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ABSTRACT

Parkinsonism and dystonia are movement disorders linked with abnormal function
of the basal ganglia. The most common cause of parkinsonism, Parkinson’s disease
(PD), is caused by loss of dopaminergic neurons in the nigrostriatal tract, leading to
dopamine depletion in the striatum. The pathophysiology in dystonia is largely
unknown, although a major role of the basal ganglia has been suspected. Both
syndromes can be treated with deep brain stimulation (DBS) in specific targets in the
basal ganglia. The aim of this thesis was to study the function of the basal ganglia in
parkinsonism and dystonia using single-photon emission computed tomography
(SPECT) and positron emission tomography (PET).

The work in this thesis was broadly divided into two sets of experiments. The
basal ganglia function of patients with PD, non-degenerative parkinsonism and
healthy controls were evaluated using dopamine transporter (DAT) imaging. In the
other experiment, basal ganglia function in dystonia was investigated in patients with
cervical dystonia undergoing globus pallidus interna (GPi) DBS using 18F-fluoro-
deoxyglucose-positron emission tomography (FDG-PET).

The results of this thesis showed that DAT binding does not predict the number
of preserved neurons in the striatum in PD. Moreover, patients with a non-
degenerative condition seemed to have higher DAT binding compared to healthy
controls. Bupropion, even with a recommended wash-out time, caused clearly
abnormal DAT binding in a patient without a neurodegenerative disorder affecting
the dopamine system. In cervical dystonia, GPi-DBS increased glucose metabolism
at the stimulation site and in other basal ganglia structures as well as in the primary
sensorimotor cortex. Metabolic changes in the cortical regions, including the primary
sensorimotor cortex and the supplementary motor area (SMA), correlated with acute
and long-term therapeutic benefits, respectively. The symptoms returned gradually
to the preoperative level after cessation of treatment.

The results of this thesis indicate that DAT imaging reflects dopamine function
of the striatum rather than neuron count. Moreover, DAT binding is affected by
several factors that should be controlled for in both clinical work and in research
settings. The findings also suggest that dystonia involves brain regions outside the
basal ganglia, which may play a critical role in motor symptoms of dystonia and
contribute to slow neuroplastic changes associated with DBS.

KEYWORDS: parkinsonism, dystonia, basal ganglia, deep brain stimulation, brain
imaging, SPECT, PET, dopamine transporter, brain glucose metabolism
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TIVISTELMA

Parkinsonismi ja dystonia ovat neurologisia liikehéiriosairauksia, jotka yhdistetdén
tyvitumakkeiden eli aivojen liikehéiridkeskuksen toimintahdiridihin. Yleisimmassa
parkinsonismissa, Parkinsonin taudissa, aivojen striatumin ja mustatumakkeen
dopamiinisolut tuhoutuvat. Dystonian etiologia on sen sijaan edelleen episelva,
mutta sen on epdilty johtuvan tyvitumakkeiden poikkeavasta toiminnasta.
Molempien sairauksien vaikeita muotoja voidaan hoitaa tyvitumakealueelle
kohdennettavalla syvaaivostimulaattorilla. Téssd tutkimuksessa tyvitumakkeiden
toimintaa tutkittiin isotooppikuvantamisella parkinsonismissa ja dystoniassa.

Viitoskirjassa tutkittiin Parkinsonin tautia sairastavia henkilditd, oireisia ja
dopamiinitoiminnaltaan terveitd henkiloitd seké terveitd ja oireettomia henkilitad
dopamiinitransportterikuvantamisella. Liséksi syvéaivostimulaatiohoitoa saavia
dystoniapotilaita tutkittiin aivojen sokeriaineenvaihduntaa kuvaavalla PET-
tutkimuksella.

