., 2018b). It has been postulated that upregulated α1 receptors 

increase the responsiveness of peripheral nociceptors to noradrenaline that is released during 

sympathetic activity, thus inducing pain and hyperalgesia in CRPS (Knudsen et al., 2019). 

Further, autonomic changes as well as pain and motor dysfunction in CRPS are thought to 

involve changes to not only the periphery but also the brain (e.g., hypothalamus) (Barad et al., 

2014; Lebel et al., 2008).  
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1.2.2 CRPS and the brain  

 

To date, most research exploring the underlying mechanisms responsible for the development 

and maintenance of CRPS has primarily focused on the brain (Jänig & Baron, 2002). This is 

likely because neither the presence nor severity of an injury can account for the development 

of CRPS (Goebel et al., 2021; Harden et al., 2010; Harden et al., 2007). Indeed, there have been 

instances where CRPS has developed without injury, while individuals with severe compound 

wrist fractures did not develop CRPS (Moseley et al., 2014). Given this, the development and 

maintenance of CRPS likely involves changes within the central nervous system at either the 

dorsal horn and/or within the brain itself (Bruehl, 2015). The involvement of the brain is 

consistent with the fact that CRPS pain continues long after injury healing, and that ongoing 

pain can spread in a non-dermatomal pattern to another limb (van Rijn et al., 2011). In fact, the 

spreading of CRPS pain to the contralateral side of the body is commonly reported and it is 

thought that such mirror-image pain distributions results from changes at the spinal or cortical 

level (van Rijn et al., 2011). Indeed, the mirror-image spread of neuropathic pain and allodynia 

have been associated with increased proinflammatory cytokines and phosphorylation of the 

NMDA receptor 1 subunit in the spinal cord of rats (Kwak et al., 2009; Milligan et al., 2003). 

More importantly, in a single CRPS case with mirror-like spread of CRPS pain and motor 

dysfunction, there was abnormal bilateral cortical activation to unilateral stimulation (Forss, 

Kirveskari & Gockel, 2005). It was hence suggested that mirror-image spread of CRPS was 

associated with the abnormal interhemispheric spread of cortical activation (Forss, Kirveskari 

& Gockel, 2005). Further supporting the role of the brain in CRPS is that higher brain areas 

are responsible for sensory perceptions such as body representation and precision of touch, and 

such sensory perceptions are also altered in CRPS (Halicka et al., 2020; Maihöfner et al., 2003; 

Pleger et al., 2006).  
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1.2.2.1 Altered sensory perceptions 

 

As well as commonly reported sensory abnormalities such as hyperalgesia (increased 

sensitivity to painful stimuli such as pinprick) and allodynia (pain caused by non-painful 

stimuli such as brush stroke), CRPS patients' perceptions of their painful limb are disturbed 

and most likely reflect changes to the central nervous system. For instance, CRPS patients have 

described distorted body perceptions of their affected limb. It has been reported that CRPS 

patients perceive their affected limbs to be larger than they are in reality (Moseley, 2005) and 

some CRPS patients also experience neglect-like symptoms where their affected limb feels 

“alien”, “foreign” or like it is not a part of their body (Galer & Jensen, 1999; Lewis & McCabe, 

2010). Sensory perceptions such as tactile processing are also disturbed in CRPS and such 

disturbances are associated with the side or space of the affected limb rather than the affected 

limb itself (Moseley, Gallace & Spence, 2009). In a tactile temporal-order judgement task, 

CRPS patients perceived tactile information from the unaffected space before the CRPS 

affected space even when CRPS patients cross their affected limb to the unaffected space 

(Moseley, Gallace & Spence, 2009). Additionally, when CRPS patients have their eyes closed, 

they experience referred sensations where touch is mislocalised to body areas adjacent to the 

touch-stimulated area on the cortical body map (Maihöfner et al., 2006; McCabe et al., 2003).  

 

1.2.2.2 Tactile acuity 

 

Poor tactile acuity or perceived precision of touch in CRPS is another manifestation of impaired 

CRPS limb perception (Catley et al., 2014; David et al., 2015; Maihöfner & DeCol, 2007; Peltz 

et al., 2011; Pfannmöller et al., 2019; Pleger et al., 2006; Reiswich et al., 2012). Tactile acuity 

can be measured using two-point discrimination (TPD), where two points are applied to the 
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skin and the participant is asked if they feel one or two points. A TPD threshold is the minimum 

distance at which a subject may accurately perceive two points on their skin instead of one 

(Moberg, 1990). Thus, an individual with good tactile acuity has a low TPD threshold, and 

poor tactile acuity has a high TPD threshold. Many studies have demonstrated that CRPS 

patients have high TPD thresholds on their affected limbs and hence have poor tactile acuity 

(Catley et al., 2014; David et al., 2015; Maihöfner & DeCol, 2007; Peltz et al., 2011; Pleger et 

al., 2006; Reiswich et al., 2012).  
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1.3 Cortical circuits 

1.3.1 Sensorimotor cortex  

 

Poor tactile acuity in CRPS is thought to be associated with alterations in the function of the 

sensorimotor cortex and in particular, the primary somatosensory cortex (S1) (Maihöfner et al., 

2003; Pleger et al., 2006). The sensorimotor cortex is composed of the primary somatosensory 

cortex (S1) and the primary motor cortex (M1) and it is theorised that this brain region is critical 

for the maintenance of pain in CRPS  (Vittersø et al., 2022). Indeed, sensory and motor signs 

and symptoms are most likely to persist with ongoing CRPS (Bean, Johnson & Kydd, 2014), 

thus the sensorimotor cortex is of interest in CRPS.  

 

1.3.2 The primary somatosensory cortex (S1) 

 

The S1 is the primary cortical region responsible for the processing of somatosensory 

information including tactile acuity (Borich et al., 2015; Haag et al., 2015). The S1 is located 

on the postcentral gyrus and is somatotopically organised (Borich et al., 2015). The S1 

somatotopic map or representative field of specific body parts was defined through electrical 

stimulation of different points along the length of the S1 during open brain surgery which 

elicited sensation in different body regions in awake humans (Penfield & Boldrey, 1937). The 

S1 is somatotopically organised such that each specific body part is spatially mapped onto 

distinct representative fields of the contralateral cortex, with the medial superior part of the S1 

representing the lower limbs followed by the trunk, upper limbs, and face while moving 

laterally and inferiorly along S1 (Borich et al., 2015; Penfield & Boldrey, 1937). The S1 

representative field size of the hands is disproportionately larger than less innervated body parts 

such as the trunk and legs (Penfield & Boldrey, 1937). Further, nociceptive inputs of individual 
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digits were found to be somatotopically organised in the contralateral S1 with comparable 

cortical representations for non-painful tactile stimuli (Mancini et al., 2012). Given this, it is 

generally accepted that one of the primary functions of S1 is the conscious perception and 

spatial localisation of pain (Backonja, 1996; Bushnell et al., 1999; Mancini et al., 2012; Ohara, 

Vit & Jasmin, 2005).  

 

1.3.2.1 CRPS and S1 

 

Several investigations have found the S1 representative field size of the affected hand to be 

altered in CRPS and this alteration has often been termed “cortical reorganisation” (Di Pietro 

et al., 2013b; Juottonen et al., 2002; Maihöfner et al., 2003; Maihöfner et al., 2004; Pfannmöller 

et al., 2019; Pleger et al., 2004; Vartiainen et al., 2009); although a recent study reported no 

such S1 reorganisation in CRPS (Mancini et al., 2019). Studies using functional magnetic 

resonance imaging (fMRI), electroencephalography (EEG), and magnetoencephalography 

(MEG) have reported that the S1 representation of the affected hand in CRPS is smaller than 

the unaffected hand (Di Pietro et al., 2013b; Juottonen et al., 2002; Maihöfner et al., 2003; 

Maihöfner et al., 2004; Pfannmöller et al., 2019; Pleger et al., 2004; Vartiainen et al., 2009). 

Interestingly, in contrast to the smaller representation of the CRPS affected hand, it has also 

been found that the S1 cortical representation of the CRPS unaffected hand was larger than 

healthy individuals (Di Pietro et al., 2015). This remapping of S1 in CRPS has been linked to 

the greater severity of CRPS pain and mechanical hyperalgesia (Maihöfner et al., 2003). Given 

this, the S1 cortical reorganisation of the “shrunken hand” is thought to be so significant that 

treatments for CRPS currently include cortically-targeted therapies that aim to “train the brain” 

and “restore” somatotopic S1 representations (Catley et al., 2014; Moseley, Gallace & Spence, 
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2008; O'Connell et al., 2013). Indeed, upon CRPS recovery, the S1 cortical reorganisation has 

been reported to resolve (Maihöfner et al., 2004).  

 

1.3.3 The primary motor cortex (M1) 

 

CRPS is often associated with changes in motor function, such as decreased range of movement, 

weakness, tremor, and even dystonia (abnormal and involuntary muscle contractions, spasms, 

and posture). It is known that both the S1 and primary motor cortex (M1) activation are required 

for movement control and lesions confined to either cortical region can lead to impaired 

movement (Bashir et al., 2012; Borich et al., 2015; Murata et al., 2008; Shibasaki et al., 1993). 

The M1 is located on the precentral gyrus and, similar to the S1, is somatotopically organised 

with the lower body represented medially and the upper body and head more laterally (Penfield 

& Boldrey, 1937). The M1 also works in conjunction with other motor areas to plan, execute 

and control movement (Shibasaki et al., 1993). Movement abnormalities such as weakness, 

tremor, and dystonia of the CRPS affected limb become increasingly common as CRPS 

worsens and is a considerable part of CRPS disease burden (Bean, Johnson & Kydd, 2014; van 

Hilten, 2010). Furthermore, CRPS patients may have a reduced range of motion and a loss of 

fine motor control (van Hilten, 2010). 

 

1.3.3.1 CRPS and M1 

 

As with the S1, there is evidence of cortical reorganisation of the M1 where Maihöfner et al. 

(2007) found enlarged fMRI activation signals in the M1 contralateral to the CRPS affected 

side compared to the unaffected side and controls during finger tapping. Further, M1 function 

and excitability are altered in CRPS patients (Di Pietro et al., 2013a). Electrical stimulation of 
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the M1 in CRPS patients has been reported to increase the range of motion and decrease the 

perceived pain intensity of the affected limb (Fonoff et al., 2011; Velasco et al., 2009). 

Furthermore, in individuals affected by dystonia, M1 excitability is increased compared to 

healthy controls (Gilio et al., 2003; Ikoma et al., 1996), and in CRPS, decreased strength and 

range of movement of the affected limb are associated with decreased reactivity of M1 

contralateral to the affected limb (Kirveskari et al., 2010). Importantly, this decreased reactivity 

in CRPS is associated with excitation or lack of inhibition (disinhibition) of the M1 (Kirveskari 

et al., 2010) and is correlated with the pain intensity of CRPS patients, where a greater decrease 

in M1 reactivity (and hence increased disinhibition) is associated with greater pain intensity 

(Kirveskari et al., 2010). Moreover, a meta-analysis of the M1 in CRPS reveals evidence, 

although limited, for bilateral M1 disinhibition in upper limb CRPS (Di Pietro et al., 2013a).   

 

1.3.4 Disinhibition of the sensorimotor cortex 

 

It has been proposed that disinhibition of the sensorimotor cortex in CRPS patients drives S1 

cortical reorganisation (Di Pietro et al., 2013a; Di Pietro et al., 2013b; Eisenberg et al., 2005; 

Lenz et al., 2011; Pfannmöller et al., 2019; Schwenkreis et al., 2003). In the study of S1 

disinhibition in CRPS, a paired-pulse stimulation paradigm was used to elicit somatosensory 

evoked potentials (Lenz et al., 2011). During paired-pulse stimulation, two consecutive 

electrical stimuli are applied to the median nerve, with a short time between the application of 

the first and second stimuli. In pain-free controls, this paired stimulation results in the inhibition 

of the S1 somatosensory evoked potential generated by the second stimulus (Lenz et al., 2011). 

However, since there was reduced inhibition of the second stimuli somatosensory evoked 

potentials in the left and right S1 in CRPS patients compared to controls, Lenz et al. (2011) 

concluded that there was bilateral S1 disinhibition in CRPS. Meanwhile, studies exploring M1 
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disinhibition in CRPS used transcranial magnetic stimulation (TMS) to deliver two consecutive 

stimuli of different thresholds over the M1 hand area to elicit a motor-evoked potential 

response in peripheral muscles. A short time interval between the pair of TMS stimuli over the 

M1 elicits short intracortical inhibition of the motor-evoked potential response (Klomjai, Katz 

& Lackmy-Vallée, 2015). In CRPS, there was reduced short intracortical inhibition, that is, 

disinhibition of the M1 (Eisenberg et al., 2005; Pfannmöller et al., 2019; Schwenkreis et al., 

2003). Both bilateral M1 disinhibition (Schwenkreis et al., 2003) and M1 disinhibition 

exclusively of the CRPS affected side have been reported (Eisenberg et al., 2005; Pfannmöller 

et al., 2019). Therefore, the sensorimotor cortex of CRPS is disinhibited compared to healthy 

individuals, and it has been postulated that abnormal mechanisms involving gamma-

aminobutyric acid (GABA) may account for this sensorimotor disinhibition in CRPS 

(Eisenberg et al., 2005; Lenz et al., 2011; Schwenkreis et al., 2003).  
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1.4 GABA 

1.4.1 GABA and cortical representative fields  

 

GABA is the primary inhibitory neurotransmitter in the brain. Experimental animal studies 

demonstrate that cortical representative field sizes are controlled by GABAergic inhibition, as 

sensorimotor representative field sizes expanded with the application of pharmacological 

antagonists of the GABAA and GABAB receptor but reduced in size when GABAB receptor 

agonists are applied (Capaday & Rasmusson, 2003; Chowdhury & Rasmusson, 2002; Dykes 

et al., 1984; Garraghty, Lachica & Kaas, 1991b; Tremere, Hicks & Rasmusson, 2001a). In 

monkeys, peripheral nerve transection resulted in S1 cortical reorganisation and decreased 

histological antibody staining of GABA (Garraghty, Lachica & Kaas, 1991a). More 

importantly, in humans, sensory input interruption by deafferentation can lead to sensorimotor 

cortical reorganisation, and decreased sensorimotor GABA concentration (Levy et al., 2002). 

Given this, the altered cortical reorganisation reported in CRPS stimulation studies may be due 

to alterations in GABAergic processes. 

  

1.4.2 GABA and Sensory function  

 

In vivo chemical compositions in regions throughout the brain can be measured using magnetic 

resonance spectroscopy (MRS), including the quantification of GABA content. In healthy pain-

free individuals, greater tactile acuity has been correlated with greater in vivo sensorimotor 

GABA concentrations (Kolasinski et al., 2017; Puts & Edden, 2012). Furthermore, individuals 

with greater sensorimotor GABA are more likely to improve their tactile acuity with tactile 

acuity training (Heba et al., 2016). In CRPS and some other chronic pain conditions, tactile 
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acuity training has been shown to reduce the intensity of ongoing pain (Kälin, Rausch-Osthoff 

& Bauer, 2016; Schmid et al., 2017). However, on the CRPS affected side, improvements in 

tactile acuity following training were significantly less pronounced than in controls (Maihöfner 

& DeCol, 2007). Thus, the impaired sensory functions of CRPS and the reduced ability to 

improve tactile acuity through training may be caused by a reduction in sensorimotor GABA 

concentration. 

 

1.4.3 GABA and Motor function 

 

As with sensory function, sensorimotor GABA concentration in healthy individuals is also 

associated with motor function. In pain-free individuals, transient decreases in M1 GABA 

concentrations evoked by the application of transcranial direct current stimulation (tDCS) 

resulted in slower reaction times but faster short-term motor learning (Stagg, Bachtiar & 

Johansen-Berg, 2011). Furthermore, pain-free individuals with greater in vivo M1 GABA 

concentrations display reduced motor learning ability (Kolasinski et al., 2019). Thus, lower M1 

GABA concentrations are associated with better motor learning outcomes. Further, motor 

learning is a key component of graded motor imagery (GMI), a commonly used treatment for 

CRPS that aims to restore the altered cortical reorganisation and sensorimotor disinhibition in 

CRPS (Guillot et al., 2008; Lotze et al., 1999; Strauss et al., 2021). However, CRPS patients 

may have poorer motor learning capacity than healthy controls as the imagined movement of 

the CRPS affected limb displayed decreased cortical activation of motor control areas such as 

the S1 and premotor cortex (Gieteling et al., 2008). Therefore, from a motor learning 

perspective, there may be increased M1 GABA concentration in CRPS. This is in direct 

contrast to the hypothesised decreased CRPS sensorimotor GABA concentration from a 
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sensory function and tactile acuity point of view. However, given the vast evidence of 

sensorimotor disinhibition in CRPS, it is more plausible that CRPS patients may have 

decreased sensorimotor GABA concentrations, but this remains to be investigated. 
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1.5 Glutamate 

 

Glutamate is the main excitatory neurotransmitter in the brain and increased levels of glutamate 

have been associated with chronic pain conditions such as fibromyalgia (Peek et al., 2020; 

Pereira & Goudet, 2018). Studies using TMS have shown that in healthy controls, glutamate is 

associated with primarily intracortical facilitation and silent period duration (Liepert et al., 

1997; Tremblay et al., 2013b). However, intracortical facilitation and silent period in CRPS 

are not different between affected and unaffected sides or in comparison with pain-free controls 

(Krause, Foerderreuther & Straube, 2005; Schwenkreis et al., 2003). Therefore, glutamate on 

its own is unlikely to be responsible for CRPS sensorimotor disinhibition. However, given that 

glutamate and GABA maintain the excitatory and inhibitory balance within the brain, it may 

be that this excitatory-inhibitory balance is altered in CRPS sensorimotor disinhibition. Thus, 

glutamate content is important to investigate.  
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1.6 Neuroinflammation and CRPS 

 

In addition to sensorimotor disinhibition, neuroinflammation has been postulated to be a central 

mechanism in CRPS pathophysiology  (Cooper & Clark, 2013). It has been suggested in 

chronic pain conditions and CRPS that neuroinflammation may be initiated by peripheral 

release of cytokines in response to peripheral tissue or nerve damage (Austin & Fiore, 2019; 

Cooper & Clark, 2013). Peripheral cytokines can mediate the activation of glial cells such as 

microglia and astrocytes in the dorsal horn to further mediate the release of pro-inflammatory 

cytokines and subsequent activation of ascending neurons (Austin & Fiore, 2019). Following, 

pro-inflammatory cytokines are released in the brain by glial cells neighbouring the ascending 

neurons, thus leading to neuroinflammation in chronic pain conditions (Austin & Fiore, 2019). 

