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1 Introduction 

As it is only too well-known chronic pain is a very debilitating condition which negatively 

affects the quality of life of those who suffer from it. Managing and treatment of chronic pain 

is a very challenging task, and complete elimination of the pain is rarely obtainable. Broader 

knowledge about what neurological pathologies may be present in chronic pain may help 

developing better and more customised therapies. The research presented here seeks to 

improve the understanding of the neurological signatures underlying a specific chronic pain 

condition: complex regional pain syndrome (CRPS). Two publications describing the cross-

sectional studies done at the Department of Orthopaedic Surgery, Physical Medicine and 

Rehabilitation in collaboration with the Center for Pain and the Brain at the Boston Children´s 

Hospital are presented in this thesis.  

This thesis is structured as follows. In section 1.1, a brief description of the disease CPRS 

is given, with a focus on the neuroimaging findings up to date as well as on differences 

observed between adult and paediatric populations. This pretends to show the reader the 

rationale behind the execution of both studies. A detailed explanation of how the neurological 

data dealt with in the studies can be analysed, and has been analysed, is given in section 1.2. 

Sections 1.3 depicts in detail which neurological networks are of relevance for the study of 

CRPS, in particular those involved in pain and motor control. In section 1.4, descriptions of 

the basal ganglia structures are presented. After having presented the reader with the 

rationale for the studies carried out, as well as the relevant information in terms of anatomy 

and methodology, the aim of the thesis is thoroughly explained at the end of the introduction.  

The two research articles presented in this thesis are summarised in English and German 

in sections 2 and 3, respectively. Moreover, a full version of such papers is presented following 

those summaries. 

Please note that certain parts of the thesis may almost replicate sentences of my own 

published work.3 This is because, on the one hand, I considered necessary to reiterate this 

information in the introduction, specifically sections 1.1 and 1.4. and, on the other hand, the 

 
3 The published work include Azqueta et al 2017, Azqueta et al 2020 and Youssef et al 2019. 
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methods and results are described with very specific technical terms in the summaries 

presented here.  

1.1 Complex Regional Pain Syndrome 

Complex Regional Pain Syndrome (CRPS) is a chronic pain condition that succeeds an 

injury to an extremity such as fracture or sprain (Bailey et al., 2013). Depending on whether 

the injury presents with a definable nerve lesion or without one, CRPS has been differentiated 

in two subtypes, CRPS Type II and CRPS Type I, respectively. The CRPS Type I subtype is much 

more common than the former subtype (Harden et al., 2010). CRPS appears with a prevalence 

rate of 1–5% (Bruehl, 2010; Searle & Salibi, 2014), and it is three to four times higher in 

women than in men (de Mos et al., 2007).  

The symptoms that CRPS patients commonly present with are well characterised and 

vary as the disease progresses. Most patients with CRPS partially recover within 6–13 months, 

but a substantial number of patients experience lasting symptoms, chronic pain, and disability 

(Bean, Johnson, & Kydd, 2014; Birklein et al., 2018). During the acute stages of CRPS (1-3 

months), patients experience spontaneous or movement-induced pain sensation 

disproportionate to the initiating injury, together with concomitant soft-tissue oedema, 

disturbed sympathetic function, and movement limitation (Birklein & Dimova, 2017). In 

chronic stages, motor deficits may become more distinct (van Hilten, 2010), including reduced 

range of motion, joint stiffness, muscle weakness, tremor, dystonia, and irregular myoclonus 

jerks (Munts et al., 2008, 2011; van Rijn et al., 2011; Verdugo & Ochoa, 2000). Moreover, CRPS 

patients present with space and visual attentional impairments to the affected limb 

(Bultitude, Walker, & Spence, 2017), neglect-like symptoms (Lewis et al., 2007), and body 

perception disturbances (Lewis & Schweinhardt, 2012).  

Several longitudinal studies have attempted to find characteristics that may be 

predictive of CRPS onset or treatment response. Demographic characteristics, as well as the 

nature of the trauma, show very inconsistent results in terms of CRPS development 

prediction. Nevertheless, a high level of pain during the weeks after the trauma seems to be 

the most robust risk factor for CRPS development (Birklein et al., 2018). CRPS patients often 

express psychological distress. However, the few prospective studies focusing on these 
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characteristics conclude that psychological factors are not a risk factor (Beerthuizen et al., 

2011). 

The pathophysiological mechanisms that either hinder a normal healing of the original 

injury or unfold in a CRPS phenotype are still poorly understood. Peripheral causes such as 

neurogenic inflammation might trigger trophic changes (Birklein & Schmelz, 2008), and small-

fibre degeneration might also contribute to promote pain and autonomic dysfunction  (Huge 

et al., 2008). Persistent pain may be explained partially by central sensitization, a process in 

which the membrane excitability and synaptic efficacy of the nociceptive pathways of the 

central nervous system (CNS) are increased in response to persistent nociceptive input. This 

sensitization is a manifestation of the remarkable plasticity of the somatosensory nervous 

system in response to activity, inflammation, and neural injury (Del Valle, Schwartzman, & 

Alexander, 2009; Latremoliere & Woolf, 2009). However, the extensive range and complexity 

of symptoms accompanying pain, including neurological symptoms, indicate that not only 

central sensitization, but also a broader disorder of the CNS afflicting multiple brain systems 

may be present in CRPS (Jänig & Baron, 2003; Maihofner et al., 2007).  

1.1.1 Imaging of Central Nervous System Involvement in CRPS 

Previous evidence from CRPS studies using functional magnetic resonance imaging 

(fMRI) to study CNS contributions, has shown morphological and functional alterations 

localized in different regions of the sensorimotor network, such as the primary 

somatosensory cortex (Lenz et al., 2011; Pleger et al., 2004), and the primary motor cortex 

(Gieteling et al., 2008; Maihofner et al., 2007). Past research has mainly elucidated the cortical 

and thalamic contributions to pain and sensorimotor deficits in CRPS (Drummond, 2010). 

