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1 Introduction

As itis only too welknown 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 pairély 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 signatuseslerlying 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 th€ente for Pain and the Braiat 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 othe neuroimaging findings up to date as we# an differences
observed between adult and paediatric populations. This pretends to show the rélagler
rationale behind the execution of both studies. A detailed explanation of how the neurological
data dealt with in the studies can be analysadd hasbeen analyseds 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 structureasre presented. After havingresentedthe readerwith 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 tworesearch articlepresented 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 almosticapt sentences of my own
published worlké This is becauseon the one handl considered necessary to reiterate this

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

3 The published work include Azqueta et al 2017, Azqueta et al 2020 and ¥elak2019.
1
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methods and results are described with very specific technical tamhie summaries

presented here.

1.1 Complex Regional Pain Syndrome

Complex Regional Pain Syndrome (CRPS}hmoaicpain condition that succeeds an
injury to an extremitysuch as fracture or spraifBailey et al., 2013Pependingon whether
the injury presents with a definable nerve lesion or without one, CRPS has been differentiated
in two subtypes, CRPS Type Il and CRPS Type |, respelite’€RPS Type | subtype is much
more common than the former subtygélarden et al., 2010CRPS appears with a prevalence
rate of 1¢5% (Bruehl, 2010; Searle & Salibi, 20140d it is three to four times higher in

women than in mer{de Mos et al., 2007)

The symptoms that CRPS patients commonly pregathit are well charactesed and
vary as the disease progressktost patients with CRS patrtially recover withincg3 months
but a substantial number of patients experience lasting symptoms, chronicgradrdisability
(Bean, Johnson, & Kydd, 2014; Birklein let 2018) During the acute stages of CRPS (1
months), patients experience spontaneous or movem@miuced pain sensation
disproportionate to theinitiating injury, together with concomitant soft-tissue oedema
disturbed sympathetic functionand movement limitation(Birklein & Dimova, 2017)in
chronic stages, motor deficits may become mdistinct(van Hilten, 201Q)ncluding 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, 200over, CRPS
patients present with space and visual attentional impairments to the affected limb
(Bultitude, Walker, & Spence, 201 fHeglectlike symptoms(Lewis et al., 2007)and body
perception disturbancefewis & Schweinhardt, 2012)

Severallongitudinal studies have attempted to finccharacteristics that may be
predictive of CRP&hset or treatment response. Demographic characterisasswell as the
nature of the trauma show veryinconsistentresults in terms of CRPS development
prediction.Neverthelessa high level of pain during the weshfter the trauma seems to be
the most robust risk factor for CRPS developm@atklein et al., 2018)CRPS patients often

express psychological distreddowever, the few prospective studies focusiong these
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characteristics conclude thatsychological factors are notreésk factor(Beerthuizen et al.,

2011)

The pathophysiological mechanisms that either hinder a normal healing of the original
injury or unfoldin a CRPS phenotype are still poorly understd®etipheral causes such as
neurogenic inflammation might trigger trophic chandBgklein & Schmelz, 200&nd small
fibre degeneration mighalsocontributeto promote pain and autonomic dysfunctiofHuge
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 pathwayke
central nervaus system (CN&)e increased in response feersistentnociceptive inputThis
sensitizationis a manifestation of the remarkable plasticity of the somatosensory nervous
system in response to activity, inflammation, and neural infidgl Valle, Schwartzman, &
Alexander, 2009; Latremoliere & Woolf, 2009pwever, the extensive range and complexity
of symptoms accompanying pain, including neurological symptoms, indicate thatnhot o
central sensitization, but also a broader disorder of @NSafflicting multiple brain systems

may bepresent in CRP@anig & Baron, 2003; Maihofner et al., 2007)
1.1.1 Imaging of Central Nervous System InvolvemenRPS

Previous evidence fra CRPS studies usirignctional magnet resonance imaging
(fMR)) to study CNS contributiondias shown morphological and functional alterations
localized in different regions of the sensorimotor network, such dke primary
somatosensory cortefenz et al., 2011; Pleger et al., 2Q@4)d the primary motor cortex
(Gieteling et al., 2008; Maihofner et al., 2007gst research hamainlyelucidatedthe cortical
and thalamic contributions to pain and sensorimotor deficits in CRP@nmond, 2010)
However,little attention has been paid to the role dhe basal gangli#dBG)in the CRPS
pathophysiology This is despite theell-known function of the striatum in pain and motor
control as well as in rated processes such as reward, aversand goaldirectedbehaviours
(Borsook et al., 2010Moreover,the observation oenhanced microglial acttyi within the
striatum suggests thatthese subcortical structuresnay be implicated inthe CRPS
pathophysiologyJeon et al., 2017)n light of previous findingshe role of thebasal ganglia
towards facilitating persistent painnd movemenirelated dysfunction in CRR#s been

postulated (Azqieta-Gavaldon et al., 2017)The first publication presented here is,



Complex Regional Pain Syndrome

presumably, the first study thahvestigatesstructural and functional abnormalities in the
basal ganglistructures in relation tesensommotor dysfunction in CRR8zquetaGavaldon
et al., 2020)