Indeed, astrogliosis, the activation and change in phenotype and function of astrocytes, has 

been found in the dorsal horn of CRPS subjects (Del Valle, Schwartzman & Alexander, 2009). 

Astrocytes actively maintain homeostasis in the central nervous system (Li et al., 2019) and 

respond to neuronal activity with increases in intracellular calcium levels that occur in waves 

(Scemes & Giaume, 2006). Increases in intracellular calcium levels trigger the release of 

gliotransmitters (Scemes & Giaume, 2006). These astrocytic calcium levels are transmitted as 

intercellular calcium waves and are a form of intercellular communication (Scemes & Giaume, 

2006). The astrocytic calcium waves propagate at a frequency of 0.03-0.06 Hz (Cornell-Bell et 

al., 1990; Crunelli et al., 2002). Infraslow oscillations (ISO) are electrical brain rhythms 

between the frequencies of 0.01 and 0.1 Hz (Watson, 2018). ISOs at the 0.03-0.06 Hz range 

are therefore thought to reflect astrocytic calcium wave propagation and increased ISOs at 

0.03-0.06 Hz are thought to reflect astrogliosis (Henderson & Di Pietro, 2016). Astrogliosis 

can occur during neuroinflammation and it is thought that astrogliosis is involved in the 

development and maintenance of chronic pain (Li et al., 2019). Of interest, increased ISOs at 
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the 0.03-0.06 Hz range have been found in the thalamus and in a cluster comprised of the 

putamen and insular cortex in CRPS patients compared to controls (Di Pietro, Lee & Henderson, 

2020) (  

 

). It has been postulated that astrogliosis is responsible for the increased ISOs found in CRPS 

and other types of chronic pain (Di Pietro, Lee & Henderson, 2020; Henderson & Di Pietro, 

2016).  
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1.7 Sub-cortical circuits 

1.7.1. Basal ganglia 

 

In addition to the M1, the control of motor function also involves processing within the basal 

ganglia, which consists of the striatum, globus pallidus, substantia nigra, and subthalamic 

nucleus. This group of nuclei has a well-described set of circuits that receive inputs from the 

sensorimotor and other cortical regions (Alexander, DeLong & Strick, 1986; Di Martino et al., 

2008; Künzle, 1975; Künzle, 1977). While the basal ganglia is well known for its role in motor 

control and regulation, the basal ganglia also plays a role in cognition, reward/motivation, 

visual processing, and sensory integration (Alexander, DeLong & Strick, 1986; Da Cunha, 

Gomez-A & Blaha, 2012; Middleton & Strick, 1996; Redgrave et al., 2010). Each basal ganglia 

loop involves cortical input to the striatum (putamen and caudate) which, via the globus 

pallidus and substantia nigra, communicates with the thalamus which in turn loops back to the 

cortex (Alexander, DeLong & Strick, 1986) (Figure 1.1). It has been proposed that different 

basal ganglia-thalamocortical loops comprise different regions of these subcortical nuclei and 

are involved in different brain functions.  

 

1.7.2 Basal ganglia neuroinflammation  

 

Neuroinflammation of the basal ganglia is present in CRPS (Jeon et al., 2017). Jeon et al. (2017) 

used [11C]-(R)-PK11195, a marker of activated microglia and astrocytes (Cosenza-Nashat et 

al., 2009), and positron emission tomography (PET) to investigate neuroinflammation in CRPS.  

Compared to healthy controls, CRPS patients had increased [11C]-(R)-PK11195 distribution 

volume ratio (DVR) in areas of the basal ganglia including the caudate nucleus, putamen, 
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nucleus accumbens, and thalamus (Jeon et al., 2017). This is consistent with a more recent 

[11C]-(R)-PK11195 PET study, where there was greater [11C]-(R)-PK11195 binding in the 

putamen and caudate nucleus in CRPS than in healthy controls (Seo et al., 2021). Interestingly, 

the higher the [11C]-(R)-PK11195 DVR in the caudate nucleus, the greater the pain intensity in 

CRPS (Jeon et al., 2017). Additionally, as mentioned above, CRPS subjects have been found 

to have increased ISOs in a cluster composed of the putamen and insular cortex compared to 

controls (Di Pietro, Lee & Henderson, 2020) (  

 

). Therefore, given the PET evidence of basal ganglia neuroinflammation and increased ISOs 

in the putamen and insular cluster, astrogliosis may be involved in the development and 

persistence of CRPS pain. Although there is evidence of increased ISO in the putamen, it is 

unknown whether the putamen or insular cortex contributed more towards the finding of 

increased ISO in the putamen/insular cortex cluster in CRPS. Additionally, ISOs have not yet 

been investigated in different basal ganglia-thalamocortical loops.  

 

 

  



44 
 

 

 

Figure 1.1. Schematic of basal ganglia thalamocortical loops. Thalamocortical connections 

of the motor, oculomotor, dorsolateral prefrontal, lateral orbitofrontal, and anterior cingulate 

basal ganglia functional loops. Each basal ganglia loop involves separate regions of the cortex, 

striatum, pallidum, and thalamus. Thalamocortical feedback for each loop is restricted to the 

cortical regions in bold. Abbreviations: ACC = anterior cingulate cortex, DLPFC = dorsolateral 

prefrontal cortex, FEF = frontal eye fields, GPi = internal globus pallidus, ITG = inferior 

temporal gyrus, M1 = primary motor cortex, MD = medial dorsal thalamus, OFC = 

orbitofrontal cortex, PPC = posterior parietal cortex, S1 = primary somatosensory cortex, SMA 

= supplementary motor area, SNr = substantia nigra pars reticulata, STG = superior temporal 

gyrus, VA = ventral anterior thalamus, VL = ventrolateral thalamus. Adapted from Alexander, 

DeLong and Strick (1986). 
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1.7.3 Motor loop 

 

The basal ganglia motor loop receives information from cortical areas involved in motor 

control such as the supplementary motor area (SMA) and sensorimotor cortex. Cortical 

information enters the basal ganglia via the putamen which in turn projects to the globus 

pallidus, thalamus, and eventually the information projects back to the cortex (Alexander, 

DeLong & Strick, 1986) (Figure 1.1). This motor basal ganglia thalamocortical loop can 

facilitate or inhibit movement, and dysfunction of this loop can lead to motor dysfunction 

(Albin, Young & Penney, 1989).  

 

One form of motor dysfunction that results from a disorder of the basal ganglia is dystonia. 

Dystonia is a common debilitating motor impairment in CRPS, and approximately 20% of 

CRPS patients are affected by dystonia (van Hilten, 2010). Indeed, in a retrospective study of 

CRPS, up to 91% of CRPS patients were found to have dystonia (van Rijn et al., 2007). Yet 

despite the prevalence of dystonia in CRPS, treatment options for CRPS dystonia are limited 

and there is little evidence that these treatments are effective (Birklein & Dimova, 2017). Given 

that dystonia is a disorder of the basal ganglia, dystonia in CRPS individuals may result from 

altered function of the motor basal ganglia loop. However, little research has been done on the 

basal ganglia in CRPS, hence this hypothesis has not yet been proven. 

 

1.7.3.1 Putamen and CRPS 

 

Consistent with the hypothesis that dystonia in CRPS is caused by altered motor basal ganglia 

loop function, it has been demonstrated that the putamen, an essential part of the motor loop, 
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is altered in CRPS. Compared to pain-free controls, Barad et al. (2014) found that the dorsal 

putamen contralateral to the CRPS affected side had an increased gray matter volume, while 

Azqueta-Gavaldon et al. (2020) conversely found an overall bilaterally decreased putamen gray 

matter volume in CRPS patients. Further, paediatric CRPS patients display increased putamen 

functional connectivity with the sensorimotor and salience networks at rest (Becerra et al., 2014) 

and increased putamen functional connectivity with the thalamus during cold-induced pain 

(Linnman et al., 2013). Additionally, greater putamen functional connectivity has been 

associated with greater motor impairment in CRPS (Azqueta-Gavaldon et al., 2020). 

Interestingly, while motor inputs to the putamen are somatotopically organised (Choi, Yeo & 

Buckner, 2012; Nambu et al., 2002), to our knowledge, there has been no CRPS study that has 

systematically investigated the putamen with respect to its somatotopic organisation.  

 

1.7.4 Non-motor loops  

 

As mentioned above, in addition to a basal ganglia motor loop, there exists several non-motor 

basal ganglia loops, that is, the oculomotor, dorsolateral prefrontal, lateral orbitofrontal, and 

anterior cingulate loops (Figure 1.1) (Alexander, DeLong & Strick, 1986). These non-motor 

loops of the basal ganglia are involved in visual attention and eye movement planning 

(oculomotor), cognition and executive function (dorsolateral prefrontal), emotional integration 

for contextually appropriate behaviour (lateral orbitofrontal), and motivated behaviours 

(anterior cingulate) (Alexander, DeLong & Strick, 1986; Leisman, Braun-Benjamin & Melillo, 

2014; Seger, 2013). With exception of the anterior cingulate loop which projects to the nucleus 

accumbens and olfactory tubercle (ventral striatum), the non-motor basal ganglia loops involve 

cortical projection to the caudate nucleus: the oculomotor loop involves the body and tail of 
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the caudate nucleus; the dorsolateral prefrontal loop involves the dorsolateral caudate nucleus 

head; and the lateral orbitofrontal loop involves the ventromedial and ventrolateral caudate 

nucleus head (Alexander, DeLong & Strick, 1986; Öngür & Price, 2000; Seger, 2013) (Figure 

1.1). The caudate body and dorsolateral caudate head of the oculomotor and dorsolateral 

prefrontal loops receive cortical inputs from the parietal cortex, an area important for spatial 

attention and integration (Alexander, DeLong & Strick, 1986; Seger, 2013). Thus, it is 

postulated that altered non-motor basal ganglia loops may be associated with distorted body 

perceptions of CRPS such as neglect-like syndrome and referred sensations.  

 

1.7.4.1 Caudate nucleus and CRPS 

 

Similar to the putamen, several studies have reported altered structure and function of the 

caudate nucleus in CRPS. The caudate nucleus contralateral to the CRPS affected side 

displayed increased gray matter volume compared to the other CRPS side (Azqueta-Gavaldon 

et al., 2020). Furthermore, different regions of the caudate nucleus have increased and 

decreased functional connectivity to other cortical regions such as the intraparietal sulcus in 

CRPS compared to controls (Bolwerk, Seifert & Maihöfner, 2013). Further, during cold-

induced pain, paediatric CRPS patients displayed increased caudate nucleus functional 

connectivity to the superior temporal gyrus, which persisted even after CRPS recovery 

(Linnman et al., 2013).  Additionally, despite CRPS recovery, the caudate nucleus had 

persistent increased functional connectivity to other cortical areas such as the M1, thalamus, 

cingulate and parahippocampal gyrus (Linnman et al., 2013). Moreover, in recovered CRPS 

paediatric patients, caudate activity during brush stimulation remained increased in the CRPS 

affected side compared to the unaffected side (Lebel et al., 2008). Despite the previous 
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structural and functional studies of the whole caudate in CRPS, no study has systematically 

investigated discrete non-motor basal ganglia loops within caudate sub-regions in CRPS. 

 

1.7.5 Pain and basal ganglia  

 

In addition to its involvement with motor dysfunction and distorted body perceptions, the basal 

ganglia is involved in the processing of noxious information. This processing is separated based 

on body location, with nociceptive information being somatotopically represented within the 

putamen (Bingel et al., 2004). Consistent with putamen activation during painful stimuli, 

individuals with putamen lesions display reduced sensitivity to heat pain (Starr et al., 2011), 

and in individuals with CRPS, increased putamen to sensorimotor cortex functional 

connectivity is associated with higher perceived pain intensity (Azqueta-Gavaldon et al., 2020). 

The caudate nucleus is also activated by noxious stimuli and in the anticipation of pain (Freund 

et al., 2009; Freund et al., 2010; Keltner et al., 2006; Wunderlich et al., 2011). Further, not only 

is the basal ganglia activated during acute pain and chronic pain states such as CRPS, the basal 

ganglia is thought to be involved in pain modulation and analgesia (Borsook et al., 2010). The 

basal ganglia is thus involved in motor dysfunction, distorted body perceptions, and pain, and 

as such, is of considerable interest in uncovering the pathophysiology of CRPS.  
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1.8 Pain pathways and modulation 

1.8.1 Ascending pain pathway  

 

Whilst the basal ganglia is likely involved in many aspects of CRPS, other brain regions such 

as the brainstem are also likely to be critical for the persistence of pain. The transmission of 

noxious information from peripheral nociceptors to the brain involves multiple ascending pain 

pathways (Yam et al., 2018) (Figure 1.2). Noxious information is detected by peripheral 

primary afferent nociceptors and transmitted to the dorsal horn in the spinal cord (Yam et al., 

2018). Following this, second-order nociceptive neurons from the dorsal horn cross the midline 

and ascend the spinal cord via the lateral spinothalamic tract to transmit the noxious 

information to the thalamus (Yam et al., 2018). Third-order nociceptive neurons in the 

thalamus then project to cortical areas such as the S1 where an individual may perceive the 

intensity and location of pain (Yam et al., 2018). Second-order nociceptive neurons of the 

ascending pain pathways also project to several regions located in the brainstem including the 

brainstem reticular formation, midbrain periaqueductal gray matter (PAG), and the locus 

coeruleus (Boadas-Vaello et al., 2016). These brainstem regions are thought to be involved in 

fundamental survival mechanisms such as fight or flight behavioural responses and the overall 

sensitivity of the brain to incoming sensory information (Keay & Bandler, 2008; Kozlowska et 

al., 2015; Ross & Van Bockstaele, 2020). In addition, it is well known that several brainstem 

regions, such as the PAG are involved in the modulation of noxious information, and 

dysfunction of these regions may be involved in the maintenance of pain following injury. 

 

Beginning at the periphery, maladaptive changes occur to the ascending pain pathway during 

neuropathic pain. During neuropathic pain, primary afferent nociceptive neurons release 
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inflammatory mediators such as substance P and glutamate which not only contribute to the 

excitation of neighbouring nociceptive neurons but also the excitation of second-order neurons 

of the spinothalamic tract (Boadas-Vaello et al., 2016). Indeed, Wesseldijk et al. (2008) found 

that plasma levels of inflammatory mediators such as glutamate were increased in CRPS 

compared to controls. Further of interest, Leis et al. (2003) found that CRPS subjects had 

increased sensitivity to substance P.  

 

Additionally, inflammatory mediators in neuropathic pain induce phenotypic changes to 

primary nociceptors, such that there is an increased expression of voltage-gated ion channels 

for sodium and calcium, and ligand-gated ion channels such as purinergic P2X receptors 

(Boadas-Vaello et al., 2016). Interestingly, Zhao et al. (2008) found that the biopsied skin of 

CRPS subjects have increased immunolabeling of sodium channels such as Na(v)1.7 and 

Na(v)1.8 compared to controls. Zhao et al. (2008) further proposed that CRPS pain may be 

partly maintained by the increased sodium channel expression on keratinocytes and potential 

subsequent increased epidermal adenosine triphosphate (ATP) and hence excessive P2X 

receptor activation on primary sensory axons. The increase in expression of these ion channels 

contributes to nociceptor hyperexcitability, leading to the further release of inflammatory 

mediators and hence an increase in excitability of the spinothalamic tract (Boadas-Vaello et al., 

2016).   