However, little attention has been paid to the role of the basal ganglia (BG) in the CRPS 

pathophysiology. This is despite the well-known function of the striatum in pain and motor 

control as well as in related processes such as reward, aversion, and goal-directed behaviours 

(Borsook et al., 2010). Moreover, the observation of enhanced microglial activity within the 

striatum suggests that these subcortical structures may be implicated in the CRPS 

pathophysiology (Jeon et al., 2017). In light of previous findings, the role of the basal ganglia 

towards facilitating persistent pain and movement-related dysfunction in CRPS has been 

postulated (Azqueta-Gavaldon et al., 2017). The first publication presented here is, 
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presumably, the first study that investigates structural and functional abnormalities in the 

basal ganglia structures in relation to sensorimotor dysfunction in CRPS (Azqueta-Gavaldon 

et al., 2020).  

1.1.2 Neurological Changes across the Lifespan in CRPS 

Neuroimaging studies have shown the involvement of different brain areas across 

diverse age populations in CRPS. Compared with healthy controls, paediatric CRPS patients 

present with brain structural atrophy in motor, affective, motivational, emotional, cognitive, 

memory, and fear-related regions (Erpelding et al., 2016). In contrast, structural atrophy in 

adults appears to be more confined to affective, motivational, and cognitive areas (Barad et 

al., 2014; Geha et al., 2008). Additionally, resting-state functional connectivity (rsFC) within 

brain networks and between different a priori specified brain regions is different in paediatric 

and adult CRPS patients. Indeed, paediatric investigations report hyper-connectivity within 

the default mode network (Becerra et al., 2014) and amygdala-based connectivity (Simons et 

al., 2014). Adult patients, on the other hand, are associated with widespread 

hypoconnectivity patterns in the default mode network (Bolwerk, Seifert, & Maihöfner, 2013) 

and insula-centred connectivity (Kim et al., 2017). Previous studies explicitly comparing the 

neural differences in the CRPS brain across age populations are lacking. The second 

publication presented in this dissertation investigates structural and functional neurological 

differences between paediatric and adult CRPS patients (Youssef et al., 2019).  
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1.2 Resting-State fMRI: Measure of Functionality Connectivity of 
Brain Networks 

Functional magnetic resonance imaging uses blood-oxygen-level-dependent signal 

(BOLD) as a proxy to measure neural activity. The firing of an active neuron relies on energy 

intake in the form of oxygen. Through a process called the hemodynamic response, blood 

releases oxygen to the firing neurons at a greater rate than to inactive neurons. The 

subsequent changes in the levels of oxyhaemoglobin and deoxyhaemoglobin (oxygenated or 

deoxygenated blood) induced by increased local blood flow can be detected using an MRI 

scanner (Awojoyogbe & Dada, 2011; Ogawa et al., 1990). As opposed to task-based functional 

MRI, resting-state functional MRI (rs-fMRI) is acquired in the absence of a stimulus or a task. 

With rs-fMRI, the spontaneous fluctuations of the BOLD signal at rest are measured (Lv et al., 

2018).  

Regions of the brain that present with synchronised activity time-series during a specific 

cognitive function are said to form functional networks. Interestingly, resting-state networks 

appear to be consistent across different individuals and across different disease states. 

Moreover, they are consistent and comparable with functional circuits imaged with task-

based fMRI (Niazy et al., 2011). 

The rs-fMRI paradigm offers several advantages over task-based fMRI, and therefore it 

has become a widely used tool in research over the last decades. Studies with patients with 

neurological, neurosurgical or psychiatric diseases who may have difficulty understanding, or 

executing task instructions can benefit from the rs-fMRI study design. Moreover, with rs-fMRI, 

several brain networks can be studied at the same time from the same data, without having 

to set up a different experiment for each system to be explored. The signal to noise ratio in 

resting-state studies is better than task-based approaches since the task-related fluctuations 

account only for 20% of the total BOLD activity (Fox & Greicius, 2010). Thus, approximately 

80% of the signal is discarded as noise in task-based studies, whereas in rs-fMRI, most of the 

signal is analysed.  

Nevertheless, rs-fMRI suffers from some shortcomings as well. For example, the 

differences in brain activity across different mental states such as sleep or wake and tired or 

excited are still unclear. Controlling for these mental states is challenging (Reza Daliri, 2014).  
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1.2.1 Analysis of Resting-State fMRI data 

There are several approaches to process rs-fMRI data. The current methods examine 

the existence as well as the strength and spatial organisation of functional connections 

between brain regions. Techniques to analyse rs-fMRI data can be differentiated between 

model-dependent and model-free methods.  

In model-dependent methods, the functional connectivity of a priori defined region of 

interest (ROI) is analysed. The ROI is typically termed as seed, and therefore this type of 

analysis is coined seed-based functional connectivity analysis. Selecting seed regions should 

be based on hypothesis and can be done either by a separate functional localization scan not 

used for the connectivity analyses, by a priori anatomical regions of interest, or by identifying 

task-positive regions (Kriegeskorte et al., 2009; Linnman et al., 2013). The most 

straightforward way to examine the functional connections of the seed regions is by 

correlating its resting-state time-series against the time-series of all other voxels in the brain 

(van den Heuvel & Hulshoff Pol, 2010a, 2010b).  

In model-free or data-driven methods, there is no need for selecting any area of interest 

to be analysed. The independent component analysis (ICA) is the most popular data-driven 

method to assess resting-state functional connectivity. This method uses multivariate 

decomposition to separate the BOLD signal into a set of independent functional networks. 

These networks comprise different brain nodes that are temporally correlated (Kiviniemi et 

al., 2003). Furthermore, ICA analysis allows for the identifications of changes in the resting-

state functional connectivity within the identified networks (Fox & Raichle, 2007).  