1.1.2 NeurologicalChanges acrosthe Lifespan in CRPS

Neuroimaging studies have showthe involvement of diferent brain areas across
diverseage populations in CRPS. Compared Wwehlthy controls, paediatricCRPS patients
presentwith brainstructuralatrophyin motor, affective, motivational, emotional, cognitive,
memory, and fearrelated regiongErpelding et al., 2016)n contrast, structurahtrophy in
adults appears to be more confined to affective, motivatigmald cognitiveareas(Barad et
al., 2014; Geha et al., 2008)dditionally, restingstate functional connectivity(rsFCwithin
brain networksand between different a priori specified brain regiondifferent in paediatric
and adult CRPS patientfhideed,paediatricinvestigations reportiyperconnectivitywithin
the default mode networKBecerra et al., 2014nd amygdaldasedconnectivity(Simons et
al., 2014) Adult patients on the other hand, are associated with widespread
hypoconnectivity patterns in the default mode netwdiolwerk, Seifert, & Maihofner, 2013)
and insulacentred connectiviy (Kim et al., 2017)Previousstudies explicitly comparinghé
neural differences in the CRPS brain across age populationsacking The second
publication presented in this dissertation investigates structural and functional neurological

differences between paediatric and adult CRPS patiefasissef et al., 2019)
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1.2 RestingState fMRI Measure of FunctionalityConnectivity of
BrainNetworks

Functional magnetic resonance imaging uses bloxghgenleveldependent signal
(BOLD) as a proxy to measure neural activity. The firing of an active neuron relies on energy
intake inthe form of oxygen. Through a process called the hemodynamic respors®] bl
releases oxygen to the firing neurons at a greater rate than to inactive neurons. The
subsequent changes in the levelsoadyhaemoglobirand deoxyhaemoglobirfoxygenated or
deoxygenated bloodinduced by increased local blood flavan be detected usingn MRI
scannel{Awojoyogbe & Dada, 2011; Ogawa et al., 1988)opposed to taskased functional
MRI, restingstate functional MRI (r8MRI) is acquired in the absence of a stimulus or a task.
With rsfMRI, the spontaneous fluctuations of tBOLD signal at rest are measufed et al.,

2018)

Regions of the brain that present with synchresd activity timeseries during a specific
cognitive functionare said to form functional networks$nterestingly, restingtate networks
appear to be consistent across different individuals and across different disease states.
Moreover, they are consistent and comparable with functiooatuits imaged with task

based fMR(Niazy et al., 2011)

Thers-fMRI paradigm offerseveraladvantages over tasihased fMRIand therefore it
has become a widely used tool researchover the last decadesStudies with patients with
neurological, neurosurgical or psychiatliseass whomay havdifficulty understandingor
executing task instructions can benefit from thefk4RI study design. Moreovewjth rs-fMRI,
several braimetworkscan be stugd at the same time from the same dataithout having
to set up a differenexperiment for each system to kexplored The signal to noise ratio in
restingstate studies is better than tagkased approachesince thetaskrelated fluctuations
account only for 20% of the total BOLD actiyfpx & Greicius, 2010yhus, approximately
80% of the signal is discarded as narstaskbased studieswhereasn rsfMRI,most of the

signal isanalysed

Nevertheless, ¥MRI suffers from some shortcomingsas well. For example, te
differences in brain activity across different mental states such as sleep or wake and tired or

excited are still unclear. Controlling for these mental statesh@llengingReza Daliri, 2014).
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1.2.1 Analysis of Restingtate fMRI data

There are several approaches to procesiMBRI data. Theurrent methods examine
the existence as well as the strength and spatial ogitin of functional connections
between brain regions. Techniques amalysers-fMRI data can be differentiated between

modeldependent and modelree methods.

In modeldependent meéhods, the functional connectivity of a priori defined region of
interest (ROI) imnalysed The ROI is typically termed as seed, and therefore this type of
analysis is coined sedihsed functional connectivity analysis. Selecting seed regions should
be based on hypothesis and can be dagither by a separate functional localization scan not
used forthe connectivity analyses, by a priori anatomical regions of interest, or by identifying
taskpositive regions (Kriegeskorte et al.,, 2009; Linnman et al., 2013he most
straightforward way to examine the functional connections tbé seed regions is by
correlating its restingstate timeseries against the timeeries of all other voxels in the brain

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

In modelfree or datadriven methods, there is no need for selecting any area of interest
to be analysed The independent component analysis (ICA) is the most populardistan
method to assess restipgtate functional connectivity. This method useaultivariate
decomposition to separate the BOLD signal into a set of independent functional networks.
These networks comprise different brain nodes that are temporally correlgf@dniemi et
al., 2003) Furthermore, ICA analysis allows for the identifications of changes in the resting

state functional connectivity within the identified networkBox & Raichle, 20Q07)

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

been achieveavhen applied taa group of healthy subjec{®osazza et al., 2012)
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1.3 RestingState Networks Relevant for the Study of Pasnd
Motor Function

The restingstate functional networks that are of most relevance for thedstwf pain
are thesaliencenetwork, thedefaultmode network (DMN), theantinociceptivenetwork, and

the motor/somatosensorynetwork.