Tulokset osoittivat, ettd aivojen dopamiinitransportterisitoutuminen ei ennusta
sdilyneiden hermosolujen mairdé. Sitoutumisarvot saattavat myos olla korkeampia
dopamiinitoiminnallaan terveilli, mutta oireisilla potilailla kuin terveilld ja
oireettomilla henkil6illd. Liséksi bupropion saattaa aiheuttaa virheellisid tuloksia
dopamiinikuvantamiseen. Syviaivostimulaattori lisdd dystoniapotilalla aivojen
sokeriaineenvaihduntaa stimulaatiokohdassa ja lisdksi viereisissd rakenteissa
tyvitumakealueella seké aivokuorella tunto- ja liikeaivokuorella. Oirekuvan nopea
korjaantuminen  korreloi  aineenvaihdunnan  lisdéntymiseen  tunto- ja
litkkeaivokuorella ja pitkdaikainen hoitovaste lisdintymiseen suplementaarisella
motorisella aivokuorella. Oirekuvan hitaampaa palautumista kahden vuorokauden
hoitotauon aikana ennusti nuori ika.

Tulokset osoittavat, ettd tyvitumakkeiden dopamiinikuvantamisessa tulosten
tulkinta kliinisessd tydssd ja tutkimuksessa ei ole johtopddtosten kannalta
yksiselitteisté ja tulee tehdd mahdolliset virheldhteet huomioiden. Dystoniassa myds
tyvitumakkeen ulkopuoliset aivoalueet saattavat olla tdrkeitd oirekuvan synnyssi
seki hoitovasteen kehittymisessé syvéaivostimulaatiohoidossa.

AVAINSANAT: parkinsonismi, dystonia, tyvitumakkeet, syvaaivostimulaatio,
aivokuvantaminen, SPECT, PET, dopamiinitransportteri, sokeriaineenvaihdunta
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1 Introduction

Parkinsonism and dystonia are common movement disorder syndromes.
Parkinsonism refers to clinical presentation of motor symptoms such as
bradykinesia, rigidity, and resting tremor, although other motor and non-motor
symptoms may also be present. The most common cause of parkinsonism is
Parkinson’s disease (PD), a typically sporadic neurodegenerative disorder
(Balestrino & Schapira, 2020). However, parkinsonism can also be caused by other
neurodegenerative (atypical parkinsonism) or secondary (e.g., drug-induced,
vascular) reasons. Dystonia is characterized by repetitive, twisting movements or
abnormal postures caused by excessive muscle contractions. Etiology of dystonia
can be acquired, inherited or idiopathic. Dystonic symptoms can appear in one or
several muscular regions leading to a broad variety of clinical features (Albanese et
al., 2013). Cervical dystonia (CD), affecting muscles in the neck and upper shoulder
regions, is the most common adult-onset, idiopathic dystonia.

Dopaminergic degeneration in the nigrostriatal tract together with Lewy body
pathology have been established to be the key neuropathological features of PD
(Dickson, 2018). These processes are known to lead to basal ganglia dysfunction
causing the cardinal symptoms. Basal ganglia dysfunction in dystonia was originally
considered to play a major role in the pathogenesis of symptoms, although the
symptoms are currently known to emerge from the wider brain network (Lehéricy et
al., 2013). However, the neuropathological features of dystonia remain unknown.
Considering the good therapeutic responses of deep brain stimulation (DBS) targeted
to basal ganglia nuclei in both PD and dystonia (Mansouri et al., 2018; Moro et al.,
2017), these nuclei seem also relevant in the treatment of these disorders.

Molecular imaging, including positron emission tomography (PET) and single-
photon emission computed tomography (SPECT), has improved the understanding
of the basic molecular mechanisms and pathophysiological processes underlying
movement disorders. Brain dopamine transporter (DAT) imaging is an established
diagnostic tool in the differential diagnostics in parkinsonism (T. S. Benamer et al.,
2000), while there is no corresponding imaging technique to assist the clinical
diagnosis in dystonia. The deficit seen in DAT imaging is usually related to

11



Emma Honkanen

neurodegenerative parkinsonism, but it still remains unclear what the tracer binding
deficiency truly reflects at the neural level (Palermo & Ceravolo, 2019).

This thesis focuses on the basal ganglia functions investigated with DAT
imaging in parkinsonism, and the basal ganglia stimulation-induced changes in brain
glucose metabolism and in the clinical features in cervical dystonia.