Despite the differences in the analysis of the two approaches, very similar results have 

been achieved when applied to a group of healthy subjects (Rosazza et al., 2012).  
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1.3 Resting-State Networks Relevant for the Study of Pain and 
Motor Function 

The resting-state functional networks that are of most relevance for the study of pain 

are the salience network, the default mode network (DMN), the antinociceptive network, and 

the motor/somatosensory network. 

The dynamic pain connectome framework describes how the interactions of the three 

former brain systems, namely salience, DMN, and antinociceptive, shape the way an 

individual experiences pain (Kucyi & Davis, 2015). The dynamic interactions of these three 

networks underlie spontaneous fluctuations in attention to or away from pain. The salience 

Network (Figure 1.A) comprises the anterior insula, anterior and middle cingulate cortex (ACC, 

MCC), temporoparietal junction (TPJ), and dorsolateral prefrontal cortex (DLPFC) (Seeley et 

al., 2007). This network shows stronger activation when subjects are focusing their attention 

on a painful stimulus compared to when they are focusing their attention on something else 

during the presentation of a noxious stimulus. The default mode network (Figure 1.B) consists 

of the posterior cingulate cortex/precuneus, medial prefrontal cortex, lateral parietal lobe, 

and areas within the medial temporal lobe (Buckner, Andrews-Hanna, & Schacter, 2008). This 

network functions in an anticorrelated manner to the salience network. The DMN is active at 

rest and when attention drifts away from pain (during mind wandering). On the contrary, this 

network is inhibited when the mind is focused on pain. The antinociceptive system (Figure 

1.C) is associated with pain intensity modulation. It includes a hub region in the 

periaqueductal grey (PAG) of the brainstem, which has a high density of opioid receptors 

(Millan, 2002). This system exhibits increased functional connectivity between the medial 

prefrontal cortex and PAG when attention is away from the painful sensation compared to 

when the mind focuses on pain. There is widespread evidence that the aforementioned 

networks relevant to spontaneous attentional fluctuations to pain are disrupted in chronic 

pain (Alshelh et al., 2018; Baliki et al., 2014; Cauda et al., 2009; Fallon et al., 2016). 
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Figure 1. The dynamic relationships between three functional networks, namely the salience network, the 
default mode network (DMN) and the antinociceptive network shape how individuals experience pain. This 
framework is called the dynamic pain connectome (Kucyi & Davis, 2015). A) The salience network comprises 
of the anterior cingulate cortex (ACC), middle cingulate cortex (MCC), anterior insula and temporo-parietal 
junction (TPJ). B) The DMN comprises of the precuneus and posterior cingulate cortex (PCC), medial prefrontal 
cortex (MPFC), the medial temporal lobe (MTL) and the inferior parietal lobule (IPL). C) The antinociceptive 
system consists of the periaqueductal grey (PAG) and the medial prefrontal cortex (MPFC).  

 

The somatotopic and motor networks represent the sensorimotor aspects of pain and play an 

essential role in the encoding of pain. These networks have been shown to be altered in 

chronic pain. Moreover, these networks are of particular interest in CRPS, since these patients 
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show significant sensory and motoric disabilities that may not always be present in other 

chronic pain conditions. The somatosensory network is in charge of the encoding of the 

intensity and spatial acuity of sensory perception, as well as proprioception. It comprises of 

several cortical and subcortical structures forming different pathways involved in different 

functions. The primary somatosensory cortex (S1) receives dense afferent input from the 

thalamus. Interactions between these structures result in the sensation of position, size and 

texture (Case et al., 2016; Geyer, Schleicher, & Zilles, 1999). The secondary somatosensory 

cortex (S2) is involved in specific touch perception and is thus integrally linked with the 

amygdala and hippocampus to encode and reinforce memories (Bauer, Barrios, & Díaz, 2014; 

Eickhoff et al., 2006). The insular cortex plays a role in the sense of bodily-ownership, bodily 

self-awareness, and perception (Tsakiris et al., 2007). Nodes within the parietal cortex such 

as the precuneus and the superior parietal lobe (SPL) are involved in locating where objects 

are in relation to parts of the body (Figure 2.A). The motor network is implicated in motor 

control and there is an established relationship between pain and motor function (Mercier & 

Léonard, 2011). The brain nodes forming the motor network are the primary motor cortex, 

the supplementary motor area, the lateral premotor cortex, the inferior frontal junction, the 

putamen, the thalamus and cerebellum (Figure 2.B). Both networks work in synchrony 

forming a larger network, namely, the sensorimotor network.  
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Figure 2. A) The somatosensory network plays a substantial role in perception, the sensory-discriminative 
aspects of pain and sensory integration. It comprises of the primary somatosensory cortex (S1), secondary 
somatosensory cortex (S2), superior parietal lobule (SPL), insular cortex, precuneus, thalamus, hippocampus 
and amygdala. B) The motor network is implicated in motor control and there is a stablished relationship 
between pain and motor function. The motor network comprises the primary motor cortex (M1), the 
supplementary motor cortex (SMA), the inferior frontal junction (IFJ) and the putamen. 
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1.4 Role of the Basal Ganglia and Thalamus in Pain and Motor 
Function 

Human neuroimaging studies have provided an improved characterisation of the 

anatomical structure and the functionality of the subcortical structures such as the basal 

ganglia and the thalamus, as well as the interaction within each other and other cortical 

regions (Alexander, 1986). Widespread nodes of the cerebral cortex are coupled to the above-

mentioned subcortical structures forming the cortico-basal ganglia-thalamo-cortical loops 

(Figure 3). The loops involve connections between the cortex, the basal ganglia, the thalamus, 

and back to the cortex. These circuits are of particular relevance in movement, cognition, 

reward, and emotional processing (Di Martino et al., 2008), which are functional domains 

relevant for pain as well.  