The dynamic pain connectome framework describes how the interactions of the three
former brain systemsnamely salience, DMN and antinociceptive shape the way an
individual experiences paifKucyi & Davis, 2015)he dynamic interactionef these three
networksunderlie spontaneous fluctuations iritantion to or away frompain. Thesalience
Network (Fgurel.A)comprises the anterior insulanterior andmiddle cingulate cortekACC,
MCC) temporoparietal junctionTPJ)and dorsolateral prefrontal cortefDLPFQ)Seeley et
al., 2007) This networkshows stronger activatiowhen subjecs$ arefocusingtheir attention
on a painful stinulus comparedo whenthey arefocusing their attention orsomething else
duringthe presentatiorof a noxious stimulus. Thiefault mode network (Fgure1.B)consiss
of the posterior cingulate cortex/precuneus, medial prefrontal cortex, lateral parietal lobe,
and areas within the medial temporal loBuckner, Andrewslanna, & Schacter, 2008)his
network functions in @ anticorrelatedmanner to the saliencaeetwork. The DMNs active at
rest and when attentiomrifts away frompain (duringmind wandering. On the contrary, this
network is inhibited when the mind isfocused on pain. Theantinociceptivesystem(Fgure
1.C) is associated with pairintensity modulation It includes a hub region in the
periaqueductalgrey (PAG)of the brainstem, whichhas a high density of opioigceptors
(Millan, 2002) This system exhibits increased functional connectivity between the medial
prefrontal cortex andPAGwhen attention isaway from the painful sensatiocomparedto
when the mind focuseon 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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MPFC

Precuneus/PCC

Precuneus/PCC
Precuneus/PCC

Fgure 1. The dynamic relationships between three functional networks, namely teaience network, the

default mode network (DMN) and theantinociceptive network shape how individuals experience pain. This
framework is called the dynamic pain connectonfgucyi & Davis, 2015A) Thesalience networkcomprises

of the anterior cingulate cortex ACC), middle cingulate cortex (MCC), anterior insula and tempggadetal
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 paridtdiule (IPL). C) Thantinociceptive
system consigof the periaqueductalgrey (PAG) and the medial prefrontal cortex (MPFC)

The somatotopic and motor netwoskepresent the ensorimotoraspects of paiandplay an
essentialrole in the encoding ofpain. These networks have been shown to be altered in

chronic pain. Moreover, these networks arepairticularinterest in CRPS, sintteesepatients
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show significantsensory and motoric disabilities that may not always be present in other
chronic pain condions. The somatosensory network is in charge of the encoding of the
intensity and spatial acuity of sensory perceptias well as proprioceptiorit comprises of
several cortical and subcortical structures forming different pathwayslved indifferent
functions. The primary somatosensory cortgXl) receiveslense afferent input from the
thalamus. Interactions between these structures resulthie sensation of position, size and
texture (Case et al., 2016; Geyer, Schleicher, & Zilles, 199@) secondary somatosensory
cortex (S2) is involvedn specific touch perception and is thus egrally linked with the
amygdala and hippocampus to encode and reinforce memd@Beaser, Barrios, & Diaz, 2014;
Eickhoff et al., 2006)The insular cortex plays a role in the sense of bamilgership, bodily
selfawareness, and perceptiofsakiris et al., 2007Nodes within the parietal cortex such
as the precuneus and the superior parietal lobe (SPL) are involviedatingwhere objects
are in relation to parts of the bodfFigure2.A). The notor network is implicatd in motor
control and there is mestablished relationship between pain and motor functidvercier &
Léonard, 2011)The brain nodes forming the motor network are the primary motor cortex,
the supplementary motor aredhe lateral premotor cortexthe inferior frontal junction the
putamen the thalamus and cerebellunfFigure 2.B) Both networks work in synchrony

forming a larger network, namely, the sensorimotor netkor
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Insular Cortex

Putamen

Figure2. A) The matosensorynetwork plays a substantial role in perceptigrthe sensorydiscriminative
aspects of pairand sensory integration It comprisesof the primary somatosensory cortex (S1), secondary
somatosensory cortex (S23uperior paietal lobule (SPL)jnsular cortex, precuneus, thalamus, hippocamp
and amygdalaB) The motor network is implicated inmotor control and there is a stablished relationship
between pain and motor function.The motor network comprises the priary motor cortex (M1), the
supplementary motor cortex (SMA), the inferior frontal junction (IFJ) and the putamen.
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1.4 Role ofthe Basal Ganglia and Thalamus FPain and Motor
Function