 

Moreover, the inflammatory mediators released by primary nociceptors in the dorsal horn 

interact with microglia and astrocytes in the spinal cord (Boadas-Vaello et al., 2016; Pocock & 

Kettenmann, 2007; Schomberg & Olson, 2012). Then, in an almost self-propagating manner, 

microglia and astrocytes release more inflammatory mediators, which in turn further activate 
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more microglia and astrocytes and further contribute to the hyperexcitability and sensitisation 

of the spinothalamic tract and hence neuropathic pain (Boadas-Vaello et al., 2016; Ji et al., 

2013; Shi et al., 2012). Thus, astrogliosis found in the dorsal horn of CRPS subjects (Del Valle, 

Schwartzman & Alexander, 2009) may partly be resultant of changes to the ascending pain 

pathway. Further, using PET and radioligand 11C-PBR28, increased glial activation has been 

found in higher brain areas of chronic back pain subjects such as the thalamus and S1 (Loggia 

et al., 2015). Indeed, increased ISOs which are suggestive of astrogliosis have been found 

throughout the ascending pain pathway, including the thalamus and S1, in chronic orofacial 

pain (Alshelh et al., 2016). Additionally, studies have found evidence of astrogliosis in 

brainstem areas such as the PAG and rostral ventral medulla (RVM) in rat models of 

neuropathic pain (Ni et al., 2019; Wei et al., 2008a). Thus, CRPS pain may be maintained by 

astrocytic changes throughout the ascending pain pathway. Moreover, given that the higher 

order and brainstem areas such as the S1, thalamus, PAG and RVM are also part of the 

descending pain pathways, descending pain modulation may also be altered in CRPS. 
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Figure 1.2. Ascending pain pathway. Nociceptive information is transmitted by primary 

afferent neurons, whose cell bodies are located in the dorsal root ganglion, to the dorsal horn. 

The axons of second-order nociceptive neurons cross the midline and ascend to project to the 

thalamus, as well as brainstem structures; rostral ventral medulla (RVM), locus coeruleus (LC), 

and periaqueductal gray (PAG). Third-order neurons from the thalamus project to different 

cortical areas for pain processing, for example, to the primary somatosensory cortex for sensory 

discrimination of pain (Boadas-Vaello et al., 2016; Yam et al., 2018). 
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1.8.2 Pain modulation via brainstem circuits 

1.8.2.1 PAG and RVM 

 

One of the best described pain modulatory circuits in the brain involves the PAG-rostral 

ventromedial medulla (RVM)-dorsal horn (DH) pathway (Basbaum & Fields, 1984). The PAG 

surrounds the cerebral aqueduct of the midbrain and serves as the main control centre for 

descending pain modulation (Boadas-Vaello et al., 2016). The PAG is divided into four 

longitudinal columns along the rostro-caudal axis: dorsomedial (dm), dorsolateral (dl), lateral 

(l), and ventrolateral (vl) (Carrive, 1993; Keay & Bandler, 2008). In particular, the three lateral 

(dl, l, and vl) PAG columns are associated with emotional coping strategies to pain, “fight or 

flight” behaviours (dlPAG and lPAG) or quiescent and hyporeactivity (vlPAG) (Keay & 

Bandler, 2008). Importantly, the dlPAG and lPAG produce non-opioid-mediated analgesia 

while the vlPAG produces opioid-mediated analgesia (Keay & Bandler, 2008). In mice, 

pharmacogenetic inhibition of the lateral (l) and ventrolateral (vl) PAG increases nociceptive 

behaviours to mechanical stimuli (Li et al., 2021). In humans, deep brain stimulation of the 

dlPAG and lPAG decreased pain intensity, that is, produced an analgesic effect and triggered 

the release of endogenous opioids in patients with deafferentation pain (Sims-Williams et al., 

2017).  

 

The PAG does not directly project to the spinal cord, rather, the RVM acts as the primary relay 

station between the PAG and dorsal horn for descending pain modulation (Boadas-Vaello et 

al., 2016; WeiWei et al., 2021) (Figure 1.3). The RVM lies in the midline of the medulla and 

contains three sets of neurons involved in descending pain modulation: ON, OFF, and 

NEUTRAL (Fields et al., 1983). RVM ON and OFF cells send projections to the dorsal horn 
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where afferent nociceptors synapse (Fields, Malick & Burstein, 1995). PAG neurons projecting 

to the RVM release neurotransmitters and endogenous opioid neuropeptides on RVM ON and 

OFF cells to modulate descending pain modulation (Boadas-Vaello et al., 2016).  

 

Whilst the main focus of the PAG-RVM-DH pathway has been on pain relief, the RVM can 

also facilitate noxious information. RVM ON and OFF action potentials modify the excitability 

of spinal nociceptive neurons to increase and decrease nociceptive transmission, respectively 

(Fields et al., 1983; Salas et al., 2016; WeiWei et al., 2021). NEUTRAL cells are not associated 

with pain regulation (Fields, Barbaro & Heinricher, 1988; WeiWei et al., 2021). During 

noxious stimulation, there is an increase in action potential firing of spinal nociceptive neurons, 

which is correlated with increased ON cell and decreased OFF cell firing in rats (Salas et al., 

2016). Further, local morphine microinjection to the RVM decreased ON cell firing but also 

nociceptive neuronal firing at the dorsal horn despite noxious stimulation, hence it is suggested 

that RVM ON cells facilitates pain transmission (Salas et al., 2016). In contrast, increased OFF 

cell activity by selective µ-opioids produced antinociception (Heinricher et al., 1994).  

 

It is suggested that increased activation of ON cells and decreased activation of OFF cells, 

results in increased facilitation and decreased inhibition of pain transmission and is responsible 

for hyperalgesia and allodynia in chronic pain (Boadas-Vaello et al., 2016; Carlson et al., 2007; 

Neubert, Kincaid & Heinricher, 2004). Indeed, PAG and RVM activity are altered in chronic 

pain conditions compared to healthy controls (Bosma et al., 2016; Ioachim et al., 2022; Mills 

et al., 2018). Further, during voluntary suppression of pain in CRPS, the PAG is activated 

significantly less compared to healthy controls (Freund et al., 2011). Given this, it is likely that 
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persistent pain in CRPS involves alterations in the PAG-RVM-DH pathway that ultimately 

results in the facilitation of the dorsal horn and increased activity of ascending pain pathways. 

 

Interestingly, in neuropathic pain, maladaptive changes of the ascending pain pathway can 

contribute to changes to the descending PAG-RVM-DH pathway. Indeed, peripheral 

inflammatory signals of the ascending pain pathway can facilitate pain via the RVM ON and 

OFF cells. In mice, single-unit recordings demonstrated that intradermal injection of 

pruritogens such as histamine or chloroquine, or algogens such as capsaicin, excited RVM ON 

cells but inhibited OFF cells (Follansbee et al., 2018). In addition, under physiological 

conditions, RVM ON cells typically facilitate pain, where β-endorphin released by the PAG 

will interact with µ-opioid receptors on RVM ON cells to hyperpolarise and hence inhibit the 

facilitation of pain (Carlson et al., 2007). However, in neuropathic pain, peripheral 

inflammation and inflammatory mediators from the ascending pain pathway such as substance 

P result in a decreased expression of µ-opioid receptors, but increased expression of other 

receptors such as NMDA/AMPA, Trk-B and NK1 that facilitate depolarisation of RVM ON 

cells and hence lead to increased pain  (Boadas-Vaello et al., 2016; Guo et al., 2006; Lagraize 

et al., 2010; Miki et al., 2002). Similarly, there are also molecular changes with RVM OFF 

cells, such that there are increased GABAA and κ-opioid receptors (Boadas-Vaello et al., 2016; 

Gutstein et al., 1998). Ascending spino-PAG and spino-RVM pathways respectively stimulate 

the release of β-endorphin by PAG neurons, and GABA by RVM interneurons, resulting in 

hyperpolarised RVM OFF cells and hence reduced anti-nociception (Boadas-Vaello et al., 

2016). Thus, given the interplay between ascending and descending pain pathways in 

neuropathic pain, it is important to investigate both pathways in CRPS to better understand 

pain in CRPS. 
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Astrogliosis in brainstem areas such as the PAG and RVM in neuropathic pain may further 

facilitate pain in the descending pathway (Ni et al., 2019; Wei et al., 2008a). Indeed, 

proinflammatory cytokines such as tumour necrosis factor-α (TNF-α) and interleukin-1β (IL-

1β) were elevated in a rat chronic constriction injury (CCI) model of neuropathic pain, and 

intra-RVM injection of astrocytic inhibitors propentofylline, fluorocitrate and minocycline 

attenuated mechanical allodynia and hyperalgesia in rats (Wei et al., 2008b). Similarly in 

another rat study, intra-plantar injection of carrageenan into the hindpaw induced peripheral 

inflammation, and increased immunolabelling of activated astrocytes and phosphorylated p38 

MAPK, a proinflammatory cytokine promotor, in the RVM (Roberts, Ossipov & Porreca, 

2009). Further, injection of fluorocitrate or minocycline attenuated astrocytic activation, tactile 

allodynia and thermal hyperalgesia (Roberts, Ossipov & Porreca, 2009). Hence, in neuropathic 

pain, inflammatory mediators released by activated astrocytes may also facilitate pain via RVM 

cells in the descending pain pathway. 

 

In neuropathic pain, activated glial cells cause a change in the chloride anionic gradient in 

nociceptive neurons in the spinal dorsal horn and it has been speculated that spinal chloride 

dysregulation is important in neuropathic pain (Beggs, Trang & Salter, 2012; Coull et al., 2005). 

Within the RVM, the nucleus raphe magnus (RMg) is the primary source of the 

neurotransmitter serotonin (5-HT) (Boadas-Vaello et al., 2016). Descending 5-HT neurons 

from the RMg project onto inhibitory GABAA-ergic interneurons in the dorsal horn. In mice, 

optogenetic stimulation of these 5-HT RMg fibres inhibited spinal nociception, was associated 

with decreased action potential frequency of nociceptive C-fibres in the dorsal horn and 

increased pain sensitivity to  mechanical and thermal stimulation (Aby et al., 2022). In contrast, 
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when K+-Cl– cotransporter 2 (KCC2), a cell membrane transporter that maintains intracellular 

chloride concentration, was blocked in dorsal horn projection neurons, optogenetic stimulation 

of 5-HT RMg fibres significantly decreased paw withdrawal threshold and hence, increased 

pain sensitivity (Aby et al., 2022; Wilke et al., 2020). Similarly, in a murine spared nerve injury 

(SNI) model of neuropathic pain, optogenetic stimulation of 5-HT RMg fibres was associated 

with increased mechanical and thermal hypersensitivity and increased C-fibre action potential 

frequency in the dorsal horn (Aby et al., 2022). Further, Aby et al. (2022) found that 

pharmacologically enhancing KCC2 by CLP290 attenuated the mechanical and thermal 

hypersensitivity in SNI mice. Aby et al. (2022) therefore proposed the potential use of KCC2 

enhancers for neuropathic pain relief in combination with selective serotonin reuptake 

inhibitors. A greater understanding of the involvement of the descending pain pathways in 

CRPS may therefore offer newer therapeutic options for CRPS.  
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Figure 1.3. Descending pain modulatory pathways. Descending pain modulation from the 

cortex projects directly or indirectly via the thalamus to the periaqueductal gray (PAG). The 

PAG then projects its axons to the rostral ventromedial medulla (RVM) and the locus coeruleus 

(LC). Descending pain modulation is sent directly to the dorsal horn from the LC and RVM. 

In addition, the RVM also receives projections from the LC (Boadas-Vaello et al., 2016; 

WeiWei et al., 2021).   
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1.8.2.2 LC and noradrenaline  

 

The LC is located in the pons and is the principal source of noradrenaline (NA) in the brain 

(Taylor & Westlund, 2017). The LC projects to the RVM (Clark & Proudfit, 1991) and directly 

to the spinal cord dorsal horn where it can modulate incoming noxious information (Bajic & 

Proudfit, 1999; Boadas-Vaello et al., 2016; Bruinstroop et al., 2012) (Figure 1.3). Indeed, 

descending noradrenergic projections to the spinal cord dorsal horn are important in descending 

pain modulation and primarily arise from the LC (Ossipov, Morimura & Porreca, 2014). In rats, 

optogenetic activation of specific subpopulations of LC noradrenergic neurons produced both 

antinociceptive and pronociceptive effects (Hickey et al., 2014). Furthermore, in the dorsal 

horn, α1 and α2 adrenergic receptors can facilitate or inhibit pain when activated by NA 

respectively (Boadas-Vaello et al., 2016; Holden, Schwartz & Proudfit, 1999; Ossipov, 

Morimura & Porreca, 2014).  

 

The LC and NA system has been implicated in chronic pain. For example, in rodent models of 

neuropathic pain, lidocaine microinjection to the LC attenuated signs of allodynia and 

hyperalgesia (Brightwell & Taylor, 2009). Further, in a mouse model of neuropathic pain, 

pharmacological activation of noradrenergic neurons of the LC reduced pain (Li et al., 2022) 

and in humans, α2 adrenergic receptor agonists have been used to treat chronic pain conditions 

(Smith & Elliott, 2001). In animal models of nerve injury and neuropathic pain, there is 

upregulated expression and increased α1 adrenergic receptor activity, thereby facilitating pain 

(Drummond, 2012). It has been postulated that changes in the LC are associated with CRPS 

and chronic pain conditions (Drummond, 2012; Drummond & Finch, 2022; Taylor & Westlund, 

2017).  
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1.8.2.3 Brainstem pain modulation nuclei and higher brain areas  

 

Whilst the PAG and LC can individually modulate pain, they are also under the influence of 

higher brain regions (Coulombe et al., 2016; Song, Neal & Lee, 2021) (Figure 1.3). Indeed, 

connections between pain modulatory areas of the brainstem and higher brain areas may 

modulate pain in an ascending (bottom-up) or descending (top-down) direction. For example, 

during distraction from noxious stimulation, the orbitofrontal and anterior cingulate cortices 

(ACC) exert top-down modulation on the PAG such that there was a reduction in pain intensity 

and unpleasantness (Tracey et al., 2002; Valet et al., 2004). Top-down cortical inputs from the 

ACC to the PAG-RVM and ACC to LC have been shown to produce attentional analgesia 

(Oliva et al., 2021). The medial prefrontal cortex receives ascending nociceptive input where 

emotional and cognitive components of pain are processed (Kummer et al., 2020). Electrical 

stimulation of the LC suppresses nociceptive-evoked activity in the medial prefrontal cortex, 

suggesting the LC-NA system may modulate pain in an ascending and cortical manner 

(Condés-Lara, 1998). Indeed, optogenetic stimulation of noradrenergic projections from the 

LC to the ACC enhanced pain behaviours in mice (Koga et al., 2020). 

 

In chronic pain, there is altered activity of the PAG, RVM, and LC and engaged higher brain 

areas (Mills et al., 2018). Many studies have postulated that CRPS is associated with and 

possibly maintained by changes at the level of the brainstem and brainstem regions associated 

with pain modulation (Drummond, 2012; Drummond & Finch, 2021; Drummond & Finch, 

2022; Drummond et al., 2018a; Seifert et al., 2009; Thoma et al., 2022). However, to our 

knowledge, no study of CRPS has simultaneously investigated the PAG, RVM, and LC to 
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elucidate possible changes in pain modulatory pathways within the level of the brainstem and 

with higher brain areas in CRPS.  
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1.9 Neuroimaging Techniques 

1.9.1 Magnetic Resonance Imaging (MRI) 

 

One of the tools used to investigate brain function in CRPS is magnetic resonance imaging 

(MRI). This non-invasive imaging technique uses strong magnetic fields and radiofrequency 

pulses to produce images of the internal organs of the body including the brain. Different MRI 

sequences of magnetic fields, magnetic gradients, and radiofrequency pulses allow for the 

investigation of in vivo chemical concentration, structure, and activity of the brain.  

 

1.9.2 Magnetic Resonance Spectroscopy (MRS) 

 

Magnetic resonance spectroscopy (MRS) is a technique that can non-invasively detect 

neurochemicals in vivo (Mullins et al., 2014; Puts & Edden, 2012). Neurochemicals are, in part, 

structurally composed of hydrogen atoms. The MRI machine applies an external magnetic field 

to make hydrogen atoms spin at higher energy levels in MRS. As the hydrogen atoms relax, 

energy is released as radiofrequency signals which are measured in parts per million (ppm). 

The radiofrequency signals of hydrogen nuclear spins depend on neighbouring atoms (chemical 

environment) and adjacent spinning molecules (spin-spin coupling or J-coupling). The 

magnetic resonance spectrum is formed by the collection of signals from different compounds 

and contains a series of peaks where the compound with the highest proton concentration 

dominates (Puts & Edden, 2012; Rae, 2014). Radiofrequency signals for neurotransmitters 

such as GABA and glutamate can be isolated from the spectrum, identified and concentration 

quantified because of radiofrequency signal specificity for different neurochemicals (Mullins 

et al., 2014; Puts & Edden, 2012).  
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1.9.2.1 MEscher-Garwood Point RESolved Spectroscopy (MEGA-PRESS) and GABA 

 

The concentration of GABA is difficult to quantify because GABA concentration is relatively 

low in the brain and the radiofrequency signature of GABA coincides with neurochemicals of 

greater concentration (especially creatine). Further, the fact that GABA is affected by spin-spin 

coupling, which divides the GABA signal into approximately 10 sub-peaks of lower peak 

intensity distributed over the spectrum, makes GABA especially hard to detect and quantify 

(Puts & Edden, 2012). The MEscher-Garwood Point RESolved Spectroscopy (MEGA-PRESS) 

is an editing technique that involves taking the difference between two interleaved datasets 

(ON and OFF-edited sequences) to quantify GABA concentration (Mullins et al., 2014). The 

MEGA-PRESS method utilises spin-spin coupling in GABA, where GABA has signals at 1.9 

ppm and 3.0 ppm. GABA spins at 1.9 ppm are coupled to GABA spins at 3.0 ppm, but not all 

GABA spins at 3.0 ppm are coupled to 1.9 ppm. The ON editing pulse selectively targets the 

GABA spins at 1.9 ppm where the GABA spins at 3.0 ppm that are not coupled to 1.9 ppm are 

refocused. The OFF pulse allows hydrogens to spin freely. The difference between ON and 

OFF spectra selectively retains signals affected by the ON editing pulse, that is GABA at 3.01 

ppm (Mullins et al., 2014). 