 

Figure 3. General, non-function-specific overview of cortical-BG-thalamic loops. Spatially dispersed cortical 
information from the dorsolateral prefrontal cortex (DLPFC), primary motor (M1), primary somatosensory 
cortex (S1) and the orbitofrontal cortex converges into different regions of the caudate nucleus and the 
putamen. Through other subcortical regions such as the internal and external globus pallidus (GPi, GPe), the 
subthalamic nucleus (STN) and the thalamus, the information diverges back to the cortex. 
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The basal ganglia comprise of the putamen, the caudate nucleus, the nucleus 

accumbens, the globus pallidus, and the subthalamic nucleus (Figure 4). Each structure has a 

very characteristic activation response to diverse noxious stimuli in both acute and chronic 

states (Borsook et al., 2010).  

 

Figure 4. Main structures comprising the basal ganglia. 

 

1.4.1 Putamen 

The putamen is an important structure in analgesics given its high density of μ-opioid 

receptors (Upadhyay et al., 2012). It is implicated in distinct circuits of pain processing such 

as sensorimotor/sensory-discriminative and reward/reinforcement networks (Borsook et al., 

2010) and presents with decreased activation after treatment/symptomatic reduction in 

CRPS (Becerra et al., 2015). The putamen plays a crucial role in motor control and sensory 

integration (Hening, Harrington, & Poizner, 2009). 

1.4.2 Caudate Nucleus 

The caudate nucleus is part of the pain modulatory system (Freund et al., 2009). It 

presents with higher activation with nociceptive stimulation (Freund et al., 2010) and 

reduction after treatment in CRPS (Becerra et al., 2015). Moreover, the caudate nucleus is 

involved in the smooth orchestration of motor actions (Shroff, 2011). 
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1.4.3 Nucleus Accumbens 

The nucleus accumbens is a key component in the emotional and affective aspects of 

pain (Mansour et al., 2014). Grey matter volume of this structure, as well as its structural 

connectivity with the insula are both reduced in CRPS (Geha et al., 2008). It is involved in the 

cognitive processing of motor function related to reward and reinforcement (Sesack & Grace, 

2010). The nucleus accumbens is heavily connected with key areas in emotional processing 

such as amygdala and prefrontal cortex. Moreover, this structure has been implicated in the 

placebo response (Scott et al., 2008). 

1.4.4 Globus Pallidus 

The globus pallidus has been demonstrated to play a role in normal motor behaviour 

and presents with somatotopic characteristics (Baker et al., 2010). Deep brain stimulation of 

this area has been reported to mitigate pain (Loher et al., 2002).  

1.4.5 Thalamus 

The thalamus is involved in the sensory discriminative and affective motivational 

components of pain (Ab Aziz & Ahmad, 2006). In paediatric CRPS, the thalamic nuclei exhibit 

volumetric differences in comparison with healthy controls. These changes normalise after 

treatment (Erpelding et al., 2016). The thalamus is implicated in movement control and motor 

learning since it is an important input and output node between motor areas of the cerebral 

cortex and motor-related subcortical structures (Bosch-Bouju, Hyland, & Parr-Brownlie, 

2013). The ventral posterolateral nucleus of the thalamus has also shown to have a 

somatotopic organisation (Hong, Kwon, & Jang, 2011).  
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1.5 Aim of the Studies 

The aim of this thesis is three-fold. First, given the motor dysfunction widely present in 

CRPS patients, we aim to elucidate the connection of such motor dysfunction with 

morphological and resting-state functional properties of the brain areas of the sensorimotor 

network with distinct attention to the striatum. With this purpose in mind, we evaluate a 

cohort of adult chronic CRPS patients with pathology unilaterally localized to the right hand 

or to the entire arm. Here, we hypothesize that striatal alterations may not only affect pain 

processing, but they may also be implicated in movement disorders in CRPS.  

Secondly, we wish to determine the effects of the pain progression (acute vs chronic) in 

structural and resting-state functional properties in paediatric CRPS patients with pathology 

localized to the lower limb. Here, we hypothesize that the chronic group may display greater 

grey matter and functional alterations which correlate with the duration of the disease. 

In addition, we wanted to determine the regional somatotopy in areas of the sensory 

system, namely the thalamus and sensory cortex. To do so, we evaluate resting-state 

functional properties in paediatric chronic CRPS patients affected in the leg in comparison to 

adult chronic CRPS patients with pathology in the arm. Here, we our hypothesis is that there 

might be a distinct somatotopic organisation of the upper or lower limb in the ventral 

posterolateral thalamic nucleus or the primary sensory cortex. This somatotopic organisation 

shows differences in CRPS patients when compared with healthy controls in both populations.  

It should finally be mentioned that in all our studies we used resting-state functional 

connectivity, as well as grey matter volumetric analysis (VBM) to elucidate our hypotheses.  
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1.6 Own Contribution to the Studies 

Several steps were carried out to produce two publications. These two papers were the 

result of a close collaboration between our team at the University Hospital of Munich (LMU) 

and the Center for Pain and the Brain at the Boston Children's Hospital. My tasks during these 

investigations are described in the following sections.  

1.6.1 Publication I: Implications of the Putamen in Pain and Motor Deficits in 

CRPS  

This first paper was mainly my responsibility: I developed it under the supervision of Dr 

E.K. 

Study design: The concept of the study was already drafted by Dr E.K. I, however, had 

first to specify the eligibility criteria for the selection of the participants in the study, both 

CRPS patients and healthy volunteers. The right choice of participants was crucial in that we 

wanted to be sure that no exogenous variable would contaminate the accuracy of the 

statistical exercise. In agreement with my supervisor Dr E.K and Prof. B. E-W, a 

neuroradiologist at the University Hospital of Munich (LMU), we decided to set the eligibility 

criteria so that we would analyse a very homogenous group. We chose participants to be 

comparable in terms of handiness and place of the injury, age, and hormonal stage (the 

menopausal stage in case of female participants) and any other neurological pathologies. This 

way, we could ensure that any differences observed between patients and healthy 

participants, would be most likely due to the disease and not to any other factors uncontrolled 

for. Second, and in agreement with the technical personnel from the Department of Radiology 

at the University Hospital of Munich (LMU), I selected the MRI and fMRI acquisition protocols 

best suited to appreciate resting-state activity within the basal ganglia structures.  