Human neuroimaging studies have providesmh improved charactesation of the
anatomical structure and the functionality of theubcortical structures such as tliasal
gangliaand the thalamusas well aghe interaction witin each otherand other cortical
regons(Alexander, 1986)Videspreadodesof the cerebral cortex are coupled tioe above
mentioned subcortical structures forming the cortidmsal ganglidhalamo-cortical loops
(Figure3). The loops involve connections between the cortex, lthsal gangliathe thalamus,
and back to the cortexThese circuitsre of particular relevancéen movement, cognition,
reward, and emotional processin@i Martino et al., 2008)which are functional domains

relevant for pain as well

N. Caudatus Putamen

Thalamus

STN

Figure3. General, nonfunction-specific overview of corticaBGthalamic loops. Spatially dispersed cortical
information from the dorsolateral prefrontal cortex (DLPFC), primary motor (M1), primary somatosensory
cortex (S1) and the orbitofrontal cortex convergestindifferent regions of the caudate nucleus and the
putamen. Through other subcortical regions such as the internal and exteghatbus pallidus (GPi, GPe), the
subthalamic nucleus (STN) and the thalamttse information diverges back to the cortex.
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Role of the Basal Ganglia and Thalamus in Radriviotor Function

The basal ganglia comprise of the putamethe caudate nucleusthe nucleus
accumbens, the globus palliduendthe subthalamic nucleu@igure4). Each structure rsa
very characteristic activation response to diverse noxious stimutioth acute and chronic

states(Borsook et al., 2010)

EAL
SR
/

/\{ ‘ 3 Putamen
/} , )3\ : Caudate Nucleus
¢ ,

Nucleus Accumbens

\¢- Globus Pallidus

Figured. Main gructures comprising the basal ganglia

1.4.1 Putamen

Theputamenis an important structure in analgesics giveaK A 3 K R Sypgiold (i &
receptors(Upadhyay et al., 2012}t isimplicated in distinct circuits of pain processing such
as sensorimotor/sensorgliscriminative and reward/reinforcement netwks (Borsook et al.,

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

CRP%Becerra et al., 2015)'he 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 systgireund et al., 2009t
presents with higher activation with nociceptive stimulatighreund et al., 2010and
reduction after treatmentin CRP$Becerra et al., 2015Moreover, thecaudate nucleuss

involved inthe smooth orchestration of motor action§hroff, 2011)

12
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1.4.3 Nucleus Accumbens

Thenucleusaccumbens is a key component in the emotional and affective aspects of
pain (Mansour et al., 2014)Greymatter volume of this structureas well asts structural
connectivity with the insulare both reduced in CRPSeha et al., 2008}t is involved in the
cognitive processing of motor function related to reward and reinforceni®esack & Grace,
2010) Thenucleusaccumbens is heavily connected with key areas in emotional processing
such as amygdala and prefrontal cortex. Moreover, this structure has been implicated in the

placelo response (Scott et al., 2008).
1.4.4 Globus Pallidus

The dobuspallidus has been demonstrated to play a role in normal mdigaviour
and presents with somatotopic characterist{@&aker et al., 2010Deep brain stimulation of

this area has been reported toitigate pain(Loher et al., 2002)
1.4.5 Thalamus

The thalamus is involved in the sensory discriminative and affective motivational
components of pairfAb Aziz & Ahmad, 2008 paediatricCRPS, the thalamic nuclei exhibit
volumetric differences in comparison with healthy controlfiese changes nornadiafter
treatment(Erpelding et al., 2016 he thalamus is implicated movemern control and motor
learningsinceit is an important input and output node between motor areas of the cerebral
cortex and mototrelated subcortical structure¢BoschBouju, Hyland, & PaiBrownlie,
2013) The ventral posterolateral nucleusf the thalamushas also shown to have a

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

The aim of this thesis is thrdeld. First, given the motor dysfunction widely present in
CRPS patients, we aim to elucidate thennection of such motor dysfunction with
morphological and restingtate functional properties of the brain areas of the semsotor
network with distinct attention to the striatumWith this purpose in mindwe 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 alteoas may not only affect pain

processingbut they may alsde implicated in movement disorders in CRPS.

Secondly, we wish to determine the effects of the pain progression (acute vs chronic) in
structural and restingstate functional properties ipaediaric CRPS patients with pathology
localized to the lower limb. Here, we hypothesize that the chronic groapdisplay greater

grey matter and functional alterations which correlatéh the duration of the disease.

In addition, we wanted to determine theegional somatotopy irareasof the sensory
system, namely the thalamus and sensory cart€é® do s¢ we evaluaterestingstate
functional properties irpaediatricchronic CRPS patients affected in the leg in comparison to
adult chronic CRPS patients wgththology in the arm. Here, waur hypothesis ishat there
might be adistinct somatotopic orgasation of the upper or lower limb in the ventral
posterolateral thalamic nucleus or the primary sensory carfiés somatotopic orgasation

showsdifferences in CRPS patients when compared with healthy controls in both populations.

It should finally be mentioned that iall our studies we used restirgjate functional

connectivity, as well agreymatter 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 Skiydaring 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: | 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 wesd tralat 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-VB. &
neuroradiologist at the University Hospital of Munich (LMU), we decidedtttheeeligibility
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 otaofogical 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 technicatgonnel from the Department of Radiology
at the University Hospital of Munich (LMU), | selected the MRI and fMRI acquisition protocols

best suited to appreciate restirgtate activity within the basal ganglia structures.