 

1.9.2.2 Glutamate  

 

Like GABA, glutamate is also affected by overlapping neurochemical signals and by spin-spin 

coupling making glutamate difficult to detect and quantify (Puts & Edden, 2012; van 

Veenendaal et al., 2018). In addition, glutamate and glutamine, the precursor of glutamate, 

have such similar molecular structures that it is difficult to separate glutamate and glutamine 
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and as such are often quantified together as Glx (Dou et al., 2015; Puts & Edden, 2012; van 

Veenendaal et al., 2018). The MEGA-PRESS difference spectrum produces an additional Glx 

peak that is not overlapped by other neurochemical signals, hence making Glx easier to 

quantify at 3.75 ppm (van Veenendaal et al., 2018). There are relatively higher concentrations 

of glutamate than glutamine in the brain, and although both glutamate and glutamine contribute 

to the MEGA-PRESS edited Glx peak, the MEGA-PRESS edited Glx peak reflects glutamate 

more than glutamine concentration (Cleve, Gussew & Reichenbach, 2015; Rae, 2014; Shungu 

et al., 2013; van Veenendaal et al., 2018).  

 

1.9.3 Functional magnetic resonance imaging (fMRI) 

 

Neural activity can be investigated using blood-oxygen-level-dependent (BOLD) functional 

magnetic resonance imaging (fMRI). Regional blood flow increases and oversupplies an 

activated brain region with oxygenated blood (Bandettini, 2012). Oxygenated haemoglobin is 

not magnetic (diamagnetic), while deoxygenated blood is magnetic (paramagnetic) (Pauling & 

Coryell, 1936). fMRI detects the changes in magnetism of blood. Whilst fMRI can identify 

neural activity changes when individuals perform a task, it is a relative measure and thus cannot 

indicate absolute ongoing neural activity. It can however be used at rest to explore signal 

covariations between regions and thus provide an indication of region-to-region interactions. 

Brain regions that have simultaneous BOLD signal changes are said to be functionally 

connected.  
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1.9.3.1 Infraslow oscillations (ISOs) 

 

fMRI signals can also be decomposed to explore patterns of resting signals and thus can be 

used to explore more subtle aspects of ongoing signals such as the power of infraslow (<0.1Hz) 

signal oscillations (Cordes et al., 2001). Low-frequency fluctuations contribute to the 

functional connectivity of brain regions at rest (Cordes et al., 2001). Amplitudes of low-

frequency fluctuations (ALFF) is the total power of BOLD signal within the infraslow 

oscillation (ISO) range of 0.01-0.1 Hz and is proportional to neural activity (Lv et al., 2018). 

Increased ISOs are found in CRPS and other chronic pain conditions and are postulated to be 

involved in the development and maintenance of chronic pain (Di Pietro, Lee & Henderson, 

2020; Henderson & Di Pietro, 2016).  
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1.10 Overall Thesis Aim 

 

The overall thesis aim was to investigate the role of interconnected brain networks, including 

cortical, basal ganglia, and brainstem structures, in Complex Regional Pain Syndrome (CRPS) 

pain and motor dysfunction.  

 

1.10.1 Rationale and Aims  

 

The thesis consists of three experimental chapters in the form of three manuscripts, Chapters 2 

and 3 are published, and Chapter 4 is currently under review.  

 

Chapter 2 Rationale: The sensorimotor cortex is critical in pain and motor function and is 

thought to be responsible for altered sensory perceptions such as tactile acuity in CRPS. 

Sensorimotor disinhibition and sensorimotor cortical reorganisation, both of which are present 

in CRPS, are considered to be critical to the pathophysiology of CRPS. As a result, treatments 

for CRPS like GMI try to restore these abnormalities. It is thought that both sensorimotor 

cortical reorganisation and disinhibition may be due to changes in inhibitory balance via altered 

GABAergic function in CRPS. Both glutamate and GABA maintain the excitatory-inhibitory 

balance of the brain, however, to our knowledge, neither GABA nor glutamate concentration 

of the sensorimotor cortex of CRPS patients has been studied.  

 

Chapter 2 Aim: The first experimental chapter uses magnetic resonance spectroscopy to 

determine brain biochemistry in CRPS. More specifically, this chapter explores whether there 
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are differences in the biochemical content of the sensorimotor cortex, that represents the most 

affected limb, of individuals with CRPS compared with pain-free controls. Furthermore, the 

relationship between this biochemistry and sensory function is determined. 

 

Chapter 3 Rationale: The basal ganglia receive cortical input from the sensorimotor cortex and 

are important in pain and motor function. The basal ganglia consist of motor and non-motor 

functional loops that regulate motor function as well as cognition, reward, visual processing, 

and sensory integration. The function of key areas of the basal ganglia such as the putamen, 

which is somatotopically organised, and caudate nucleus are altered, and such changes have 

been correlated to pain and motor dysfunction in CRPS. In addition, neuroinflammation has 

been found in the basal ganglia of CRPS patients with infiltration of activated astrocytes and it 

is thought that astrogliosis that occurs with neuroinflammation may be involved in the 

development and maintenance of chronic pain in CRPS. Increased ISOs are thought to reflect 

astrogliosis and increased ISOs have been found in CRPS and other chronic pain conditions. 

However, to our knowledge, the putamen has not been somatotopically evaluated nor have the 

non-motor basal ganglia loops been systematically evaluated.  

 

Chapter 3 Aim: The second experimental chapter explores the basal ganglia in CRPS. More 

specifically, it details the use of resting-state functional magnetic resonance imaging to 

systematically investigate the patterns of resting signal intensity fluctuations (infraslow 

oscillations) and the functional connectivity of motor (putamen) and non-motor basal ganglia 

loops in CRPS compared to age- and sex-matched pain-free controls.  
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Chapter 4 Rationale: Transmission and modulation of pain through ascending and descending 

pain pathways both involve synapses onto brainstem nuclei such as the PAG, LC, and RVM. 

In other chronic pain conditions, functional changes to the PAG, LC, and RVM have been 

observed where it has been suggested that pain is facilitated by descending modulatory circuits. 

Many studies have postulated that CRPS may have altered pain processing at the level of the 

brainstem, however, there is a lack of direct evidence to support this postulation. To our 

knowledge, no study has concurrently investigated the PAG, LC, and RVM to understand 

potential changes in pain pathways at the level of the brainstem and with higher brain areas.  

 

Chapter 4 Aim: The third and final experimental chapter uses resting-state functional magnetic 

resonance imaging to investigate the functional connectivity of brainstem pain modulatory 

pathways in CRPS. It assesses resting functional connectivity strengths between the PAG, LC, 

and RVM in CRPS compared to age- and sex-matched pain-free controls. In addition, it 

assesses connectivity between the PAG and LC with higher brain regions in CRPS.  
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4.1 Abstract  

 

Complex regional pain syndrome (CRPS) is a chronic pain condition that can develop 

following minor trauma. Emerging evidence indicates that CRPS is associated with altered 

processing of pain modulatory regions within the brainstem, although direct evidence of this is 

lacking. Previous human brain imaging investigations in other chronic pain conditions have 

reported functional changes in brainstem regions such as the midbrain periaqueductal gray 

matter (PAG), locus coeruleus (LC), and rostral ventromedial medulla (RVM), however, no 

study has investigated connectivity of these brainstem regions or between these regions and 

higher brain centres in CRPS. In this study, we used resting state functional magnetic resonance 

imaging to investigate functional connectivity changes of the PAG, LC, and RVM within the 

brainstem and with higher brain areas in 15 CRPS and 30 matched pain-free controls. Using 

PAG, LC, and RVM seeds, we found that resting functional connectivity within the brainstem 

was not different in CRPS compared with control participants. However, CRPS participants 

displayed decreased left caudal and mid PAG functional connectivity with higher brain areas 

such as the primary somatosensory cortex (S1) and posterior cingulate cortex (PCC), and 

increased functional connectivity between the LC and the caudate nucleus, anterior cingulate 

cortex (ACC), and hippocampus. Further, decreased left caudal PAG-S1 functional 

connectivity was negatively correlated to pain in CRPS. These findings demonstrate that while 

resting functional connectivity between brainstem pain modulatory pathways is not altered in 

CRPS, connections between the brainstem and higher brain centres may play a role. 
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4.2 Significance Statement 

 

This is the first study to evaluate resting-state functional connectivity of pain modulatory 

pathways within the brainstem and with higher brain areas in CRPS. Contrary to speculation 

that brainstem modulatory pathway connectivity between the PAG, LC and RVM would be 

increased in CRPS participants compared to controls, we found no changes in functional 

connectivity between these brainstem nuclei at rest. In contrast, we demonstrate for the first 

time, alterations in brainstem to higher brain area functional connectivity, with PAG to S1 and 

PCC connectivity being decreased, and LC to caudate, ACC and hippocampus connectivity 

being increased. We therefore postulate that changes in ascending brainstem projections to 

higher brain regions may contribute to pain in CRPS. 

  



106 
 

4.3 Introduction 

 

Complex regional pain syndrome (CRPS) is a chronic pain condition that can develop 

following minor limb trauma, with recent evidence indicating CRPS onset in 4 – 14% of wrist 

fractures (Rolls et al., 2020). Presenting similarly to neuropathic pain, CRPS is characterised 

by pain that is disproportionate to the injury, hyperalgesia and allodynia, motor impairments, 

and co-morbid depression. Unfortunately, the efficacy of anti-neuropathic agents (e.g., 

Gabapentin) and opioids are poor. However, opioids are still widely prescribed and contribute 

to increasing opioid misuse (Roxburgh & L, 2017). The pathophysiology of CRPS and indeed 

neuropathic pain in general is not well understood and this lack of understanding underlies our 

inability to develop more effective treatment regimens. 

 

Some studies have begun to explore the pathophysiology of CRPS and many have begun to 

elucidate the role of the brainstem in the development of on-going pain. Whilst there is little 

direct data exploring the brainstem itself, Seifert et al. (2009) reported decreased adaptation to 

noxious electrical stimuli and increased hyperalgesia in CRPS and suggested that these findings 

indicate that descending modulatory pain pathways are facilitating nociceptive input. More 

recently, it was reported that CRPS is associated with altered nociceptive blink reflex 

excitability and habituation, also indicative of altered brainstem pain processing (Thoma et al., 

2022). Furthermore, it has been suggested that the presence of photophobia in individuals with 

CRPS results from abnormal brainstem nociceptive processing (Drummond & Finch, 2021). 

While these studies indicate a pathophysiological role of the brainstem in CRPS, few have 

investigated functional changes in brainstem pain processing regions themselves. 
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It is well established that the brainstem contains a number of regions that modulate incoming 

noxious information (Crawford et al., 2022). The most well-described is that of the midbrain 

periaqueductal gray matter (PAG) - rostral ventromedial medulla (RVM) – dorsal horn (DH) 

circuit which can either inhibit or facilitate incoming noxious information (Basbaum & Fields, 

1984; Ghazni, Cahill & Stroman, 2010). Other brainstem pain modulatory sites include the 

locus coeruleus (LC) which has been implicated in placebo and conditioned pain modulation 

analgesia (Crawford et al., 2022; Crawford et al., 2021; Youssef, Macefield & Henderson, 

2016a; Youssef, Macefield & Henderson, 2016b). Importantly, it has been previously shown 

that individuals with chronic orofacial neuropathic pain display increased resting connectivity 

strengths between these brainstem sites (Mills et al., 2018). Furthermore, these brainstem sites, 

particularly the PAG and LC, are thought to be modulated by descending inputs from higher 

brain regions such as the prefrontal and cingulate cortices (Boadas-Vaello et al., 2016; 

Heinricher et al., 2009; Knudsen et al., 2018; Youssef, Macefield & Henderson, 2016a). Whilst 

it has been suggested that brainstem pain modulatory sites are altered in CRPS, no study has 

directly investigated these regions in human participants. Furthermore, no study has 

investigated potential descending influences over these brainstem circuits in CRPS.  

 

The aim of this study was to use resting state functional magnetic resonance imaging (fMRI) 

to determine if CRPS participants have altered functional connectivity in brainstem pain 

modulatory pathways, compared to pain-free control participants. We hypothesised that there 

would be significantly greater resting functional connectivity between the PAG, LC, and RVM 

in individuals with CRPS. Furthermore, we hypothesised altered connectivity strengths 

between higher brain centres, the prefrontal and cingulate cortices, and the PG and LC in CRPS.  
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4.4 Materials and Methods 

4.4.1 Study participants  

 

Sixteen eligible participants with upper limb CRPS consented to participate in the study, 

however, 1 CRPS participant was excluded due to claustrophobia. Data from 15 upper-limb 

CRPS participants (11 females; mean ± SEM age: 47.5 ± 3.2 years) and 30 age- and sex-

matched pain-free controls (22 females; 47.4 ± 2.3 years) were analysed. CRPS participants 

were diagnosed in accordance with the International Association for the Study of Pain 

“Budapest” diagnostic criteria (Harden et al., 2007). All CRPS participants had upper limb 

CRPS as their primary complaint and reported ongoing pain for at least 3 months. Participants 

were excluded if they had any MRI contraindications (e.g. pacemakers, metal implants), 

neurological disorders, or significant mental health disorders or developmental delays that 

would impact participation. Pain-free control participants were excluded if they had any 

chronic pain condition. Informed written consent was obtained from all participants. This study 

was conducted with the approval of the Human Research Ethics Committee of the University 

of Sydney and conducted in accordance with the Declaration of Helsinki. No sample size 

calculation was performed; hence, a convenience sample was recruited due to the low incidence 

of CRPS and difficulty in recruiting eligible and willing CRPS participants, particularly for an 

MRI study.  

 

4.4.2 CRPS assessment  

 

CRPS signs were assessed in both upper limbs of each CRPS participant. i) Sensory: 

Hyperalgesia and allodynia were assessed via pinprick of the dorsal webspace of the hand and 
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light brush strokes on the dorsum of the hand, respectively. ii) Vasomotor: Skin temperature 

and skin colour asymmetry were determined by touch and visual assessment. iii) 

Sudomotor/Oedema: Sweating (sudomotor) of the participant’s palms was assessed by touch; 

oedema of the wrist and proximal phalanx of the middle finger was assessed with 

circumferential measurement with a tape measure. iv) Motor/Tropic: Tremor and dystonia were 

visually assessed. Motor weakness was determined by a power grip test on the researcher’s 

index and middle fingers. Trophic changes were visually assessed by noting hair, nail, and skin 

asymmetry between upper limbs.  

 

4.4.3 Pain assessment 

 

For all CRPS participants, pain intensity on the day of the study (“day pain”) was rated on a 10 

cm visual analogue scale (VAS) (0 = no pain to 10 = worst imaginable pain). In addition, 

ongoing pain intensity was rated three times a day for seven days before or following the 

scanning session on the 10 cm VAS. The mean pain rating of the seven days was taken as the 

“diary pain” score. Task-associated pain intensity in the affected limb was assessed using the 

Patient-rated Wrist and Hand Evaluation (PRWHE) pain subsection (MacDermid, 1996). The 

PRWHE pain score ranges from 0 to 50, with a higher score indicating greater task-associated 

pain. 

 

4.4.4 MRI data collection  

 

Participants lay supine on the MRI scanner bed in a 3 Tesla MRI scanner (Achieva TX, Philips 

Medical Systems) with their head immobilised in a padded 32-channel head coil. For each 
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participant, a high-resolution T1-weighted anatomical image of the whole brain in the sagittal 

plane was collected (repetition time = 5600 ms; echo time = 2.5 ms, flip angle = 8°, raw voxel 

size 0.87mm3). Following this, participants were asked to relax with their eyes closed as a 

series of 180 gradient-echo echo-planar resting-state fMRI volumes with blood oxygen level-

dependent contrast (BOLD) were collected (repetition time = 2000 ms; echo time = 30 ms, flip 

angle = 90°, 37 axial slices, raw voxel size 3×3×4mm, phase encoding along the anterior to 

posterior direction).  

 

4.4.5 MRI data analysis  

 

SPM12 (Friston et al., 1995) and custom software was used to perform MRI data analysis. To 

ensure that the brain’s left hemisphere was contralateral to the CRPS-affected limb for all 

CRPS participants, the T1 and rsfMRI images of left-side restricted upper limb CRPS 

participants (n = 3) were left-right reflected across the midline on the y-axis before data 

processing. Thus, results restricted to the right side of the brain are ipsilateral to the most severe 

on-going pain. All fMRI images were realigned and the Dynamic Retrospective Filtering 

toolbox (Särkkä et al., 2012) was used to model and remove cardiac and respiratory noise. To 

remove global drifts in fMRI signal intensity the images were linear detrended and to remove 

movement-related signal changes the images were detrended using a linear modelling of 

realignment parameters procedure. Each participant’s fMRI image set was co-registered to 

their own T1-weighted anatomical image. The T1 images were then spatially normalised into 

Montreal Neurological Institute (MNI) space, and the normalisation parameters were applied 

to the fMRI images sets to place them into MNI space. This procedure resulted in the reslicing 

of images into 2x2x2mm voxels. The resulting fMRI images were then smoothed using a 6mm 
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full-width at half-maximum (FWHM) Gaussian filter. For brainstem analyses, prior to spatial 

normalisation, the SUIT (A Spatially Unbiased Atlas Template of the Cerebellum and 

Brainstem) toolbox (Diedrichsen, 2006) was used to isolate and create binary masks for the 

brainstem of each participant’s T1 and fMRI image sets. Using the brainstem masks, the 

brainstem of T1 and fMRI image sets were spatially normalised to the SUIT brainstem template 

in MNI space. 