Data acquisition: Several preparatory steps were required for the successful completion 

of the data acquisition process. Firstly, we needed to recruit patients. This meant, preparing 

various media to advertise our study: poster and writing in self-help forums on the web, 

always following what is established and allowed by the ethic commission. Second, once the 

potentially eligible patients had been identified from the Pain Clinic database, contacting, and 

interviewing them to assess their eligibility. Third, other logistic steps such as sending the 

documents (questionnaires and study information) to the patients, keeping track of the status 
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of our interactions with them in a digital form, scheduling the appointments, etc. Lastly, 

matching the 20 healthy controls to the 20 CRPS patients according to their age and sex. 

During the data acquisition process itself, I was responsible for supervising every MRI scanned 

and assisting my colleague C.S., occupational therapist, when examining the motor function 

of each patient and healthy volunteer.   

Data analysis: I performed both the analysis of the motor function assessment as well 

as most of the analysis of the neurological functional connectivity. The motor function test 

was a very comprehensive assessment that is widely used in the clinical practice and allows 

the physician to have a semi-quantitative but mostly qualitative evaluation of the patient. I 

simplified each test into simpler categorical scores to make them able to be analysed using 

inference statistics to compare both participants populations. Moreover, I carried out the 

statistical analysis (descriptive and inference) of the clinical and motor function data. I used 

the appropriate statistical methods according to the nature of the data (Fisher Test for the 

categorical data and Mann-Whitney Test for the continuous non-normally distributed data). 

Furthermore, I performed the pre-processing and data scrubbing of the functional fMRI. 

I relied on the Independent Component Analysis methodology to detect physiological noise 

and detected and removed high spikes in the time-series to eliminate motion artefacts. 

Finally, I performed the seed-based functional connectivity analysis of the single-subject data, 

as well as the group comparison and correlations, and potential interactions with the clinical 

data. For this purpose, I used an ANOVA analysis. A more detailed explanation of such analysis 

is described in the summary of the published paper, section 2.1.   

Data interpretation: Together with Dr E.K and Dr J.U of the Center for Pain and the Brain 

at the Boston Children's Hospital, I Interpreted the data.  Along the ensuing process, quite an 

amount of information was discarded because it was considered irrelevant, and we were able 

to better calibrate our initial hypothesis with the remaining data. 

Manuscript: I drafted the entire paper as well as the abstract. Moreover, I designed and 

implemented all the figures and tables, except Supplementary Figure 2. 

As the corresponding author, I submitted the manuscript to the journal and answered 

to all the reviewers' comments. 
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1.6.2 Publication II: Shifting Brains in Pain Chronicity  

Dr A.Y, under the closed supervision of Dr D.B (corresponding author), was the prime 

responsible for this publication. I, as the second author, had the following tasks: 

Study design: Realising the lack of neuroimaging studies that compare paediatric with 

adult CRPS patients, I thought it would shed some light in understanding CRPS pathology, 

carrying out such comparative study. Children's brain is more plastic than adults' brain. I 

thought that having such difference in brain plasticity, we would also see how CRPS affects or 

it is processed differently in children's brain than in adults.  During my stay in Boston, I shared 

this enthusiasm with Dr A.Y and Dr D.B. In the brainstorming that followed, we determined 

the specific hypothesis we wanted to test and the ways to do it. Here, as in the previous 

publication mentioned above (section 1.6.1), the selection of the study participants was of 

crucial importance to avoid false causalities in our findings. In the case of the adult data, which 

I provided, that was my responsibility.  

Data acquisition: The colleagues at the Center for Pain and the Brain at the Boston 

Children's Hospital provided the data regarding the paediatric population, whereas I did so 

for the case of the adult population.  For this purpose, I relied, on the data acquisition process 

explained in the previous article. Due to the different scope of the research project, I both 

refined the sample and the variables to be analysed to make it more suited for our purpose. 

In this second exercise, we only used fMRI data, and we discarded most of the motor function 

test data.  

Data analysis: To prepare the data for the statistical analysis, I performed the pre-

processing and motion scrubbing of the adult fMRI data. I used Independent Component 

Analysis methodology to detect physiological noise and detected and removed high spikes in 

the time-series to eliminate motion artefacts. Regarding the data analysis, Dr A.Y and Dr D.Z 

carried out the analysis of fMRI data as well as the statistical analysis. I was aware of their 

progress along the process and gave my comments when I considered it necessary.  

Data interpretation: It was rewarding to see that our main hypothesis was not rejected. 

After close examination at the statistical exercise, I found it to be robust, and I provided such 

feedback in the discussions held with my colleagues.  
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Manuscript: apart from having read the paper and pointing out some minor corrections, 

I wrote the description of the adult sample data, both in terms of its composition and the 

fMRI protocol used. Moreover, I also provided table II of the manuscript, which describes the 

clinical picture of the adult patients of the study. 
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2 Summaries 

2.1 Implications of the Putamen in Pain and Motor Deficits in CRPS 

Complex Regional Pain Syndrome (CRPS) is a still poorly understood and high disabling 

pain disorder. In addition to pain, a substantial proportion of those affected also exhibit 

motor-related co-morbidities such as dystonia, rigidity, and reduced range of motion. These 

motor symptoms limit a patient’s functionality and overall quality-of-life. Prior neuroimaging 

investigations have highlighted several cortical regions with divergent functional and 

structural properties in CRPS. Considering the role of the basal ganglia (BG) in pain mediation 

and movement, together with the presence of pain and motor deficits in CRPS, we 

hypothesized that abnormalities in the BG might underlie clinical symptoms in CRPS.  