12



2 Review of the Literature

2.1 Clinical aspects of parkinsonism and dystonia
2.1.1 Parkinsonism

2.1.11 Parkinson’s disease

Parkinson’s disease (PD) is the most frequent neurodegenerative movement
disorder. The single most important clinical risk factor for PD is age (Jankovic &
Tan, 2020), and the prevalence in industrialized countries is 0.3% in the general
population, which increases to 3% in those aged 80 years or older (Lee & Gilbert,
2016). Prevalence and incidence are estimated to range between 6 and 12500 cases
per 100 000 and between 5 and 346 per 100 000 person-years respectively in
Europe (von Campenhausen et al., 2005). The clinical and environmental risk
factors for PD include age, male gender, a family history of PD, rural living,
exposure to pesticides and use of B2-adrenoreceptor antagonists (Balestrino &
Schapira, 2020). Moreover, several monogenic forms of PD have been described
and over 100 genetic loci have been identified as risk factors for PD (Jankovic &
Tan, 2020). The single most important genetic risk factor of PD is mutations in the
glucocerebrosidase (GBA) gene that increases the risk of PD more than five times
(Jankovic & Tan, 2020).

The most typical symptoms of PD, referred to as cardinal motor symptoms, are
bradykinesia, resting tremor and rigidity (Kalia & Lang, 2015). The presence of these
cardinal symptoms, together with supportive features such as unilateral motor
symptom onset, a progressive nature of the symptoms or beneficial response to
dopaminergic medication, increases the probability of PD diagnosis. Postural
instability, which is considered as a fourth cardinal feature, occurs generally later in
the course of the disease (Kalia & Lang, 2015). Other motor symptoms that may also
be present include gait disturbances, hypomimia, disturbances of speech and
alteration in eye movements. PD is also associated with important non-motor
symptoms (NMSs), such as autonomic, gastrointestinal, sleep, cognitive and
neuropsychiatric disturbances, that have a major impact on patients’ quality of life
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(Schapira et al., 2017). Some of these NMSs, such as hyposmia, rapid eye movement
(REM) sleep behaviour disorder (RBD) and constipation, are symptoms that may
also anticipate the development of PD even years prior to motor symptoms and are
called prodromal symptoms (Berg et al., 2015; Heinzel et al., 2019).

Diagnosis of PD is based on typical symptoms and signs in a clinical examination
(Postuma et al., 2015), although the absolute confirmation for PD diagnosis is only
acquired by a neuropathological examination at autopsy (Rizzo et al., 2016).
Presynaptic dopaminergic imaging such as dopamine transporter (DAT) imaging can
improve the accuracy of diagnosis; on the contrary, a normal finding in DAT
imaging is considered as an absolute exclusion criterion for PD (Postuma et al.,
2015). According to the Movement Disorders Society’s (MDS’s) PD criteria, a
patient should have parkinsonism without any absolute exclusion criteria and an
equal number of red flags (maximum 2) or fewer than the number of supportive
criteria (Table 1).

Table 1. Diagnostic criteria for PD by the MDS. The table was modified from the table by Postuma
etal., 2015.

Clinically Established PD
e essential criterion
e absence of absolute exclusion criteria
e atleast two supportive criteria
e nored flags

Clinically Probable PD
e essential criterion
e absence of absolute exclusion criteria
e presence of red flags counterbalanced by supportive criterion
e maximum 2 red flags

Essential Criterion: Parkinsonism

e bradykinesia
e atleast 1 of resting tremor or rigidity
Supportive criteria

e beneficial response to dopaminergic therapy

e presence of levodopa-induced dyskinesia

e rest tremor of a limb

e olfactory loss or cardiac sympathetic denervation (on MIBG)
Absolute exclusion criteria

e unequivocal cerebellar abnormalities

e downward vertical supranuclear gaze palsy or selective slowing of downward vertical
saccades

e diagnosis of probable behavioral variant frontotemporal dementia or primary
progressive aphasia within the 5 years of disease

e parkinsonian features restricted to the lower limbs for more than 3 years
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o treatment with a dopamine receptor blocker or a dopamine-depleting agent in a dose
and time-course consistent with drug-induced parkinsonism

e absence of observable response to high-dose levodopa at least moderate severity of
disease

e unequivocal cortical sensory loss, clear limb ideomotor apraxia or progressive aphasia
¢ normal functional neuroimaging of the presynaptic dopaminergic system

e alternative condition known to produce parkinsonism or the expert evaluating
physician feel that an alternative syndrome is more likely than PD