Data acquisition: Several prep&oay 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-Belp forums on the web,
always followingvhat 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 suchrasngethe

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 patientsrdicgpto their age and sex.
During the data acquisition process itself, | 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: | 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 clinicateract allows
the physician to have a semuantitative but mostly qualitative evaluation of the patient. |
simplified each test into simplerategoricalscores to make them able to be analysed using
inference statistics to compare both participants pagtidns. Moreover, | carried out the
statistical analysis (descriptive and inference) of the clinical and motor function Idased
the appropriate statistical methods according to the nature of the data (Fisher Test for the

categorical data and Manwhitney Test for the continuous nemormally distributed data).

Furthermore, | performed the prprocessing and data scrubbing of the functional fMRI.
| relied on the Independent Component Analysis methodology to detect physiological noise
and detected and rewved high spikes in the timgeries to eliminate motion artefacts.
Finally, | performed the sedolased functional connectivity analysis of the sirgidject data,
as well as the group comparison and correlations, and potential interactions with theatlinic
data.For this purpose, | used an ANOVA analpsisore 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, | 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: | drafted the entire paper as well as the abstract. Moreover, | designed and

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

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

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

Dr AY, 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: &alising the lack of neuroimaging studies that compare paediatric with
adult CRPS patients, | thought it would shed some light in understanding CRPS pathology,
carrying out such comparative study. Children's brigimore plastic than adultsbrain. |
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, | shared
this enthusiasm with Dr A.Y and Dr D.B. In the brainstormingftiiaived, 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 causalitiesur findings. In the case of the adult data, which

| provided, that was my responsibility.

Data acquisition: The colleagues at the CerterPain and the Brain at the Boston
Children's Hospital provided the data regarding the paediatric population, whereas | did so
for the case of the adult population. For this purpose, | relied, on the data acquisition process
explained in the previousraicle. Due to the different scope of the research project, | 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, | performed the pre
processing and motion scrubbing of the adult fMRI data. | used Independent Component
Analysis methodology to detect physiological noise and detected and remogkdpikes 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. | was aware of their

progress along the process and gave my comments wigensidered it necessary.

Data interpretation: It was rewarding to see that our main hypothesis was not rejected.
After close examination at the statistical exercise, | found it to be robust, and | provided such

feedback in the discussions held with nofileagues.
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Manuscript: apart from having read the paper and pointing out some minor corrections,
| wrote the description of the adult sample data, both in terms of its composition and the
fMRI protocol used. Moreover, | also provided table Il of the manps which describes the

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

2.1 Implications of the Putamen in Pain and Motor Deficits GRPS

Complex Regional Pain Syndrome (CRPS&}ilspoorly understoodand highdisabling
pain disorder.In addition to pain, asubstantial proportionof those affected also exhibit
motor-related cemorbidities such as dystonia, rigidity, and reduced range of motion. These
Y202N aevyLliz2zya tAYAG | LI dity-Sfel Bridr nduoyh&ying 2 v | £ A
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 presencef 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 Hghhdedchronic (lisease duration
longer than 6 monthgpatients possessing unitral upper limbCRPS pathology 20, 15
female age 58t 9 year9. Moreover, 20 welmatched healthy controls were also evaluated
(n=20, 15 femaleage58 + 9 yeary. We implemented a comprehensive clinical phenotyping
2T SI OK &l dzR &, moibr Rilicfio®, andimgdica? Eistohyll Imaddition, all subjects
underwent a crossectional examination with structural magnetic resonance imaging (MRI)
and restingstate functional MRI (FfMRI). A voxebased morphometry (VBM) analysis
carried outusing SPM12(Statistical Parametric Mappihgvas employed to detect group
differences in grey matter density (GMD) of the BG structures. Afteppeessing and data
scrubbing, we performed a sedzhsed connectivity analysis with-ilglRI data using the FSL
toolbox (Functional Magnetic Resonance Imaging of the Brain Software Libtaryur
analyses, all results were corrected using clustrection with a zvalue>2.3 and

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

A battery offunctional 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 soagietermine the presence of
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concomitant functional adaptations. To do so, we used ressiage functional connectivity

(rsFC) analyses involving the right and left side of the putamen. Here, CRPS patients, relative
to healthy controls, showed greater ifateral 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 neaffected hand in CRPS patients. Similar functional
interactions between the putamen and pfpostcentral gyri were further observed in
analyses where pain and motor impairments were utilized as regressors of interests. For
example, in CRPS patients, higheorgpneous pain, as well as higher motor impairment
(determined by the SHoldPeg test), were correlated with rsFC strengths between the
putamen and the contralateral prgpostcentral gyri, where sensory and motor processing is

localized.

In summary, this investigation reveals that pain and motdated 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 stuwes.Based on
these results, w propose a framework in which functional changes involving the putamen
reflect an adaptive response to maintain adequate motor functionakyrthermore, the

structural changes of the putamen could explailmss of motorfunction.
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2.2 ShiftingBrain Arcuits inPain Chronicity

It is weltestablished 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 osistently reported across brain sites, reststgte functional
connectivity (rsFC) reveals different patterns between paediatric and adult populations.
These differences may reflect agaated effects, or disease duration, or both. Indeed, there
is evicence 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) CRfa8ents with pain in the dwer
extremity; (2) paediatric chroniCRP®atients and healthy controls; (3) adult chrol@RkPS
patients with pain in the upper extremity and healthy controls. Moreover, we intended to

explore potential somatotopicalyelated alterations in regions sues the thalamus.