To test the above hypothesis, we selected 20 right-handed chronic (disease duration 

longer than 6 months) patients possessing unilateral upper limb CRPS pathology (n = 20, 15 

female; age 58 ± 9 years). Moreover, 20 well-matched healthy controls were also evaluated 

(n = 20, 15 female; age 58 ± 9 years). We implemented a comprehensive clinical phenotyping 

of each study participant’s pain, motor function, and medical history. In addition, all subjects 

underwent a cross-sectional examination with structural magnetic resonance imaging (MRI) 

and resting-state functional MRI (rs-fMRI). A voxel-based morphometry (VBM) analysis 

carried out using SPM12 (Statistical Parametric Mapping) was employed to detect group 

differences in grey matter density (GMD) of the BG structures. After pre-processing and data 

scrubbing, we performed a seed-based connectivity analysis with rs-fMRI data using the FSL 

toolbox (Functional Magnetic Resonance Imaging of the Brain Software Library). In our 

analyses, all results were corrected using cluster-correction with a z-value > 2.3 and 

P-value < 0.05, and where necessary, corrected for multiple comparisons. 

A battery of functional tests revealed substantial motor deficits in the affected hand of 

CRPS patients relative to healthy controls. These bilaterally executed motor assessments 

demonstrated that CRPS patients harboured significant abnormalities in hand coordination, 

dexterity, and strength.  

From a neuroimaging perspective, we detected significantly decreased GMD in the 

putamen in CRPS patients in comparison to healthy controls. Given the changes in putaminal 

volume observed in CRPS patients, we subsequently sought to determine the presence of 
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concomitant functional adaptations. To do so, we used resting-state functional connectivity 

(rsFC) analyses involving the right and left side of the putamen. Here, CRPS patients, relative 

to healthy controls, showed greater ipsilateral rsFC between the right putamen and pre-

/postcentral gyri. Moreover, decreased rsFC occurred between the right putamen and 

cerebellar regions. These differences observed between CRPS and healthy volunteers may be 

driven by greater use of the non-affected hand in CRPS patients. Similar functional 

interactions between the putamen and pre-/postcentral gyri were further observed in 

analyses where pain and motor impairments were utilized as regressors of interests. For 

example, in CRPS patients, higher spontaneous pain, as well as higher motor impairment 

(determined by the 9-Hold-Peg test), were correlated with rsFC strengths between the 

putamen and the contralateral pre-/postcentral gyri, where sensory and motor processing is 

localized. 

In summary, this investigation reveals that pain and motor-related abnormalities of the 

affected hand of CRPS patients correlates with structural alterations of the putamen as well 

as with its functional interactions with cortical sensorimotor network structures. Based on 

these results, we propose a framework in which functional changes involving the putamen 

reflect an adaptive response to maintain adequate motor functionality. Furthermore, the 

structural changes of the putamen could explain a loss of motor function. 
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2.2 Shifting Brain Circuits in Pain Chronicity 

It is well-established that patients with complex regional pain syndrome (CRPS) have 

altered brain structure and functional circuitry. However, while reduced grey matter density 

(GMD) appears to be consistently reported across brain sites, resting-state functional 

connectivity (rsFC) reveals different patterns between paediatric and adult populations. 

These differences may reflect age-related effects, or disease duration, or both. Indeed, there 

is evidence of a shift from sensory to emotional networks with disease duration. Given these 

facts, we aimed to compare GMD and rsFC metrics between (1) paediatric acute patients and 

chronic (disease duration longer than 6 months) CRPS patients with pain in the lower 

extremity; (2) paediatric chronic CRPS patients and healthy controls; (3) adult chronic CRPS 

patients with pain in the upper extremity and healthy controls. Moreover, we intended to 

explore potential somatotopically-related alterations in regions such as the thalamus. 

We recruited 52 patients and 52 well-matched healthy controls for the study. The 

patient group consisted of a paediatric group suffering from an acute ankle sprain injury 

(n = 16, 10 females; age: 15.8 ± 0.6 years); a paediatric group with chronic CRPS of the lower 

extremity (n = 16,10 females; age: 14 ± 0.6 years) and an adult group with chronic CRPS of the 

upper extremity (n = 20, 15 female; age: 57.9 ± 9 years). All subjects lay supine on the 3T MRI 

scanner with eyes closed. A T1-weighted anatomical image to determine GMD alterations and 

T2*-weighted BOLD contrast images to investigate rsFC changes were collected. We used 

SMP12 (Statistical Parametric Mapping) to analyse both structural and rs-fMRI data. GMD 

maps were created with the help of the Computational Anatomy Toolbox. Subsequently, 

image pre-processing and seed-based functional connectivity maps were created with the 

Functional Connectivity (CONN) Toolbox. In our analyses, significant differences were 

determined using an a priori primary threshold of p < 0.001, followed by applying a FEW 

(family wise error) cluster-level extent threshold to correct for multiple comparisons. 

Compared with controls, chronic paediatric patients had significantly reduced GMD 

within the inferior temporal gyrus (ITG), the orbitofrontal cortex (OFC), the anterior cingulate 

cortex (ACC), the mid-cingulate cortex (MCC), and thalamic reticular nucleus (TRN). 

Furthermore, an increase was observed within the ventral posterolateral nucleus (VPL). On 

the other hand, acute pain patients presented with increased GMD within the ITG and OFC. 

Analogous differences were observed when the chronic group was compared with the acute 
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group. Compared to controls, chronic adult patients had significantly decreased GMD within 

the VPL, and increased rsFC within the ACC.  

From a neuroimaging perspective, paediatric chronic patients presented with reduced 

rsFC strengths between the VPL and the postcentral gyrus or somatosensory cortex (S1). The 

paediatric acute patients showed increased rsFC strengths between the OFC and the 

hippocampus in comparison to controls. Adult chronic patients showed decreased rsFC 

between the VPL and the posterior cingulate cortex and increased rsFC strengths between 

the ACC and S1. Moreover, we reported structural alterations within VPL and functional 

alterations within the S1. These findings are consistent with upper and lower limb somatotopy 

(i.e., upper-to-lower limb: VPL, medial-to-lateral; S1, anterolateral to posteromedial).  