 

4.4.6 Connectivity analysis  

4.4.6.1 Brainstem 

 

Nine brainstem seeds, each consisting of 6 contiguous voxels, were used to explore 

connectivity within brainstem pain modulatory pathways and between the brainstem and higher 

brain regions. To explore the PAG, we divided it into caudal (z = -12 to -10 in MNI space), 

mid (z = -9 to -7) and rostral (z = -6 to -4) segments. Left and right PAG seeds were made for 

each rostro-caudal level, totalling 6 PAG seeds (left caudal PAG, right caudal PAG, left mid 

PAG, right mid PAG, left rostral PAG and right rostral PAG). Separate rostro-caudal seeds 

were created since experimental animal studies have shown a crude somatotopic organization 

of afferent inputs to the PAG, with inputs from the spinal system terminating primarily in the 

contralateral caudal PAG whereas those from the orofacial system terminate primarily in the 

contralateral rostral PAG (Keay et al., 1997; Wiberg, Westman & Blomqvist, 1987). Two seeds, 

one encompassing the left and the other the right LC (z = -26 to -17) and a single seed 

encompassing the RVM (z = -51 to -47) were also created (Figure 4.1A).  
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For each of the 9 brainstem seeds, a voxel-by-voxel analysis was performed over the brainstem 

to determine the relationships between the mean resting signal intensity changes within each 

seed region and that of each voxel of the brainstem in each participant. The resultant brainstem 

connectivity maps were smoothed using a 2 mm FWHM Gaussian filter. To determine 

significant differences between CRPS and pain-free controls, second-level, two-group random-

effects analysis was performed for each of the 9 seeds (p<0.001 uncorrected for multiple 

comparisons, minimum contiguous cluster size of 10 voxels). Further, connectivity strengths 

(beta values) between seeds on the same side (i.e., left PAG to left LC, right PAG to right LC) 

and between the PAG, LC, and RVM were extracted, individual and mean ± standard error of 

mean (SEM) connectivity strength (beta values) plotted, and significance between groups 

determined (p<0.05, 2-sample, 2 tailed t-tests).  

 

4.4.6.2 Whole brain 

 

For 8 brainstem seeds (i.e. all seeds except the RVM, which does not have direct cortical 

projections), a voxel-by-voxel analysis was performed over the remainder of the brain (whole 

brain not including the brainstem) to determine the relationships between the mean resting 

signal intensity changes within each seed region and that of each voxel of the brain in each 

participant. Significant differences between CRPS and pain-free controls were determined by 

performing a second-level, two-group random-effects analysis for each seed (p<0.001 

uncorrected, minimum contiguous cluster size of 10 voxels). A gray matter mask was applied 

to the analysis. For significant clusters, individual and mean±SEM connectivity strength values 

(beta values) were plotted. In addition, for CRPS participants, linear relationships between 

connectivity strength of significant clusters and pain duration, day pain, diary pain, and 

PRWHE pain score were determined using Pearson’s correlations (Pearson’s r, p<0.05, two-
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tailed). The Benjamini-Hochberg method (Benjamini & Hochberg, 1995) was used to adjust 

correlation p values at 5% false discovery rate.  

4.5 Results 

4.5.1 Participant characteristics  

 

Of the 15 upper limb CRPS participants, three reported upper limb pain primarily on the left 

side, while the remaining participants’ pain was primarily in the right upper limb. Most 

participants reported pain elsewhere in addition to their upper-limb CRPS and 7 participants 

reported lower limb pain (Figure 4.1B, Table 4.1). The mean CRPS duration was 4.6±0.9 

years, day pain 5.3±0.5, diary pain 4.6±0.6, and PRWHE pain score 34.1±2.9.  

  



114 
 

 

 

Figure 4.1. (A) Locations of the 9 brainstem functional connectivity seeds overlaid onto a 

series of axial T1-weighted anatomical slices. Slice locations in Montreal Neurological 

Institute space are indicated on the top right of each slice. (B) Body maps showing the 

distribution of on-going pain in all 15 CRPS participants. LC: locus coeruleus; PAG: midbrain 

periaqueductal gray matter; RVM: rostral ventromedial medulla. 
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Table 4.1. CRPS participant demographics, medical history, medication, and pain intensity scores. 

Partic- 
ipant 

Age Sex Pain 
duration 
(years) 

CRPS 
Affected 
Region(s) 

Inciting Event Medications Comorbidities Pain Intensity 

Pain-related Non-pain-related Day 
Pain 

Diary 
Pain 

PRWHE 
pain 
score 

1 49.2 M 7.0 R UL, R LL, 
L LL, face, 
abdomen 

Pain in R hand None None None 4.0 4.5 32.0 

2 56.4 F 4.2 L UL, R UL, 
R LL, R and 
L chest 

L humerus 
fracture 

Duloxetine, Gabapentin, 
Oxycodone, Quetiapine, 
Tapentadol 

L radial nerve 
palsy, 
fibrocartilage 
complex 
degeneration of R 
hand 

None 7.8 8.1 45.0 

3 55.8 F 0.9 R UL, R 
neck, R 
chest 

Spontaneous 
onset 

Ashwagandha, Budesonide, 
Cannabis, Codeine, 
Formoterol, Oxycodone, 
Paracetamol, Salbutamol 

Back pain, 
Fibromyalgia, 
Osteoarthritis, 
Radiculopathy, 
Spinal disc 
herniation 

COPD, Peptic ulcer, 
Raynaud’s disease 

7.9 8.3 46.0 

4 61.7 F 6.2 L UL, R UL R hand tendon 
release 
surgery 

Amitriptyline, Cannabidiol 
drops, Codeine, 
Levothyroxine, Paracetamol, 
Topiramate, Tramadol, 
Valerian 

None Diverticulitis, 
Gastro-
oesophageal reflux 
disease, Graves’ 
disease 
(thyroidectomised) 

4.3 5.8 42.0 

5 58.1 F 8.7 R UL, R LL, 
R face 

R arm surgery Codeine, Duloxetine, 
Linagliptin, Meloxicam, 
Metformin, Paracetamol 

None Diabetes 4.1 4.7 43.0 

6 66.6 F 9.5 R UL, L UL, 
R LL, L LL 

R radius 
fracture 

Amlodipine, Gabapentin, 
Ketamine in lipoderm 
cream, Metformin, 
Metoprolol, Pantoprazole, 
Salbutamol 

Osteoarthritis Asthma, Diabetes, 
Hypertension, 
Pubic symphysitis, 
Supraventricular 
tachycardia  

5.0 3.7 26.0 
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7 46.8 M 1.5 R UL Spontaneous 
onset 

Amlodipine, Atorvastatin, 
Ibuprofen, Paracetamol, 
Perindopril, Pregabalin 

None Hyperlipidaemia, 
Hypertension 

7.1 6.8 41.0 

8 34.2 F 5.3 R UL, R LL, 
R hip 

R wrist 
fracture 

Amitriptyline, 
Buprenorphine patch 

Migraine, R hip 
bursitis 

None 2.4 4.3 28.0 

9 25.9 F 1.3 R UL, L and 
R neck, 
spine, L LL 

R hand nerve 
damage  

None Endometriosis Polycystic ovarian 
syndrome 

6.8 5.4 40.0 

10 45.2 M 1.2 R UL R wrist injury Codeine, Ibuprofen, 
Pregabalin,  

Bell’s palsy, 
Bulging discs 

None 3.0 2.0 38.0 

11 45.9 F 3.9 L UL L hand carpal 
tunnel release 
surgery 

Amitriptyline, Betahistine, 
Duloxetine, Naproxen, 
Pantoprazole, Rizatriptan, 
Tapentadol, Valaciclovir 

Carpal tunnel of R 
hand, 
Fibromyalgia, 
Migraine 

Herpes, Polycystic 
ovarian syndrome, 
Vertigo  

5.6 0.6 5.0 

12 23.8 F 2.6 R UL, L UL Overload Amitriptyline, Gabapentin, 
Levothyroxine  

None Hashimoto’s 
Disease 

4.4 4.5 28.0 

13 52.3 F 2.9 R UL, R 
torso 

Fractured 
coccyx 

Ibuprofen, Melatonin, 
Paracetamol, Tapentadol 

Endometriosis None 3.5 3.8 28.0 

14 37.8 F 12.7 R UL, R 
neck, L LL 

Spontaneous 
onset 

Duloxetine, Gabapentin, 
Naloxone, Oxycodone, 
Palmitoylethanolamide 

Endometriosis, 
Endosalpingiosis 

Raynaud’s disease 5.9 0.0 23.0 

15 52.3 M 1.9 R UL, L and 
R neck, 
back 

R scaphoid 
fusion surgery  

Ibuprofen, Oxycodone, 
Paracetamol, Pregabalin, 
Tramadol, Venlafaxine, 
Zopiclone 

L shoulder bursitis Sleep apnoea 7.6 7.0 46.0 

Mean 
(±SEM) 

47.5  
(±3.2) 

 
4.6  
(±0.9) 

      
 

  5.3 
(±0.5) 

4.6 
(±0.6) 

34.1 
(±2.9) 

 

Abbreviations: R, right; L, left; UL, upper limb; LL, lower limb; SEM, standard error of mean. The CRPS region with the most severe pain is in 

bold. CRPS regions that are in remission are in italics. Medication taken in the last 24 hours of the day of testing are underlined. 
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4.5.2 Brainstem resting functional connectivity  

 

Direct comparison of resting connectivity between CRPS and control participants revealed no 

significant differences in functional connectivity strength for any of the 9 brainstem seeds. To verify 

that there were no significant group differences we also extracted connectivity strength (beta values) 

on the left and right sides between the PAG and LC, the PAG and RVM, and the LC and RVM seeds 

and assessed significance (Figure 4.2, Table 4.2). Consistent with the voxel-by-voxel analysis we 

found no significant group differences between groups for any of these connectivity strengths. 
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Figure 4.2. No significant connectivity strength group differences between brainstem seeds. The 

middle diagram shows the descending pain modulatory pathway with coloured lines indicating 

projections. Plots of individual participant connectivity strengths (beta values), with horizontal lines 

indicating the mean±SEM for each group. Left side plots are group connectivity strength comparisons 

between seeds on the left side and right side plots for comparisons between seeds on the right side. 

Ns: not significant; DH: dorsal horn. LC: locus coeruleus; PAG: midbrain periaqueductal gray matter; 

RVM: rostral ventromedial medulla.
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Table 4.2. Connectivity strength (beta values) between brainstem seeds.   

Seed-to-seed comparison Beta values (β; mean ± SEM) 

CRPS Controls 

Rostral PAG   
Left rostral PAG - left LC 0.07 ± 0.03 0.12 ± 0.04 
Left rostral PAG - RVM 0.04 ± 0.05 0.02 ± 0.04 
Right rostral PAG - right LC 0.10 ± 0.08 0.18 ± 0.05 
Right rostral PAG - RVM -0.005 ± 0.06 -0.05 ± 0.04 

Mid PAG   
Left mid PAG - left LC 0.08 ± 0.04 0.17 ± 0.03 
Left mid PAG - RVM 0.002 ± 0.05 0.005 ± 0.04 
Right mid PAG - right LC 0.13 ± 0.07 0.22 ± 0.04 
Right mid PAG - RVM -0.001 ± 0.06 -0.04 ± 0.04 

Caudal PAG   
Left caudal PAG - left LC 0.17 ± 0.05 0.22 ± 0.03 
Left caudal PAG - RVM -0.007 ± 0.06 -0.01 ± 0.04 
Right caudal PAG - right LC 0.16 ± 0.07 0.27 ± 0.05 
Right caudal PAG - RVM 0.03 ± 0.06 -0.01 ± 0.04 

LC   
Left LC - RVM 0.07 ± 0.04 0.02 ± 0.04 
Right LC - RVM 0.003 ± 0.06 0.02 ± 0.04 

 

Abbreviations: PAG, midbrain periaqueductal gray matter; LC, locus coeruleus; RVM, rostral 

ventromedial medulla. 

 

4.5.3 Whole brain resting functional connectivity  

4.5.3.1 PAG 

 

Whole brain voxel-by-voxel analysis of the PAG revealed significant functional connectivity 

differences for the left (contralateral to pain) caudal PAG and left mid PAG seed only. There 

were no significant functional connectivity differences between CRPS participants and controls 

for the left rostral PAG or any of the right PAG seeds. For the left caudal PAG seed, CRPS 

participants displayed significantly decreased functional connectivity strengths with the left 

primary somatosensory cortex (S1) in the region representing the upper body (mean±SEM beta 

values; CRPS: -0.02±0.01, controls: 0.04±0.01), right posterior cingulate cortex (PCC) (CRPS: 

-0.01±0.02, controls: 0.09±0.01), right caudate nucleus (CRPS -0.03±0.03, controls: 
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0.08±0.01), and the left cerebellar cortex (CRPS: -0.03±0.03, controls: 0.09±0.02; Figure 

4.3A). In CRPS participants, the left caudal PAG to left S1 functional connectivity was 

negatively correlated to diary pain (r=-0.61, p=0.03) and PRWHE pain score (r=-0.75, 

p=0.006). That is, the greater the left caudal PAG to left S1 functional connectivity, the lower 

the diary pain and PRWHE score (reflecting low pain level) in CRPS participants. There were 

no other significant correlations between left caudal PAG connectivity strength and pain 

duration, day pain, diary pain, or PRWHE pain score (Table 4.3).  

 

For the left mid PAG seed, compared to controls, CRPS participants also had significantly 

decreased connectivity strength with two clusters in the right PCC regions (CRPS: -0.01±0.02, 

controls: 0.09±0.01 and CRPS: -0.02±0.02, controls: 0.06±0.01) and one in the right caudate 

nucleus (CRPS: -0.04±0.02, controls: 0.06±0.01) (Figure 4.3B). In none of these clusters was 

connectivity significantly correlated with pain duration, day pain, diary pain or PRWHE pain 

score (Table 4.3). 
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Figure 4.3. Decreased functional connectivity strength of the (A) left caudal midbrain 

periaqueductal gray matter (PAG) and (B) left mid PAG seed in CRPS participants compared 

to controls. (p < 0.001; uncorrected, minimum contiguous cluster size of 10 voxels, cool colour 

scale). Slice locations in Montreal Neurological Institute space are indicated on the top right of 

each axial and sagittal slice. Plots of individual participant connectivity strength (beta values), 

with horizontal lines indicating the mean ± SEM for each group. *, significant difference 

between groups determined by voxel-by-voxel analysis. PCC: posterior cingulate cortex; S1: 

primary somatosensory cortex.  
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4.5.3.2 LC 

 

 Whole brain voxel-by-voxel of the LC revealed significant functional connectivity differences 

for both the left and right LC seeds. CRPS participants displayed significantly greater left LC 

connectivity than controls with the left hippocampus (CRPS: 0.10±0.03, controls: -0.03±0.02), 

two left caudate nucleus clusters (CRPS: 0.13±0.03, controls: -0.02±0.02 and CRPS: 0.08±0.02, 

controls: -0.00002±0.01), left anterior insula (CRPS: 0.09±0.03, controls: -0.001±0.01) and the 

left posterior insula (CRPS: 0.09±0.02, controls: -0.01±0.02) (Figure 4.4A).  

 

Analysis of the right LC seed revealed that CRPS participants displayed greater connectivity 

strength than controls in the right anterior cingulate cortex (ACC) (CRPS: 0.16±0.03, controls: 

0.03±0.02), the right hippocampus (CRPS: 0.17±0.05, controls: -0.02±0.03) and the right 

parahippocampus (CRPS: 0.18±0.03, controls: 0.07±0.01; Figure 4.4B). There were no 

significant correlations between any of the significantly different clusters derived from the left 

or right LC seeds with pain duration, day pain, diary pain, or PRWHE pain score (Table 4.3). 
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Figure 4.4. Increased functional connectivity strength of the (A) left locus coeruleus (LC) and 

(B) right LC seed in CRPS participants compared to controls. Slice locations in Montreal 

Neurological Institute space are indicated on the top right of each axial and sagittal slice. Plots 

of individual participant connectivity strength (beta values), with horizontal lines indicating 

the mean ± SEM for each group. *, significant difference between groups determined by voxel-

by-voxel analysis. ACC: anterior cingulate cortex. 
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Table 4.3. Montreal neurological institute (MNI) coordinates, t-scores, cluster size, beta 

values, and correlations between beta values and pain for regions with significant 

functional connectivity differences between CRPS participants and healthy controls. 