We recruited 52 patients and 52 wellatched healthy controls for the study. The
patient group consisted of a paediatric group suffering from an acute asydiain injury
(n=16, 10 females; age: 1548).6 years); a paediatric group withronic CRPS of the lower
extremity (n=16,10 females; agd:4 + 0.6 years) and an adult group with chronic CRPS of the
upper extremity (n=20, 15 female; age: 5799 years). All subjects lay supine on the 3T MRI
scanner with eyes closed. AVkighted anatomical image to determine GMD alterations and
T2*weighted BOLD contrasimagesto investigate rsFC changes were collected. We used
SMP12(Statistical Parametric Mappingp analyse both structural and #f8/RI data. GMD
maps were created with the help of thGomputational Anatomy Toolbox. Subsequently,
image preprocessing and seellased functional connectivity maps were created with the
Functional Connectivity QONN Toolbox. In our analyses, significadifferences were
determined using an a priori primary threshold okp.001, followed by applying BEW

(family wise errorxlusterlevel extent threshold to correct for multiple comparisons.

Compared with controls, chronic paediatric patients had sicgifily reduced GMD
within the inferior temporal gyrus (ITG), the orbitofrontal cortex (OFC), the anterior cingulate
cortex (ACC), he midcingulate cortex (MCC), and thalamic reticular nucleus (TRN).
Furthermore, an increase was observed within the venp@gdterolateral 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 jgsits 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 Eajtekne
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 streegtieeb
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., upperto-lower limb: VPL, medidb-lateral; S1, anterolatetao 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 etens in @ediatric populations to
sensoryemotional alterations in adult populations that are consistent with vestlablished

somatotopic orgargation.
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3 Zusammenfassuren

3.1 Auswirkungen des Putamens auf Schmerz und motorische
Defizite bem CRPS

Das komplexe regionale Schmerzsyndrom (edgmplex Regional Pain Syndrome,
CRPPH ist eine noch immer unzureichendverstandene und stark behindernde
Schmerzkrankheit. Ein substanzieller Anteil der Betroffenen wmiben Schmerzen auch
motorische Stérungen wie Bradykinese, Dystonie, Rigiditat und eingeschrankte Beweglichkeit
auf. Diese motorischen Symptome schrankere diunktionalitdt und die allgemeine
Lebensqualitat der Patienten eiBildgebende Forschungsstudibaben mehrere kortikale
Regionen mit unterschiedlichen funktionellen und strukturellen Eigenschaftem G&PS
beleuchtet. Unter Berucksichtigung der Rollder Basalganglien (BG) bei der
Schmergermittiung undBewegungsowie des Bestehens von Schmerzen und motorischen
Defiziten beim CRPS, stellten wir die Hypothese auf, dass DysfurddioBG an den
klinischen Symptomen beim CRPS beteiligt sind B(z. Schmezen, eingeschrankter

Bewegungsumfang und beeintrachtigte motorische Koordination).

Um diese Hypothese =zu uUberprifen, wurden 20 rechtshéndige chronische
(Krankheitsdauer langeils 6 Monate) CRHZatienten N =20,15 weiblich Alter 58+ 9 Jahre)
mit einseitigem CRPS der oberen Extremitat ausgewahlt. Die Erkrankungsdauer betrug im
Durchschnitt 4,9 Jahre. Daruber hinaus wurden 20 gesunde Kontrollen untersueB0(15
weiblicht Alter 58+9 Jahre). Wir fihrten eine umfassende klinische Phanotypisiereng d
Schmerzen, motorischen Funktion und Anamnese jedes Studienteilnehmers durch. Dariber
hinaus wurden alle Probanden einer Querschnittsuntersuchung mit struktureller
Magnetresonanztomographie (MRT) und funktionellgestingstateMRT (rMRT)
unterzogenMit Hilfe der SPM1Z oolbox Statistical Parametric Mappingvurde eine Voxel
basierte Morphometrie Analyse (enyoxel Based MorphometrwBM) durchgefiihrt, um
Gruppenunterschiede in der Dichte der Grauen Substanz (DGS) in den BG zu erkennen. Mit
Hilfe de FSLToolbox Functional Magnetic Resonance Imaging of the Brain Software Library
eine Seedbasierte Konnektivitdtsanalyse mit-f8iIRTDaten durch. In unseren Analysen

wurden alle Ergebnisse mittels Clusteorrektur mit einem 2Wert>2,3 und einem
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P-Wert <0,05 korrigiert und, wenn nétig, wurde das Signifikanzniveau fur die multiplen

Vergleiche korrigiert.

Die Funktionstestungen zeigten erhebliche motorische Defizite in der betroffenen Hand
von CRPREatienten im Vergleich zu gesunden Kontrollen. Dieamsthen Untersuchungen
demonstrierten, dass CRIB&troffene signifikante Stérungen in der Handkoordination, der

Feinmotorik und der Kraft aufwiesen.