These data show a shift in primarily concurrent grey matter atrophy and differential 

patterns of brain functional connectivity in paediatric patients relative to adult population. 

Furthermore, our data reveal a shift from sensory alterations in paediatric populations to 

sensory-emotional alterations in adult populations that are consistent with well-established 

somatotopic organisation. 
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3 Zusammenfassungen 

3.1 Auswirkungen des Putamens auf Schmerz und motorische 
Defizite beim CRPS 

Das komplexe regionale Schmerzsyndrom (eng. Complex Regional Pain Syndrome, 

CRPS) ist eine noch immer unzureichend verstandene und stark behindernde 

Schmerzkrankheit. Ein substanzieller Anteil der Betroffenen weist neben Schmerzen auch 

motorische Störungen wie Bradykinese, Dystonie, Rigidität und eingeschränkte Beweglichkeit 

auf. Diese motorischen Symptome schränken die Funktionalität und die allgemeine 

Lebensqualität der Patienten ein. Bildgebende Forschungsstudien haben mehrere kortikale 

Regionen mit unterschiedlichen funktionellen und strukturellen Eigenschaften beim CRPS 

beleuchtet. Unter Berücksichtigung der Rolle der Basalganglien (BG) bei der 

Schmerzvermittlung und Bewegung, sowie des Bestehens von Schmerzen und motorischen 

Defiziten beim CRPS, stellten wir die Hypothese auf, dass Dysfunktion der BG an den 

klinischen Symptomen beim CRPS beteiligt sind (z. B. Schmerzen, eingeschränkter 

Bewegungsumfang und beeinträchtigte motorische Koordination).  

Um diese Hypothese zu überprüfen, wurden 20 rechtshändige chronische 

(Krankheitsdauer länger als 6 Monate) CRPS-Patienten (N = 20, 15 weiblich; Alter 58 ± 9 Jahre) 

mit einseitigem CRPS der oberen Extremität ausgewählt. Die Erkrankungsdauer betrug im 

Durchschnitt 4,9 Jahre. Darüber hinaus wurden 20 gesunde Kontrollen untersucht (N = 20, 15 

weiblich; Alter 58± 9 Jahre). Wir führten eine umfassende klinische Phänotypisierung der 

Schmerzen, motorischen Funktion und Anamnese jedes Studienteilnehmers durch. Darüber 

hinaus wurden alle Probanden einer Querschnittsuntersuchung mit struktureller 

Magnetresonanztomographie (MRT) und funktioneller resting-state-MRT (rs-fMRT) 

unterzogen. Mit Hilfe der SPM12-Toolbox (Statistical Parametric Mapping) wurde eine Voxel-

basierte Morphometrie Analyse (eng. Voxel Based Morphometry, VBM) durchgeführt, um 

Gruppenunterschiede in der Dichte der Grauen Substanz (DGS) in den BG zu erkennen. Mit 

Hilfe der FSL-Toolbox (Functional Magnetic Resonance Imaging of the Brain Software Library) 

eine Seed-basierte Konnektivitätsanalyse mit rs-fMRT-Daten durch. In unseren Analysen 

wurden alle Ergebnisse mittels Cluster-Korrektur mit einem z-Wert > 2,3 und einem 
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P-Wert < 0,05 korrigiert und, wenn nötig, wurde das Signifikanzniveau für die multiplen 

Vergleiche korrigiert. 

Die Funktionstestungen zeigten erhebliche motorische Defizite in der betroffenen Hand 

von CRPS-Patienten im Vergleich zu gesunden Kontrollen. Die motorischen Untersuchungen 

demonstrierten, dass CRPS-Betroffene signifikante Störungen in der Handkoordination, der 

Feinmotorik und der Kraft aufwiesen.  

Bei der Auswertung der MRT Daten stellten wir bei CRPS -Patienten im Vergleich zu 

gesunden Kontrollen eine signifikant verringerte DGS im Putamen fest. Angesichts dieser 

Veränderungen des Putamenvolumens untersuchten wir das Bestehen von begleitenden 

funktionellen Veränderungen. Dazu untersuchten wir bei den rs-fMRT Aufnahmen die 

funktionelle Konnektivität (eng. resting-state functional connectivity, rsFC) des rechten und 

linken Putamens. Hier zeigten CRPS-Betroffene im Vergleich zu gesunden Kontrollen eine 

stärkere ipsilaterale rsFC zwischen dem rechten Putamen und dem prä- und postzentralen 

Gyri. Darüber hinaus stellte sich eine reduzierte rsFC zwischen dem rechten Putamen und 

dem Zerebellum dar. Diese Unterschiede zwischen Betroffenen und gesunden Kontrollen 

können durch den verstärkten Einsatz der nicht-betroffenen Hand bei CRPS-Patienten erklärt 

werden. Ähnliche funktionelle Interaktionen zwischen dem Putamen und dem prä- und 

postzentralen Gyri wurden auch in Analysen beobachtet, bei denen Schmerzen und 

motorische Beeinträchtigungen als erklärende Variablen verwendet wurden. Beispielsweise 

korrelierten höhere spontane Schmerzen und eine höhere motorische Beeinträchtigung 

(bestimmt durch den 9-Hold-Peg-Test) mit dem Ausmaß der rsFC-Erhöhung zwischen dem 

Putamen und dem kontralateralen prä- und postzentralen Gyri. In den letztgenannten 

Strukturen sind Areale der sensorischen und motorischen Verarbeitung lokalisiert.  