 

* significant correlation between CRPS participant beta values and pain score (FDR-adjusted 

significance of correlation, p < 0.05). ACC: anterior cingulate cortex; LC: locus coeruleus; 

PAG: midbrain periaqueductal gray matter; S1: primary somatosensory cortex; PCC: posterior 

cingulate cortex; PRWHE, Patient-Rated Wrist and Hand Evaluation.  

 

Region MNI Coordinates t-
score 

Cluster 
size 

Correlation to pain of CRPS participants 
(Pearson’s r) 

X Y Z Pain 
duration 

Day 
Pain 

Diary 
Pain 

PRWHE 
pain 
score 

Left caudal PAG seed 
CRPS < Controls 

         

left S1 -20 -44 58 3.85 34 -0.13 -0.19 -0.61* -0.75* 

right PCC 14 -28 46 3.95 46 0.11 -0.07 -0.52 -0.42 

right caudate nucleus 16 -14 18 4.16 16 0.30 -0.41 -0.11 -0.14 

left cerebellar cortex -44 -70 -28 3.96 11 0.11 -0.26 -0.27 -0.25 

Left mid PAG seed 
CRPS < Controls 

         

right PCC 14 
10 

-32 
-12 

48 
48 

3.93 
3.84 

45 
15 

0.08 
-0.26 

-0.17 
-0.36 

-0.47 
-0.26 

-0.33 
0.07 

right caudate nucleus 18 -20 20 4.51 31 0.06 -0.11 0.08 0.11 

Left LC seed 
CRPS > Controls  

         

left posterior insula -34 -22 4 3.96 13 -0.08 -0.11 -0.52 -0.45 

left caudate nucleus -8 
-14 

4 
20 

2 
-2 

4.18 
3.68 

13 
10 

0.14 
0.05 

-0.36 
-0.09 

-0.48 
-0.33 

-0.49 
-0.57 

left anterior insula -32 14 -10 3.54 10 -0.16 -0.14 -0.32 -0.37 

left hippocampus  -32 -20 -18 4.20 69 -0.27 -0.37 -0.56 -0.36 

Right LC seed 
CRPS > Controls 

         

right ACC 6 42 -2 4.04 14 -0.37 0.08 -0.16 -0.004 

right 
parahippocampus 

32 -32 -18 3.87 14 -0.47 0.05 0.02 -0.14 

right hippocampus 22 -16 -24 3.84 11 -0.54 0.02 -0.13 -0.02 



125 
 

4.6 Discussion 

 

Contrary to our hypothesis, CRPS participants did not display altered functional connectivity 

within the brainstem compared to pain-free controls. Specifically, there was no functional 

connectivity difference between PAG and LC, PAG and RVM, or LC and RVM in CRPS 

compared to pain-free controls. In contrast, consistent with our hypothesis, CRPS participants 

displayed altered functional connectivity between brainstem pain pathway regions and higher 

brain areas compared to controls. CRPS participants displayed decreased functional 

connectivity between the PAG and higher brain areas such as the S1 and PCC, and increased 

connectivity between the LC and areas including the caudate nucleus, hippocampus, and ACC. 

These results suggest that at rest, CRPS is associated with altered cortical influences over the 

PAG and LC, although PAG and LC descending connections to the RVM appear to be 

unaffected.  

 

A number of previous investigations have suggested that CRPS is associated with altered pain 

processing at the level of brainstem. For example, Thoma et al. (2022) reported increased 

nociceptive blinking reflex excitability and decreased habituation in CRPS and Seifert et al. 

(2009) reported decreased habituation to painful electrical stimulation of the painful hand of 

CRPS participants. Additionally, Drummond and Finch (2021) suggested that photophobia 

experienced by CRPS participants is likely due to abnormal processing in brainstem pain 

processing regions.  Whilst these studies have speculated brainstem involvement, they did not 

measure brainstem function directly. Our results suggest that at least at rest, connectivity 

between the major brainstem pain modulatory regions is not different in CRPS participants 

compared with controls. 
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This is in striking contrast to our previous study in which we reported significant differences 

in resting connectivity between the brainstem pain modulatory regions in individuals with 

chronic orofacial neuropathic pain (Mills et al., 2018). In our previous investigation, we found 

that chronic orofacial neuropathic pain was associated with significantly greater connectivity 

strengths between the RVM and the PAG, LC and RVM; here we found no such connectivity 

differences in individuals with CRPS. It should be noted that we used the same fMRI sequence 

in this study as that of this previous study which suggests the disparity does not stem from 

differences in image sensitivity or spatial resolution. Experimental animal investigations have 

revealed that the RVM contains “on” and “off” cells that can inhibit and facilitate the primary 

nociceptive synapse, respectively (Fields & Heinricher, 1985; Heinricher et al., 2009). In pain-

free individuals, it has been proposed that this descending system is finely balanced whereas 

in individuals with chronic neuropathic pain, the system shifts to a pro-nociception state 

(Burgess et al., 2002; Heinricher, Barbaro & Fields, 1989b). Indeed, it has been previously 

reported that PAG-RVM connectivity increases during spontaneous increases in pain in 

individuals with orofacial neuropathic pain (Mills et al., 2020). Whilst we did not find any 

overall connectivity strength differences within the brainstem in CRPS, it is possible that the 

balance between PAG regulation of RVM on and off cells has shifted in equal amounts to 

increase “off” and decrease “on” cell inputs resulting a no net change in fMRI signal intensity. 

It is unlikely that the PAG controls noxious inputs via direct projections to the dorsal horn, 

since although tract tracing studies in primates and cats have shown some projects to the spinal 

cord, they primarily terminate in deep laminae (Mantyh, 1983; Mouton & Holstege, 1994). 

 

Although we did not find alterations in connectivity within the brainstem, we did find decreased 

functional connectivity in both the caudal PAG and mid PAG contralateral to the CRPS 

affected side with higher brain areas such as the S1, PCC, and caudate nucleus in CRPS 
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participants. Interestingly, these connectivity differences only occurred in the contralateral 

caudal-mid levels of the PAG that receive inputs from the spinal cord and not from the more 

rostral PAG levels (Keay et al., 1997; Wiberg, Westman & Blomqvist, 1987) and where arm 

stimulation produces the greatest somatosensory evoked potential responses (Pereira et al., 

2013). We found decreased functional connectivity between the contralateral caudal PAG seed 

and contralateral S1 as compared to pain-free controls. It is hypothesised that S1 is responsible 

for the conscious perception and spatial localisation of pain (Backonja, 1996; Bushnell, Ceko 

& Low, 2013) and that S1 stimulation can modulate pain (Xie, Huo & Tang, 2009). In a 

previous investigation, it was reported that CRPS is associated with increased resting 

oscillation power in the thalamic region that receives somatosensory inputs and CRPS 

participants displayed increased connectivity strengths between this thalamic region and the 

same S1 region reported in this study (Di Pietro, Lee & Henderson, 2020). It might be that the 

interactions between ascending information to S1 via both the PAG and thalamus are ultimately 

responsible for the intensity of on-going pain in CRPS. Indeed, we found that diary pain and 

PRWHE pain scores were negatively correlated to the functional connectivity between the left 

caudal PAG and S1, that is, the lower the connectivity between left caudal PAG and S1, the 

greater the pain intensity. 

 

Both the left caudal and left mid PAG also displayed decreased functional connectivity to the 

PCC, a brain area also implicated in pain control.  Whilst the ACC likely codes the affective 

component of pain, the PCC is involved in sensory orientation (Vogt, 2005). Most 

investigations linking the cingulate cortex with analgesia report changes in the ACC and its 

influence over the PAG-RVM circuitry (Xie, Huo & Tang, 2009). However, PCC fMRI signal 

changes are associated with conditioned pain modulation analgesia and PAG-PCC functional 

connectivity increases during electroacupuncture (Youssef, Macefield & Henderson, 2016a; 
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Zyloney et al., 2010). In addition, given the role of the PCC role in sensory orientation, changes 

in LC-PCC connectivity in CRPS may be related to avoidance or aversion to pain (Nielsen, 

Balslev & Hansen, 2005; Rolls, 2019).   

 

In contrast to PAG seeds, in which connectivity with higher brain regions was reduced in CRPS 

participants, LC seeds displayed greater functional connectivity with higher brain centres 

including the caudate nucleus, ACC, and hippocampus. The caudate nucleus has been shown 

to be involved in pain modulation as it is activated during noxious stimulation as well as pain 

anticipation (Freund et al., 2009; Keltner et al., 2006; Wunderlich et al., 2011). In monkeys, 

electrical stimulation of the caudate decreased pain reactivity (Lineberry & Vierck, 1975). 

Whilst tract tracing studies have revealed that the LC sends projections directly to the spinal 

cord, these terminate primarily in deep laminae and the ventral horn, with only very sparse 

innervation of the superficial dorsal horn (Proudfit & Clark, 1991). Given this, it is likely that 

the differences in LC connectivity with higher brain regions in CRPS shown here represent 

ascending influences and not direct descending control over incoming nociceptive information. 

The LC has major ascending projections including towards areas such as the ACC and 

hippocampus as part of the LC-noradrenaline system (Schmidt, Bari & Chokshi, 2020; Taylor 

& Westlund, 2017). It has been postulated that shifts in this ascending system may develop and 

maintain allodynia and hyperalgesia through pain facilitation in chronic pain since stimulation 

of the noradrenergic LC-ACC projection in rodents produces nociceptive paw-wiping 

behaviours as well as decreased mechanical pain thresholds (Koga et al., 2020; Taylor & 

Westlund, 2017). Further, destruction of LC neurons reduces the development of and reverses 

once developed, the behavioural signs of pain in an animal model of neuropathic pain 

(Brightwell & Taylor, 2009). It is possible that ascending projections from the LC to higher 
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brain structures are at least partly responsible for the development and maintenance of pain in 

individuals with CRPS.  

 

There are several limitations to this study worth noting. The PAG can be separated into 

anatomically and functionally distinct longitudinal columns (dorsomedial, dorsolateral, lateral, 

and ventrolateral) (Carrive, 1993; Keay & Bandler, 2008). However, due to the spatial 

resolution constraints at 3T, seed placements of the PAG into distinct longitudinal columns 

was not possible without considerable overlap of neighbouring PAG columns (Ezra et al., 

2015).  Higher resolution fMRI images at 7T are recommended for seed placements in distinct 

PAG longitudinal columns (Ezra et al., 2015; Faull et al., 2015). While we were able to 

determine changes in PAG and LC functional connectivity, we are unable to determine the 

direction of signal transmission, i.e., whether signals may be part of the ascending or 

descending pain pathways. Although resting state connectivity within brainstem pain 

modulatory regions were unaltered in CRPS, we do not know if activating the system by, for 

example, the application of noxious stimulus or an analgesic paradigm such as conditioned 

pain modulation, would reveal significant functional differences within this brainstem system. 

In addition, the use of relatively large voxel sizes limits our ability to explore precise regional 

variations in areas such as the PAG. Given this structure has a detailed organization with 

different roles in pain processing (Bandler & Keay, 1996), it may be the case that greater spatial 

resolution might reveal regionally specific differences, particularly in small brainstem 

structures.  Finally, the statistical threshold of the 2-sample t-tests remains uncorrected for 

multiple comparisons. While we have increased the threshold to 0.001 and 10 minimum 

contiguous voxels, there is still the possibility of type 2 errors. Although difficult to achieve 

practically, future studies with larger sample sizes may overcome this limitation. 
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Chapter 5 Discussion  

 

Pain and motor dysfunction are primary contributors to disability in longstanding CRPS (Bean, 

Johnson & Kydd, 2014). The overall aim of this thesis was to investigate the role of the 

interconnected brain networks, including the cortical, basal ganglia, and brainstem structures, 

in CRPS pain and motor dysfunction. To achieve this, a series of three studies have been 

performed and presented in this thesis. The key research findings of each study will be 

summarised, and their collective implications and contribution to CRPS pathogenesis will be 

discussed (see Figure 5.2). Limitations and potential future research will be identified.  

 

5.1 Summary of key research findings 

 

The sensorimotor cortex is involved in pain and motor control. Consistently, sensorimotor 

cortical reorganisation and disinhibition have been found in CRPS and GABAergic 

mechanisms are thought to underlie these CRPS changes (Di Pietro et al., 2013a; Di Pietro et 

al., 2013b; Eisenberg et al., 2005; Lenz et al., 2011; Pfannmöller et al., 2019; Schwenkreis et 

al., 2003). These changes are thought to be so central to CRPS that therapies have been 

designed and implemented to restore sensorimotor cortical reorganisation and disinhibition 

(Guillot et al., 2008; Lotze et al., 1999; Strauss et al., 2021). Chapter 2 was the first study to 

directly investigate GABA and glutamate concentration in the sensorimotor cortex of CRPS 

using magnetic resonance spectroscopy (MRS). In contrast to the hypothesised decrease in 

sensorimotor GABA concentration in CRPS, no differences were found in sensorimotor cortex 

GABA or glutamate concentration between CRPS and controls or between CRPS affected and 

unaffected representative hemispheres. Chapter 2, therefore, reveals that pain and motor 
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dysfunction in CRPS are likely unrelated to GABA or glutamate concentrations in the 

sensorimotor cortex.  

 

Like the sensorimotor cortex, the basal ganglia are also important in motor dysfunction as well 

as pain (Alexander, DeLong & Strick, 1986; Borsook et al., 2010; Starr et al., 2011). It has 

been determined that the basal ganglia are organised into specific functional loops responsible 

for motor and non-motor roles (Alexander, DeLong & Strick, 1986). However, in CRPS, the 

basal ganglia have not been systematically evaluated. To address this, resting-state functional 

magnetic imaging (fMRI) was used to systematically investigate infraslow oscillations (ISOs) 

and functional connectivity of motor (putamen) and non-motor basal ganglia loops in CRPS 

compared to pain-free controls (Chapter 3). In Chapter 3, it was found that CRPS patients had 

increased ISO power in the motor putamen representing the hand, SMA hand, and tongue 

compared to controls, which may indicate astrogliosis and increased astrocytic calcium waves 

in the CRPS basal ganglia. Additionally, in CRPS, the same motor putamen regions had 

increased resting functional connectivity to the M1, cingulate motor areas (CMA), parietal 

association areas, and orbitofrontal cortex (OFC) compared to controls. Increased motor 

putamen ISO power and functional connectivity in CRPS were correlated to greater pain ratings 

and perceived motor dysfunction. Except for increased functional connectivity of the caudate 

nucleus body to areas such as the sensorimotor cortex, CMA and OFC, the non-motor basal 

ganglia regions did not display ISO or functional connectivity differences between CRPS and 

controls. Chapter 3, therefore, reveals that there is altered ISO power and functional 

connectivity of the basal ganglia, and these changes may be involved in pain and possibly 

motor dysfunction in CRPS.  
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Additionally, like the sensorimotor cortex and basal ganglia, the brainstem is involved in pain, 

and it has been postulated that brainstem function is altered in CRPS (Drummond & Finch, 

2021; Drummond & Finch, 2022; Drummond et al., 2018a; Seifert et al., 2009; Thoma et al., 

2022). Further, the facilitation of pain via brainstem nuclei and its descending pathways has 

been identified in other chronic pain conditions (Mills et al., 2018).  However, in CRPS, no 

study had investigated the modulatory pain pathways involving the PAG, RVM, and LC 

brainstem nuclei. The aim of Chapter 4, therefore, was to use resting-state fMRI to investigate 

the functional connectivity of brainstem pain modulatory pathways involving the PAG, RVM, 

and LC in CRPS compared to pain-free controls. Compared to controls, in Chapter 4, CRPS 

patients had no functional connectivity differences between brainstem nuclei. However, in 

CRPS, there is altered brainstem to higher brain area functional connectivity, with decreased 

functional connectivity of the contralateral PAG to S1, and posterior parietal cortex, and 

increased functional connectivity of the LC to the caudate nucleus, anterior cingulate cortex, 

and hippocampus, as compared to controls. Further, decreased functional connectivity between 

the contralateral PAG and S1 was related to increased pain intensity in CRPS. Chapter 4, 

therefore, demonstrates that altered connectivity of brainstem nuclei involved in modulatory 

pain pathways, specifically the PAG and LC, may be involved in pain in CRPS.  
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5.2 Implications 

5.2.1 CRPS cortical reorganisation, sensorimotor disinhibition, and the GABAA receptor  

 

Despite the lack of differences in CRPS sensorimotor GABA compared to pain-free controls, 

altered GABAergic mechanisms are still likely to be involved in the pathology of CRPS pain 

and motor dysfunction. Sensorimotor disinhibition studies in CRPS have mostly been 

conducted with transcranial magnetic stimulation (TMS), which has indicated reduced short 

intracortical inhibition (Eisenberg et al., 2005; Lenz et al., 2011; Schwenkreis et al., 2003). 