Bei der Auswertung der MRT Daten stellten wir bei CRRR#nten im Vergleich zu
gesunden Kontrollen eine signifikant verringerte DGS im Putamen fest. Angesichts dieser
Veranderungen des Putamenvolumens untersuchten wir das Bestehen von begleitenden
funktionellen Veranderungen. Dazu untersuchten wir bei dedAMBT Aufnahmen die
funktionelle Konnektivitat (engestingstate functional connectivitysFC) des rechten und
linken Putamen. Hier zeigten CRHERtroffene im Vergleich zu gesunden Kontrollen eine
starkere ipsilaterale rsFC zwischen dem rechten Putanmehdem pré und postzentralen
Gyri. Dartber hinaus stellte sich eine reduzierte rsFC zwischen dem rechten Putamen und
dem Zerebellum dar. Diese Unterschiede zwischen Betroffenen und gesunden Kontrollen
konnen durch den verstarkten Einsatz der nibktroffenen Hand bei CRHZtienten erklart
werden. Ahnliche funktionelle Interaktionen zwischen dem Putamen und dem uré
postzentralen Gyri wurden auch in Analysen beobachtet, bei denen Schmerzen und
motorische Beeintrachtigungen als erklarende Variablenveadet wurden. Beispielsweise
korrelierten hoéhere spontane Schmerzen und eine héhere motorische Beeintrachtigung
(bestimmt durch den $Hold-PegTest) mit dem Ausmald der rsiEth6hung zwischen dem
Putamen und dem kontralateralen prand postzentralen Gyriln den letztgenannten

Strukturen sind Areale der sensorischen und motorischen Verarbeitung lokalisiert.

Insgesamt zeigte diese Untersuchung, dass Schmerzen und motorische Auffalligkeiten
der betroffenen Hand von CRPS Patienten mit strukturebewie mi funktionellen
Veranderungen des Putamens korrelieren. Gleichzeitig fanden wir Korrelationen zwischen
den funktionellen Interaktionen des Putamens mit kortikalen sensomotorischen
Netzwerkstrukturen. Auf Grund dieser Ergebnisse lasst sich vermuten, dagsohelle
Veranderungen des Putamens eine adaptive Anpassung zur Aufrechterhaltung einer
adaquaten motorischen Funktionalitat darstellt. Dartber hinaus konnten die strukturelle
Verédnderungen des Putamens einen Verlust der motorischen Funktion erlautern.
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3.2 Neuordnungder Gehirnnetzwerken im Verlauf von chronischen
Schmerzen

Studien haben gezeigt, dass sich Struktur und funktionelle Netzwerke des Gehirns bei
Personen mit komplexem regionalem Schmerzsyndreng(Complex Regional Pain
Syndrome CRPS) verédnderrEine reduzierte Dichte der Grauen Substanz (DGS) in
verschiedenen Gehirnregionen konnte in Erwachsenen und Kindern demonstriert werden.
Jedoch scheint sich die funktionelle Konnektivitat im Ruhezustamd). (festingstate
functional connectivityrsFC) bepadiatrischen und erwachsenen Personen zu unterscheiden.
Diese Unterschiede kdnnten aufgrund des Alters, der Krankheitsdauer oder beiden Faktoren
auftreten. Es gibt Hinweise darauf, dass sich mit zunehmender Krankheitsdauer die
sensorischen Netzwerke zugsten der emotionalen Netzwerke verschieben. Angesichts
dieser Fakten untersuchten wir die D@8d rsF&@Messwerte zwischen (1) padiatrischen akut
und chronischenKrankheitsdauer langals 6 Monate) CRPS Patienten mit Schmerzen der
unteren Extremitat; 2) padiatrischen chronischen CRPS Patienten und gesunden Kontrollen;
(3) erwachsenen chronischen CRPS Patienten mit Schmerzen in der oberen Extremitat und
gesunden Kontrollen. Zuséatzlich lag der Fokus auf mdglichen somatotopisch bedingten

Veranderungen ifRegionen wie des Thalamus.

Wir rekrutierten 52 Patienten und 52 gesunde Kontrollen fur die Studie. Die
Patientengruppe bestand aus einer padiatrischnen Gruppe mit einer akuten
Sprunggelenkverstauchuny € 16, 10 weiblich; Alter: 15,80,6 Jahre); einer mhatrischen
Gruppe mit chronischem CRPS der unteren ExtreniN&t1(6, 10 weiblich; Alter: 14+ 0,6
Jahre) und einer erwachsenen Gruppe mit chronischem CRPS der oberen ExtiémRaf (

15 weiblich; Alter: 57,29 Jahre). Eiff 1-gewichtetes anatomisches Bild zur Bestimmung der
GMDVerédnderungen sowie Tzjewichtete Aufnahmen zur BOiK®ntrastbilder zur
Untersuchung der rsFCerédnderungen wurden aufgenommen. Wir verwendeten SPM12
(Statistical Parametric Mapping um sowohl struturelle als auch #M¥MRTDaten zu
analysieren. DGRarten wurden mit Hilfe deComputational Anatomy Toolbaoarstellt.
Anschlie3end wurden mit der Functior@nnectivit CONN) oolboxBildvorverarbeitungs
und Seedbasierte funktionale Konnektivitatskam erstellt. Unsere Analysen demonstrierten

signifikante Unterschiede mit einer a priddchwelle vorP-Wert<0,001, gefolgt von der
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Anwendung einer FWE (engamily Wise ErrdrClusterlevel Schwelle zur Korrektur far

multiple Vergleiche.