Insgesamt zeigte diese Untersuchung, dass Schmerzen und motorische Auffälligkeiten 

der betroffenen Hand von CRPS Patienten mit strukturellen sowie mit funktionellen 

Veränderungen des Putamens korrelieren. Gleichzeitig fanden wir Korrelationen zwischen 

den funktionellen Interaktionen des Putamens mit kortikalen sensomotorischen 

Netzwerkstrukturen. Auf Grund dieser Ergebnisse lässt sich vermuten, dass funktionelle 

Veränderungen des Putamens eine adaptive Anpassung zur Aufrechterhaltung einer 

adäquaten motorischen Funktionalität darstellt. Darüber hinaus könnten die strukturelle 

Veränderungen des Putamens einen Verlust der motorischen Funktion erläutern. 
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3.2 Neuordnung der Gehirnnetzwerken im Verlauf von chronischen 
Schmerzen 

Studien haben gezeigt, dass sich Struktur und funktionelle Netzwerke des Gehirns bei 

Personen mit komplexem regionalem Schmerzsyndrom (eng. Complex Regional Pain 

Syndrome, CRPS) verändern. Eine reduzierte Dichte der Grauen Substanz (DGS) in 

verschiedenen Gehirnregionen konnte in Erwachsenen und Kindern demonstriert werden. 

Jedoch scheint sich die funktionelle Konnektivität im Ruhezustand (eng. resting-state 

functional connectivity, rsFC) bei pädiatrischen und erwachsenen Personen zu unterscheiden. 

Diese Unterschiede könnten aufgrund des Alters, der Krankheitsdauer oder beiden Faktoren 

auftreten. Es gibt Hinweise darauf, dass sich mit zunehmender Krankheitsdauer die 

sensorischen Netzwerke zugunsten der emotionalen Netzwerke verschieben. Angesichts 

dieser Fakten untersuchten wir die DGS- und rsFC-Messwerte zwischen (1) pädiatrischen akut 

und chronischen (Krankheitsdauer länger als 6 Monate) CRPS Patienten mit Schmerzen der 

unteren Extremität; (2) pädiatrischen chronischen CRPS Patienten und gesunden Kontrollen; 

(3) erwachsenen chronischen CRPS Patienten mit Schmerzen in der oberen Extremität und 

gesunden Kontrollen. Zusätzlich lag der Fokus auf möglichen somatotopisch bedingten 

Veränderungen in Regionen wie des Thalamus. 

Wir rekrutierten 52 Patienten und 52 gesunde Kontrollen für die Studie. Die 

Patientengruppe bestand aus einer pädiatrischen Gruppe mit einer akuten 

Sprunggelenkverstauchung (N = 16, 10 weiblich; Alter: 15,8 ± 0,6 Jahre); einer pädiatrischen 

Gruppe mit chronischem CRPS der unteren Extremität (N = 16, 10 weiblich; Alter: 14, ± 0,6 

Jahre) und einer erwachsenen Gruppe mit chronischem CRPS der oberen Extremität (N = 20, 

15 weiblich; Alter: 57,9 ±9 Jahre). Ein T1-gewichtetes anatomisches Bild zur Bestimmung der 

GMD-Veränderungen sowie T2*-gewichtete Aufnahmen zur BOLD-Kontrastbilder zur 

Untersuchung der rsFC-Veränderungen wurden aufgenommen. Wir verwendeten SPM12 

(Statistical Parametric Mapping), um sowohl strukturelle als auch rs-fMRT-Daten zu 

analysieren. DGS-Karten wurden mit Hilfe der Computational Anatomy Toolbox erstellt. 

Anschließend wurden mit der Functional Connectivity (CONN) Toolbox Bildvorverarbeitungs- 

und Seed-basierte funktionale Konnektivitätskarten erstellt. Unsere Analysen demonstrierten 

signifikante Unterschiede mit einer a priori Schwelle von P-Wert < 0,001, gefolgt von der 
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Anwendung einer FWE (eng. Family Wise Error) Cluster-level Schwelle zur Korrektur für 

multiple Vergleiche. 

Im Vergleich zu den Kontrollen hatten pädiatrische Patienten mit chronischem CRPS 

eine signifikante Reduktion der DGS innerhalb des inferioren temporalen Gyrus (ITG), des 

orbitofrontalen Kortex (OFC), des anterioren zingulären Kortex (ACC), des mittleren 

zingulären Kortex (MCC) und des thalamischen retikulären Nukleus (TRN). Darüber hinaus 

wurde eine Zunahme innerhalb des ventralen posterolateralen Nukleus (VPL) im Thalamus 

beobachtet. Bei den akuten pädiatrischen Patienten wurde jedoch eine erhöhte DGS 

innerhalb der ITG und OFC gefunden. Ähnliche Unterschiede wurden beim Vergleich der 

pädiatrischen chronischen mit der akuten Gruppe beobachtet. Im Vergleich zu den Kontrollen 

hatten die chronischen erwachsenen Patienten innerhalb der VPL eine signifikant verringerte 

GMD und eine erhöhte rsFC innerhalb der ACC. 

 Die pädiatrischen chronischen Patienten zeigten eine reduzierte rsFC zwischen der VPL 

und dem postzentralen Gyrus oder somatosensorischen Kortex (S1). Die pädiatrischen 

Akutpatienten hatten im Vergleich zu den Kontrollen erhöhte rsFC-Werte zwischen dem OFC 

und dem Hippocampus. Erwachsene chronische Patienten wiesen eine verringerte rsFC 

zwischen der VPL und dem hinteren zingulären Kortex und erhöhte rsFC-Stärken zwischen 

dem ACC und S1 auf. Darüber hinaus sahen wir strukturelle Veränderungen innerhalb der VPL 

und funktionelle Veränderungen innerhalb der S1. Diese Befunde stimmen mit der 

Somatotopie der oberen und unteren Extremitäten überein (d. h. von der oberen zur unteren 

Extremität): VPL, medial-lateral; S1, anterolateral bis posteromedial).  

Unsere Daten demonstrieren eine Verschiebung der Veränderungen der grauen 

Substanz und der differentiellen Muster der Konnektivität bei pädiatrischen Patienten im 

Vergleich zu erwachsenen Populationen. Darüber hinaus beobachteten wir Verschiebungen 

von sensorischen Veränderungen in pädiatrischen Populationen hin zu sensorisch-

emotionalen Veränderungen in erwachsenen Populationen, die mit der gut etablierten 

somatotopischen Organisation übereinstimmen. 
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