Further, the authors of these TMS studies have proposed that sensorimotor disinhibition in 

CRPS may involve abnormal GABA activity. Importantly, however, TMS measures of 

inhibition do not correlate with MRS measures of GABA concentration (Dyke et al., 2017; 

Tremblay et al., 2013a). Rather, it is proposed that TMS measures of inhibition reflect a 

transient response or “phasic” inhibition to a stimulus, while MRS measures of GABA are 

linked to “tonic” sustained inhibition (Dyke et al., 2017). Further, increased short intracortical 

inhibition in TMS is mediated by increased GABAA receptor activity (Di Lazzaro et al., 2006; 

Ilić et al., 2002). Therefore, since there is reduced short intracortical inhibition (Eisenberg et 

al., 2005; Lenz et al., 2011; Schwenkreis et al., 2003), there may be decreased GABAA receptor 

activity in CRPS. Further supporting altered GABAA receptor activity in CRPS is the cortical 

reorganisation of the sensorimotor cortex in CRPS (Juottonen et al., 2002; Krause, 

Förderreuther & Straube, 2006; Maihöfner et al., 2007; Maihöfner et al., 2003; Maihöfner et 

al., 2004; Pfannmöller et al., 2019; Pleger et al., 2004; Vartiainen et al., 2009). In animal studies, 

cortical reorganisation is partly controlled by GABAA receptors where GABAA receptor 

antagonists increase sensorimotor somatotopic representative field sizes, and following 

neuropathic injury, GABAA receptor binding is reduced in the S1 (Mowery, Walls & Garraghty, 

2013; Tremere, Hicks & Rasmusson, 2001a; Tremere, Hicks & Rasmusson, 2001b; Wellman 
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et al., 2002). Thus, it is postulated that altered GABAA receptor activity is involved with CRPS 

cortical reorganisation and sensorimotor disinhibition.  

 

Interestingly, more recent studies challenge the view of cortical S1 reorganisation in CRPS as 

no differences in the S1 hand representation size were identified between CRPS hemispheres 

or between CRPS and healthy controls (Mancini et al., 2019; Strauss et al., 2021). Strauss et 

al. (2021) and Mancini et al. (2019) argue that such contradictory results are due to 

improvements in methodological approach, where Strauss et al. (2021) and Mancini et al. (2019) 

use fMRI which has higher spatial resolution than previous EEG/MEG studies of CRPS S1 

cortical reorganisation (Juottonen et al., 2002; Maihöfner et al., 2003; Pleger et al., 2004; 

Vartiainen et al., 2009). The contrasting findings of S1 cortical reorganisation in CRPS imply 

that potential GABAergic differences may be less involved in CRPS than first postulated in 

Chapter 2.  

 

Potential GABAergic mechanisms, however, remain important in CRPS. Pharmacological 

treatment of CRPS such as ketamine produces its analgesic effects primarily through increased 

GABAergic transmission (Sorel et al., 2018), which is mainly mediated by GABAA receptor 

activity (Tabata & Kano, 2010). Interestingly, GABAB receptor agonists, like gabapentin and 

baclofen are used to treat CRPS, where gabapentin has a small effect on pain and baclofen 

improves pain and motor dysfunction in difficult-to-treat CRPS only (Bertrand et al., 2001; van 

de Vusse et al., 2004).  Additionally, following GMI, an intervention theoretically aimed at 

restoring CRPS S1 somatotopic representations and disinhibition (O'Connell et al., 2013), there 

was increased short intracortical inhibition along with improvements in pain and motor 

function (Strauss et al., 2021). Thus, while sensorimotor GABA concentration is less likely to 



142 
 

be involved, GABAergic mechanisms particularly involving GABA receptors in the 

sensorimotor cortex may be involved in CRPS pain and motor dysfunction. Future CRPS 

research into GABA receptors is warranted for a better understanding of CRPS 

pathophysiology and development of more efficacious treatments.  

 

5.2.2 Sensorimotor cortex functional connectivity in CRPS 

 

Many resting-state fMRI studies have found altered functional connectivity of the sensorimotor 

cortex in CRPS (Azqueta-Gavaldon et al., 2020; Bolwerk, Seifert & Maihöfner, 2013; Di Pietro, 

Lee & Henderson, 2020; Kim et al., 2017; Shokouhi et al., 2018). Compared to controls, 

Bolwerk, Seifert and Maihöfner (2013) found greater sensorimotor cortex functional 

connectivity with the thalamus, cingulate, parietal, temporal, and temporal cortices in CRPS, 

while Shokouhi et al. (2018) found reduced M1 connectivity to the superior parietal lobule. 

Further, it has been found that there is decreased insular to S1 (Kim et al., 2017), increased 

thalamus to S1 (Di Pietro, Lee & Henderson, 2020), and increased putamen to S1 functional 

connectivity (Azqueta-Gavaldon et al., 2020). This thesis, consistent with the broader literature, 

also found altered functional connectivity to the sensorimotor cortex in CRPS compared to 

controls. The motor (putamen) and non-motor (caudate body) loops of the basal ganglia 

displayed increased functional connectivity to the hand and arm representative area of the S1 

and M1 (Chapter 3), while in brainstem modulatory pain pathways, there was decreased PAG 

to S1 functional connectivity (Chapter 4). More importantly, altered sensorimotor functional 

connectivity correlated to pain intensity and motor dysfunction (Chapters 3 and 4). In CRPS 

decreased functional connectivity between the sensorimotor and insular cortex is associated 

with pain severity (Bolwerk, Seifert & Maihöfner, 2013; Kim et al., 2017), and increased 
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putamen to sensorimotor cortex functional connectivity is correlated to increased motor 

impairment and pain intensity (Azqueta-Gavaldon et al., 2020). Further, increased thalamus to 

S1 connectivity is correlated to decreased pain intensity (Di Pietro, Lee & Henderson, 2020) (  

 

). Indeed, this thesis also found that sensorimotor functional connectivity correlated to pain and 

motor dysfunction, with increased putamen-M1 functional connectivity correlated to increased 

motor dysfunction perception (Chapter 3), and decreased PAG-S1 functional connectivity 

correlated to greater pain intensity in CRPS (Chapter 4). Despite CRPS investigations of 

different brain regions and neural networks including the basal ganglia and modulatory pain 

pathways, functional connectivity to the sensorimotor cortex is consistently altered, and these 

alterations correlate to CRPS pain and motor dysfunction. Therefore, altered sensorimotor 

cortex connectivity may contribute to pain and motor dysfunction in CRPS. 

 

5.2.3 Basal ganglia, CRPS, and Parkinson’s disease 

 

Basal ganglia dysfunction has been found in dystonia as well as Parkinson’s disease 

(Wichmann & Delong, 2011). In Chapter 3, basal ganglia dysfunction involving motor and 

non-motor loops was identified in CRPS. CRPS and Parkinson’s disease share some similar 

motor disturbances, such as tremor and dystonia (Bruehl, 2015; Magrinelli et al., 2016) as well 

as altered thalamocortical rhythm  (Di Pietro, Lee & Henderson, 2020; Vanneste, Song & De 

Ridder, 2018). Further, compared to controls, CRPS patients have greater putamen to M1 

functional connectivity (Chapter 3) and in both CRPS and Parkinson’s greater putamen to M1 

functional connectivity is associated with poorer motor function (Azqueta-Gavaldon et al., 
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2020; Simioni, Dagher & Fellows, 2015). Given the similarities in disease presentation and 

brain changes, treatments used for Parkinson’s disease may help in CRPS.  

5.2.4 Basal ganglia, GABA, and glutamate 

 

The basal ganglia facilitates (direct pathway) and inhibits (indirect pathway) movement via a 

series of inhibitory GABAergic and excitatory glutamatergic and dopaminergic transmissions 

between basal nuclei, the thalamus, and the cortex (Fiore et al., 2016; Svensson et al., 2019) 

(Figure 5.1). Under physiological conditions, glutamatergic neurons from the cortex (SMA, 

S1, M1, premotor) projects to the striatum (caudate and putamen). From the striatum, 

GABAergic projections of the direct pathway terminates at the internal globus pallidus (GPi) 

and the indirect pathway terminates at the external globus pallidus (GPe). The subthalamic 

nucleus (STN) receives glutamatergic projections from the GPe and via GABAergic neurons 

projects to the GPi. GABAergic neurons from the GPi then project to the thalamus, and the 

thalamus projects back onto the cortex via glutamatergic neurons, completing the basal ganglia 

loop (Fiore et al., 2016; Svensson et al., 2019).  Both the direct and indirect pathways are 

modulated at the striatum by dopaminergic transmission from the substantia nigra pars 

compacta (SNpc) (Filippo et al., 2008; Fiore et al., 2016; Svensson et al., 2019) (Figure 5.1).  

 

The balance of inhibitory and excitatory transmission within the basal ganglia are critical to 

motor function as an imbalance is implicated in diseases with motor dysfunction. For example, 

in Huntington’s disease, hypokinesia or slowed movement can be induced by the loss of striatal 

GABAergic projection neurons of the direct pathway, leading to increased GPi GABA release 

and subsequent inhibition of the thalamus and decreased thalamic glutamatergic release onto 

the cortex (André, Cepeda & Levine, 2010; Blumenstock & Dudanova, 2020). In addition, in 
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Parkinson’s disease hypokinesia and tremor are a result of the loss of dopaminergic neurons in 

the SNpc which ultimately leads to increased GPi GABAergic transmission to the thalamus 

and decreased cortical excitation by thalamic glutamate (Filippo et al., 2008; Jankovic & Tan, 

2020). It could therefore be suggested that CRPS motor dysfunction may involve 

neurotransmitter imbalances within in the basal ganglia pathways.  

 

However, any neurotransmitter change in the motor basal ganglia would likely lead to a change 

in cortical glutamate concentrations due to the looped architecture of basal ganglia transmission. 

Given that the motor basal ganglia loop projects to the SMA, within the sensorimotor cortex, 

and that there were no glutamate differences in the sensorimotor cortex of CRPS (Chapter 2), 

it remains unlikely that there are neurotransmitter concentration differences within the 

thalamocortical projection of the motor basal ganglia loop in CRPS. Having said that, it should 

be noted that whilst the motor basal ganglia loop receives input from large areas of the 

sensorimotor cortex, output via thalamocortical projections is restricted to the SMA and not 

the sensorimotor cortex as a whole (see Chapter 1, Figure 1.1). Hence, measuring glutamate 

concentrations of the SMA would better reflect any neurotransmitter differences within the 

motor basal ganglia loop of CRPS rather than the glutamate concentration of the sensorimotor 

cortex. Future studies of CRPS should investigate SMA glutamate concentrations using MRS.  
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Figure 5.1. Neurotransmitters and the direct and indirect pathways of the basal ganglia. 

The direct and indirect pathways of the basal ganglia are respectively responsible for initiating 

and inhibiting movement. Dopaminergic signals from the substantia nigra pars compacta (SNc) 

and the ventral tegmental area (VTA) activates D1 receptors in the direct pathway and inhibits 

D2 receptors in the indirect pathway (Filippo et al., 2008; Fiore et al., 2016; Svensson et al., 

2019). Abbreviations: GPe = external globus pallidus, GPi = internal globus pallidus, SNc = 

substantia nigra pars compacta, SNr = substantia nigra pars reticulata, STN = subthalamic 

nucleus, VTA = ventral tegmental area 
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5.2.5 CRPS treatments targeting the basal ganglia  

5.2.5.1 Levodopa 

 

In Parkinson’s disease, levodopa is the most used pharmacological treatment to improve motor 

dysfunction and acts by replacing dopaminergic transmission of the nigrostriatal pathway 

(Armstrong & Okun, 2020; Bloem, Okun & Klein, 2021; Gao et al., 2017). Interestingly, 

treatment targeting the basal ganglia inhibitory/excitatory balance has been effective in treating 

motor dysfunction in a single case study of CRPS, where levodopa was able to improve signs 

of CRPS-associated tremor (Navani et al., 2003). While this may suggest the possibility of 

dopaminergic basal ganglia changes in CRPS, the authors suggested that the patient may have 

had another underlying movement disorder (Navani et al., 2003). Further, given that this was 

a single patient, and that there were no glutamate differences in a sample of fourteen CRPS 

patients (Chapter 2), it is unlikely that there are dopamine concentration changes in CRPS.  

 

5.2.5.2 Deep brain stimulation 

 

Given the basal ganglia changes in CRPS found in Chapter 3, treatments targeting the basal 

ganglia may be beneficial to CRPS pain and motor function. Deep brain stimulation involving 

the implantation of electrodes into basal ganglia areas such as the internal globus pallidus, has 

also been used in Parkinson’s disease as well as dystonia with improvements in quality of life 

as well as motor function (Wichmann & Delong, 2011). Of interest, in a CRPS case study deep 

brain stimulation of the internal globus pallidus not only significantly alleviated dystonic motor 

impairment but also pain and allodynia in two patients with CRPS (Javed et al., 2011). 

Additionally, deep brain stimulation of M1, which is a part of the motor basal ganglia loop, 
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reduces pain and resolves signs of allodynia and hyperalgesia (Lopez et al., 2016; Velasco et 

al., 2009). Chapter 3 findings of basal ganglia dysfunction in CRPS may therefore provide a 

basis for treatment strategies that target the basal ganglia to alleviate pain and motor 

dysfunction in CRPS. 

 

5.2.6 Altered ascending pain pathways in CRPS involve the LC 

 

CRPS involves changes to the ascending rather than descending pain pathways. This thesis 

presents the first study to directly investigate the PAG, LC, and RVM brainstem nuclei of the 

modulatory pain pathways. Descending modulatory pain projections from the PAG and LC 

project to the RVM (Boadas-Vaello et al., 2016; Clark & Proudfit, 1991), with sparse LC 

projections directly to the dorsal horn (Proudfit & Clark, 1991). However, in comparison to 

controls, there were no functional connectivity differences between the PAG or LC with the 

RVM, instead, functional connectivity of the PAG and LC to higher brain areas was altered in 

CRPS (Chapter 4). Hence, rather than altered descending pain pathways, CRPS may involve 

altered ascending pain pathways.  

 

Changes to the ascending pain pathways in CRPS may involve the LC-noradrenaline system. 

In Chapter 4, it was found that there was increased LC-ACC functional connectivity in CRPS 

compared to controls. Interestingly, in mice, stimulation of the LC-ACC pathway induced 

nociceptive behaviour changes such as paw scratching and wiping, and decreased pain 

threshold to mechanical stimulation (Koga et al., 2020). Further, electrical stimulation of the 

LC enhanced ACC neural activity via noradrenaline and α1 adrenergic receptors (Koga et al., 

2020). Given that the LC is the primary producer of NA and that the ACC receives major 
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ascending projections from the LC (Taylor & Westlund, 2017), enhanced LC-ACC 

connectivity in CRPS may reflect enhanced ascending LC-NA projections to the ACC which 

may be involved with pain in CRPS.  

 

5.2.7 Basal ganglia ISO, LC-NA system, and α1 adrenergic receptor on astrocytes 

 

ISO changes in CRPS may be related to the LC-NA system. In addition to the enhanced LC-

ACC functional connectivity, CRPS was associated with enhanced LC-caudate nucleus 

functional connectivity compared to controls (Chapter 4). Further, the caudate nucleus had 

increased functional connectivity to higher brain regions such as the sensorimotor cortex (S1 

and M1 hand area) (Chapter 3). The caudate, as well as the putamen and thalamus, receives 

noradrenergic innervation from the LC (Mason & Fibiger, 1979). Compared to controls, in 

CRPS there was increased ISO power in the putamen (Chapter 3) and thalamus (Di Pietro, Lee 

& Henderson, 2020) at the 0.03-0.06 Hz range which corresponds to astrocytic calcium wave 

propagation and astrocytic gliotransmitter release. It is hypothesised that such increases in ISO 

power reflect chronic astrogliosis (Henderson & Di Pietro, 2016). Indeed, compared to controls, 

the caudate, putamen, and thalamus in CRPS had increased [11C]-(R)-PK11195 binding, a 

marker of activated astrocytes and microglia (Jeon et al., 2017; Seo et al., 2021; Yao et al., 

2020). Of interest, noradrenaline activation of α1 adrenergic receptors on astrocytes increases 

astrocytic intracellular calcium levels and leads to subsequent gliotransmitter release (Oe et al., 

2020; Wahis & Holt, 2021). In addition, increased putamen ISO power is negatively correlated 

to pain in CRPS (Chapter 3), and in mice, increasing intracellular astrocytic calcium leads to 

impaired motor coordination (Agulhon et al., 2013). Therefore, changes to ISO power at the 
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0.03-0.06 Hz range may be mediated by the α1 adrenergic receptor and the LC-NA system and 

may maintain pain and motor dysfunction in CRPS. 