Im Vergleich zwen Kontrollen hatten padiatrische Patienten mit chronischem CRPS
eine signifikante Reduktion der DGS innerhalb des inferioren temporalen Gyrus (ITG), des
orbitofrontalen Kortex (OFC), des anterioren zingularen Kortex (ACC), des mittleren
zingularen Korte (MCC) und des thalamischen retikularen Nukleus (TRN). Dartber hinaus
wurde eine Zunahme innerhalb des ventralen posterolateralen Nukleus (VPL) im Thalamus
beobachtet. Bei den akuten pdadiatrischen Patienten wurde jedoch eine erhdohte DGS
innerhalb der ITGund OFC gefunden. Ahnliche Unterschiede wurden beim Vergleich der
padiatrischen chronischen mit der akuten Gruppe beobachtet. Im Vergleich zu den Kontrollen
hatten die chronischen erwachsenen Patienten innerhalb der VPL eine signifikant verringerte
GMD undeine erhéhte rsFC innerhalb der ACC.

Die padiatrischen chronischen Patienten zeigten eine reduzierte rsFC zwischen der VPL
und dem postzentralen Gyrus oder somatosensorischen Kortex (S1). Die péadiatrischen
Akutpatienten hatten im Vergleich zu den Konkeol erhohte rsF@Verte zwischen dem OFC
und dem Hippocampus. Erwachsene chronische Patienten wiesen eine verringerte rsFC
zwischen der VPL und dem hinteren zingularen Kortex und erhdhteStsiken zwischen
dem ACC und S1 auf. Daruiber hinaus sahen wiktsirelle Ver&nderungen innerhalb der VPL
und funktionelle Verédnderungen innerhalb der S1. Diese Befunde stimmen mit der
Somatotopie der oberen und unteren Extremitaten tberein (d. h. von der oberen zur unteren

Extremitat): VPL, medidteral; S1, anteraiteral bis posteromedial).

Unsere Daten demonstrieren eine Verschiebung der Veranderungen der grauen
Substanz und der differentiellen Muster der Konnektivitat bei padiatrischen Patienten im
Vergleich zu erwachsenen Populationen. Darliaausbeobachteten wir Verschiebungen
von sensorischen Veranderungen in padiatrischen Populationen hin zu sensorisch
emotionalen Veranderungen in erwachsenen Populationen, die mit der gut etablierten

somatotopischen Organisation tUbereinstimmen
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Implications of the putamen in pain and motor deficits in
complex regional pain syndrome

Monica Azqueta-Gavaldon', Andrew M. Youssef?, Claudia Storz', Jordan Lemme?, Heike
Schulte-Gocking'-3, Lino Becerra2, Shahnaz C. Azad3, Anselm Reiners?, Birgit Ertl-
Wagner®, David Borsook?, Jaymin Upadhyay?, Eduard Kraft':3

'Department of Orthopedics, Physical Medicine and Rehabilitation, University Hospital LMU
Munich, Germany

2Department of Anesthesiology, Critical Care and Pain Medicine, Boston Children’s Hospital,
Harvard Medical School, Boston, MA, United States of America

3Interdisciplinary Pain Unit, University Hospital LMU Munich, Germany
“Department of Rehabilitation Medicine, City Hospital Bogenhausen, Munich, Germany

SInstitute of Clinical Radiology, University Hospital LMU Munich, Germany

Abstract

Complex regional pain syndrome (CRPS) develops afler limb injury, with persistent pain and
deficits in movement frequently co-occurring. The striatum is critical for mediating multiple
mechanisms that are often aberrant in CRPS, which includes sensory and pain processing, motor
function and goal-directed behaviors associated with movement. Yet much remains unknown with
regards to the morphological and functional properties of the striatum and its sub-regions in this
disease. Thus, we investigated 20, patients (15 female, age 58 + 9 years, right-handed) diagnosed
with chronic (6+ months of pain duration) CRPS in the right hand and 20 matched, healthy
controls with anatomical and resting-state, functional magnetic resonance imaging (fMRI). In
addition, a comprehensive clinical and behavioral evaluation was performed, where each
participant’s pain, motor function and medical history were assessed. CRPS patients harbored
significant abnormalities in hand coordination, dexterity and strength. These clinical pain and
movement-related findings in CRPS patients were concomitant with bilateral decreases in gray
matter density in the putamen as well as functional connectivity increases and decreases amongst
the putamen and pre-/postcentral gyri and cerebellum, respectively. Importantly, higher levels of
clinical pain and motor impairment were associated with increased putamen-pre-/postcentral gyri
functional connectivity strengths. Collectively, these findings suggest that putaminal alterations,
specifically the functional interactions with sensorimotor structures, may underpin clinical pain
and motor impairment in chronic CRPS patients.
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