 

Interestingly, similar NA astrocytic- and nociceptor/keratinocyte-α1 receptor interactions in 

the spinal cord and peripheral nerves may drive CRPS pain. In a post-mortem 

immunohistochemical study of the spinal cord, astrogliosis was identified in the dorsal horn of 

CRPS subjects (Del Valle, Schwartzman & Alexander, 2009). Further, it has been reported that 

α1 receptor expression in peripheral nociceptors and keratinocytes is upregulated in CRPS and 

activation of α1 receptors using α1-agonist phenylephrine was associated with prolonged pain 

and pinprick hyperalgesia in CRPS (Drummond et al., 2018b). Additionally, NA is increased 

in the blood plasma of CRPS patients (Harden et al., 2004) (although it should be noted that 

NA in the bloodstream is unlikely to be derived from the LC as NA cannot cross the blood-

brain barrier). Thus, NA- astrocytic- and nociceptor/keratinocyte- α1 receptor interactions in 

the spinal cord and periphery may contribute to pain in CRPS. Importantly, such peripheral 

interactions may lead to central changes in CRPS. Indeed, in chronic pain conditions, immune 

and glial activation in the periphery can result in neuroinflammation in the brain via immune-

to-brain transmission routes (Austin & Fiore, 2019; Capuron & Miller, 2011). Hence, it is 

possible that neuroinflammation of the thalamus and basal ganglia via astrogliosis may be in 

part driven by peripheral changes in CRPS. It should be noted, however, that peripheral-driven 

neuroinflammatory changes may potentially only occur during the acute phase of CRPS as skin 

blister fluid and serum cytokine levels after 6 months of CRPS were demonstrated to be 

comparable with healthy controls (Lenz et al., 2013). Therefore, while CRPS pain may be 

mediated by astrocyte- and keratinocyte/nociceptor-α1 receptor interactions in the brain and 

periphery, respectively, the maintenance of CRPS chronic pain may primarily involve changes 

in the brain. 
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5.2.8 The caudate nucleus, basal ganglia, and brainstem 

 

The caudate nucleus is important in the integration of spatial information during motor 

preparation and lesions to the caudate are associated with spatial neglect (Karnath, 

Himmelbach & Rorden, 2002; Karnath & Rorden, 2012; Postle & D'Esposito, 1999). Of 

interest, the caudate nucleus is also involved in acute pain and chronic pain conditions (Borsook 

et al., 2010) and the spatial discrimination of pain involves the caudate nucleus (Oshiro et al., 

2007). More importantly, it has been suggested that the caudate nucleus plays a role in the pain 

modulatory system as the caudate nucleus is activated during the suppression and anticipation 

of thermal and electrical pain in healthy individuals (Freund et al., 2009; Freund et al., 2007; 

Keltner et al., 2006; Wunderlich et al., 2011). In addition, together with the caudate nucleus, 

the insular cortex and dorsolateral prefrontal cortex (DLPFC) are also simultaneously activated 

during the suppression of pain (Freund et al., 2009; Freund et al., 2007; Keltner et al., 2006; 

Wunderlich et al., 2011). Indeed, in CRPS, painful electrical stimulation displayed stronger 

caudate nucleus and insular cortex activation than controls (Freund et al., 2010). Therefore, 

given that Chapter 3 found increased caudate to DLPFC functional connectivity, and Chapter 

4 found increased LC to caudate and insular connectivity, changes in caudate nucleus 

connectivity may underlie aspects of CRPS motor dysfunction as well as symptoms of neglect-

like syndrome and mislocalised sensation of pain. Additionally, although, there was no overlap 

between Chapter 3 and 4 caudate regions, increased connectivity of the LC and caudate to the 

insular and DLPFC, regions associated with pain modulation, suggest that there may be some 

overlapping disruptions of the basal ganglia and brainstem pain modulatory circuits in CRPS. 

Thus, not only is the caudate nucleus involved in altered motor planning and spatial 

discrimination in CRPS but also altered pain modulation potentially through interaction with 

brainstem pain pathways.  
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5.2.9 GABA, basal ganglia and brainstem: Astrocytic α1-NA receptor signaling and 

GABAA receptors 

 

The CRPS mechanisms proposed in this thesis are highly likely to be interconnected. The thesis 

has postulated that CRPS cortical reorganisation and sensorimotor disinhibition may be due to 

altered GABAA receptor activity and CRPS pain and motor dysfunction may be driven by LC-

derived NA activation of astrocytic α1 adrenergic receptors (Figure 5.2). Of interest, 

GABAergic inhibition is modulated by astrocytes (Wahis & Holt, 2021). As a result of NA 

activation of astrocytic α1 adrenergic receptors, intracellular calcium levels of astrocytes 

increase, and subsequently, adenosine triphosphate (ATP) is exocytosed and released (Gordon 

et al., 2005; Oe et al., 2020; Wahis & Holt, 2021). The ATP released by astrocytes not only 

reduces the amplitude of GABAA-mediated currents but also downregulates synaptic and 

extrasynaptic GABAA receptors via neuronal P2X purinergic receptors (Gordon et al., 2005; 

Wahis & Holt, 2021). Given that the motor basal ganglia circuit tightly regulates 

inhibitory/excitatory transmission, the motor basal ganglia may be affected by downregulated 

GABAA current amplitudes. Therefore, in CRPS as well as mediating pain and motor 

dysfunction, α1-NA receptor signalling in astrocytes may mediate cortical reorganisation and 

sensory disinhibition via downregulation of GABAA receptor (Figure 5.2). 
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Figure 5.2. Summary of key findings and potential mechanisms. In CRPS compared to controls, increased (red lines) and decreased (blue lines) 

functional connectivity between brain regions are indicated on the left (Chapters 3 and 4). Potential brain mechanisms of CRPS pathogenesis are 

depicted on the right. Basal ganglia and brainstem functional connectivity to the sensorimotor cortex and caudate nucleus was altered indicating 

possible interaction between the basal ganglia and brainstem in CRPS pain and motor dysfunction. CRPS pain intensity was positively correlated 

with A) increased ISO power at the 0.03-0.06Hz range found in the putamen contralateral to the CRPS affected side (Chapter 3), which may 

indicate increased astrocytic calcium wave propagation and astrogliosis. The putamen receives noradrenergic innervation from the locus coeruleus 

(LC). B) Noradrenaline activation of α1 adrenergic receptors on astrocytes increases astrocytic intracellular calcium levels, which may account 

for the increased ISO power at 0.03-0.06 Hz. C) Increased astrocytic intracellular calcium levels can lead to exocytosis of adenosine triphosphate 

(ATP). D) ATP can act on neuronal P2X purinergic receptors which then E) downregulate GABAA receptors and GABAA current amplitudes, 

which may potentially explain CRPS cortical reorganisation and sensorimotor disinhibition in CRPS, despite CRPS sensorimotor glutamate and 

GABA concentrations remaining unchanged compared to controls (Chapter 2). Abbreviations: ACC = anterior cingulate cortex, LC = locus 

coeruleus, M1 = primary motor cortex, PAG = periaqueductal gray, PCC = posterior cingulate cortex, S1 = primary somatosensory cortex. Parts 

of the figure were drawn by using pictures from Servier Medical Art. Servier Medical Art by Servier is licensed under a Creative Commons 

Attribution 3.0 Unported License (https://creativecommons.org/licenses/by/3.0/).  
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5.3 Limitations and Future Research  

 

The majority of CRPS patients investigated in this thesis were taking medications for their pain 

and other comorbidities. Medications may have exerted an effect on the results presented in 

this thesis. Indeed, using MRS, GABAergic drugs such as gabapentin have been found to 

increase in vivo GABA concentrations (Cai et al., 2012). Additionally, CRPS patients were 

using µ-opioid drugs such as codeine and noradrenaline uptake inhibitors such as duloxetine, 

which can affect pain modulation pathways (Fornasari, 2014; Snyder, 2014; Taylor & 

Westlund, 2017). However, while medications may have had a potential effect, it was not 

feasible or ethical to exclude CRPS patients that were taking medications due to the rarity of 

the condition. Future studies could include a washout period before investigation or exclude 

certain types of medications such as GABAergic or µ-opioid drugs.  

 

Comorbidities and other pain conditions may also have influenced the results. Some of the 

CRPS patients who participated in these studies had multiple comorbidities and CRPS patients 

were not excluded if they had painful comorbidities such as fibromyalgia, osteoarthritis, and 

migraine (see Chapter 3, Table 1). However, comorbidities between individual CRPS patients 

varied substantially and therefore are less likely to contribute to the results of this thesis. 

Further, although the CRPS population of this thesis had comorbidities, all patients had upper 

limb CRPS in common, which was confirmed according to the Budapest criteria of CRPS at 

the time of the study (Harden et al., 2010; Harden et al., 2007). Future studies could aim to 

exclude painful comorbidities to better identify brain changes that are unique to CRPS pain 

and not any other potential painful comorbidity.  
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Critically, because CRPS is an uncommon condition, only a small number of CRPS patients 

were able to be recruited for this thesis. However, the sample size of CRPS patients in this 

thesis is comparable to other CRPS studies (Di Pietro et al., 2013a; Di Pietro et al., 2013b; 

Mancini et al., 2019; Reid et al., 2017; Thoma et al., 2022). Still, to reduce the type 2 error rate, 

future studies should aim to recruit more CRPS patients. However, this may prove difficult if 

excluding medication usage and comorbidities.  

 

The same CRPS cohort was used for Chapters 2, 3 and 4, where subjects underwent multiple 

scanning sequences in a single testing session and the data were then divided into Chapters 2, 

3 and 4 following separate analyses of the different sequences. The use of the same CRPS 

cohort throughout all three chapters gives the potential opportunity for exploratory correlative 

analysis, perhaps through multivariate regression, of the GABA, glutamate, basal ganglia fMRI, 

and brainstem fMRI data. Further, the single testing session for each CRPS subject is 

particularly advantageous for between data set comparisons as within-subject variability such 

as anxiety, pain, and CRPS stage/development on the day of testing will be minimal compared 

to testing on separate days.   Exploratory correlative analyses between data sets may reveal 

certain endotypes of CRPS and may show a more global and realistic picture of CRPS brain 

pathology than looking only at single data sets. However, it is to be noted that a larger CRPS 

cohort will be required for exploratory correlative analysis such as multivariate regression, as 

the current small CRPS sample may yield results with high standard errors and hence low 

confidence results. Further, although normality was determined for each data set and 

appropriate statistical analyses were performed based on normality, the small CRPS sample 

size may not be truly reflective of the larger CRPS population. Therefore, while there is 

potential to perform exploratory correlative analysis between the Chapter 2, 3 and 4’s data sets, 
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a larger CRPS sample should be used to reveal any potential endotypes such that it may be 

reflective of the broader CRPS population. 

 

The cross-sectional nature of the studies presented in this thesis makes it difficult to determine 

whether basal ganglia and brainstem (PAG and LC) changes in CRPS are the pathological 

causes or maladaptive effects of CRPS. Longitudinal studies with neural imaging of patients 

before CRPS development, potentially just after wrist fracture, during CRPS, and after CRPS 

resolution may help to demonstrate whether brain changes in CRPS are pathological or 

adaptive. However, longitudinal studies are difficult to perform as they require a long period 

of time, are expensive, and possibly face high dropout rates. Alternatively, future studies could 

investigate the sensorimotor cortex, basal ganglia, and brainstem in CRPS patients compared 

with wrist fracture subjects, resolved CRPS, and pain-free controls. 

 

The lack of GABA and glutamate differences may potentially be improved by better spatial 

sampling. In Chapter 2, spatial sampling of the hand area of the sensorimotor cortex was 

anatomically guided by the sagittal “hand hook” and axial “hand knob”, landmarks of the motor 

hand area (Yousry et al., 1997). Yousry et al. (1997) identified the anatomical “hand knob” to 

be a reliable anatomical landmark for the motor hand area on the precentral gyrus where 

increased fMRI signals were consistently located in the anatomical “hand knob” during a motor 

task in 12 out of 14 hemispheres of 10 healthy individuals. However, more recent studies have 

found that the sensorimotor hand area functionally mapped by TMS or fMRI is not always 

located in the anatomical “hand knob” and “hand hook” landmark areas (Bonzano et al., 2022; 

Hamidian et al., 2018; Hou, Bhatia & Carpenter, 2016). Indeed, in 10 healthy individuals, the 

average distance between the anatomical landmark and functional motor hand area determined 
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by finger tapping during fMRI was 10.46 mm and varied between 5.45 and 20.40 mm (Hou, 

Bhatia & Carpenter, 2016). However, given the large voxel size (30 x 30 x 30 mm3) used in 

Chapter 2 to sample the sensorimotor hand area, it is likely that the voxel would have 

encompassed the functional sensorimotor hand area. Thus, the lack of differences in GABA 

and glutamate between CRPS and healthy individuals most likely reflects a physiological lack 

of difference rather than a spatial sampling issue. Nonetheless, given that there are location 

variations between anatomical and functional identification of the sensorimotor cortex hand 

area, it is suggested that future CRPS studies of neurochemistry in the sensorimotor hand area 

functionally identify the sensorimotor cortex hand area using TMS motor and somatosensory 

evoked potentials or task-based fMRIs such as finger-tapping for voxel placement (Bonzano et 

al., 2022; Hamidian et al., 2018; Hou, Bhatia & Carpenter, 2016).  

 

Repetition of the experiments at higher magnetic field strengths may yield better results. All 

experiments in this thesis were performed at 3T. In MRS, the voxel volume has a linear 

relationship with the signal-to-noise ratio (SNR) per unit time (Li, Regal & Gonen, 2001). In 

Chapter 2, a large voxel (30 x 30 x 30 mm3) that covered the sensorimotor cortex was used to 

detect neurochemicals over 8 minutes. Ideally, a smaller voxel size would be used to separately 

investigate S1, M1, and SMA neurochemical concentrations and also to minimise 

neurochemical detection in unwanted neighbouring brain areas. However, to use a smaller 

MRS voxel at 3T, acquisition time would potentially have to increase to 17-27 minutes (Di 

Costanzo et al., 2007). Instead, 7T can provide greater SNR in smaller voxel volumes without 

compromising acquisition time and provide greater precision in the detection and measurement 

of neurochemicals (Pradhan et al., 2015; Ryan et al., 2018). Additionally, the experiment in 

Chapter 2 was unable to separate glutamate and glutamine due to their similar molecular 

structures, however, glutamate and glutamine can be reliably detected and separated at 7T (Dou 
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et al., 2015). Further, the PAG can be divided into distinct longitudinal columns with each 

column having different functions (Keay & Bandler, 2008), however, in Chapter 4, due to 

spatial resolution constraints, the division of the PAG in fMRI images could not be performed 

without significant overlap of adjacent PAG columns (Ezra et al., 2015). The resolution 

necessary for PAG division using fMRI images is best achieved at 7T and is not yet achievable 

at 3T (Ezra et al., 2015; Faull et al., 2015). Repetition of experiments at 7T could potentially 

reveal glutamate and glutamine differences in CRPS and better reveal CRPS differences in 

distinct PAG columns, which are not achievable at 3T.  

 

The studies in this thesis primarily investigate CRPS brain changes during rest. Interestingly, 

in both Chapter 3 and Chapter 4, basal ganglia and brainstem changes have been correlated to 

PRWHE pain. The PRWHE pain score assesses pain associated with tasks and activities. Future 

CRPS studies on the basal ganglia and brainstem involving fMRI with a movement paradigm 

such as clenching, or noxious stimulation of the CRPS affected and unaffected hand may reveal 

additional brain changes associated with CRPS pain and motor dysfunction.  

 

The CRPS brain changes found in this thesis may not be entirely specific to CRPS. Indeed, 

basal ganglia and brainstem changes have been found in other neuropathic pain and motor 

disorders. Comparing CRPS with other chronic pain conditions and basal ganglia disorders 

such as fibromyalgia and Parkinson’s disease may help to reveal distinct brain changes 

associated with CRPS pain and motor dysfunction. Further, comparing CRPS patients with and 

without motor dysfunction may reveal brain changes associated with CRPS motor dysfunction 

only.  
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Given the implication of possible GABAA and α1 receptor changes in CRPS, future studies 

could investigate these receptors. Positron emission tomography (PET) with specific markers 

binding GABAA, α1 receptors, and dopamine transporter could confirm or disprove the 

hypothesis of possible receptor or neurotransmitter differences between CRPS and pain-free 

controls. Additionally, although there have been previous CRPS PET studies using [11C]-(R)-

PK11195, a marker for both activated microglia and astrocytes, more astrocyte-specific PET 

ligands could be used to investigate astrogliosis in CRPS (Jeon et al., 2017; Seo et al., 2021). 

Future CRPS astrogliosis studies could be investigated with PET ligands such as 11C-

deuterium-L-deprenyl (11C-DED) and 11C-BU99008 which target binding sites (monoamine 

oxidase-B and imidazoline2 respectively) on the outer mitochondrial membrane of activated α1 

astrocytes (Harada et al., 2022; Liu et al., 2022). If receptor or biochemical changes are indeed 

found, this could lead to potential new therapeutics for CRPS. 
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5.4 Summary and significance  

 

In summary, this thesis demonstrates that CRPS pain and motor dysfunction involve changes 

to multiple neural networks and brain areas. Specifically, for the first time, this thesis presents 

evidence that CRPS pain and motor dysfunction involves functional connectivity and ISO 

changes of the basal ganglia motor (putamen) and non-motor (caudate oculomotor) loops. 

Further, this thesis shows that CRPS pain involves functional connectivity changes of the PAG 

and LC to higher brain areas which reflect changes in CRPS ascending pain transmission. 

Additionally, for the first time, this thesis demonstrates that CRPS pain and motor dysfunction 

are unrelated to sensorimotor GABA concentration. The research has implications for 

understanding the mechanisms of CRPS as it suggests that brain changes involving the basal 

ganglia and pain pathway brainstem nuclei may underlie pain and motor dysfunction 

maintenance in CRPS. Additionally, given the findings, it is implicated that changes to GABAA 

and astrocytic α1 receptor activity may underlie some of the observed brain changes associated 

with CRPS pain and motor dysfunction. NA-activated astrocytic α1 receptor signalling may be 

responsible for the increased basal ganglia ISO power and may drive CRPS sensorimotor 

disinhibition through postulated GABAA receptor activity decreases in CRPS. However, 

further work such as PET studies on GABAA and α1 receptors in CRPS are required to 

determine this. Future studies should aim to compare CRPS patients with and without motor 

dysfunction as well as to other chronic pain and motor conditions, to provide further clarity on 

brain changes associated with CRPS-specific pain and motor dysfunction. 
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