Red flags

e rapid progression of gait impairment within 5 years of onset

e acomplete absence of progression of motor symptoms over 5 or more years (unless
related to treatment)

e early bulbar dysfunction (severe dysphonia, dysarthria or dysphagia) within the first 5
years

e inspiratory respiratory dysfunction
e severe autonomic failure in the first 5 years of disease (severe orthostatic hypotension
or severe urinary retention/incontinence)

e recurrent falls because of impaired balance within 3 years of onset

e disproportionate anterocollis (dystonic) or contractures of hand or feet within the first
10 years

e absence of any of the common nonmotor features of disease despite 5 years disease
duration

o otherwise-unexplained pyramidal track signs, defined as pyramidal weakness or clear
pathologic hyperreflexia

e bilateral symmetric parkinsonism

PD is very heterogeneous at presentation and over the disease course, which is why
several different categorizations of PD subtypes have been proposed. PD has
recently been categorized in both motor and nonmotor subtypes (De Pablo-
Fernandez et al., 2019; Fereshtehnejad et al., 2017). This approach considers that the
mild motor predominant subtype starts at a younger age and has milder motor and
nonmotor symptoms, slower progression, and a good response to medication. The
diffuse malignant subtype has, instead, more severe baseline symptoms, including
motor symptoms, RBD, mild cognitive impairment and orthostatic hypotension, and
it progresses rapidly and responds poorly to levodopa. There are also more prominent
dopaminergic defects on DAT imaging in the diffuse malignant subtype. The
intermediate subtype has intermediate symptoms and a moderate response to
medications, and a prognosis is between previous subtypes (De Pablo-Fernandez et
al., 2019; Fereshtehnejad et al., 2017). Another option for subtyping PD is by motor
phenotypes, that is, to tremor-dominant, postural instability gait difficulty (PIGD) or
akinetic-rigid phenotypes (Fereshtehnejad et al., 2017). Substantial heterogeneity
exists in prognosis as well as in the clinical presentation and disease course.
However, a meta-analysis of postmortem studies revealed that mean survival after
diagnosis ranged between 6.9 and 14.3 years (Macleod et al., 2014).
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To date, treatment of PD is still symptomatic because no therapy has been shown
to prevent or delay the disease progression. Treatment options to alleviate the
symptoms include pharmacological agents, physical interventions and invasive
therapies such as deep brain stimulation (DBS), stereotactic lesioning, levodopa-
carbidopa enteral suspension and subcutaneous apomorphine infusion. (Fox et al.,
2018)

21.1.2 Other parkinsonism

Other neurodegenerative parkinsonisms than PD include the atypical parkinsonism
syndromes: multiple system atrophy (MSA), progressive supranuclear palsy (PSP),
dementia with Lewy bodies (DLB) and corticobasal degeneration (CBD). Non-
degenerative causes for parkinsonism include, for instance, drug-induced
parkinsonism (DIP) and vascular parkinsonism (VP).

Atypical parkinsonian disorders are conditions of a mix of pathologies: PSP and
CBD are tauopathies, and MSA and DLB are synucleinopathies (Dickson, 2012).
They have overlapping symptoms with PD and each other. Expert consensus has
suggested diagnostic criteria to guide to clinicians (Armstrong et al., 2013; Gilman
etal., 2008; Hoglinger et al., 2017; McKeith et al., 2017), but the diagnostic accuracy
is still insufficient (Joutsa et al., 2014; Rizzo et al., 2016). This is why the final
diagnosis can only be confirmed at the autopsy. In addition to parkinsonism, atypical
parkinsonisms have characteristic symptoms such as autonomic dysfunction and a
cerebellar syndrome in MSA-C (Gilman et al., 2008), ocular motor dysfunction,
progressive gait freezing and postural instability in PSP (Hoglinger et al., 2017),
visual hallucinations, fluctuating cognition and RBD in DLB (McKeith et al., 2017)
and asymmetric limb akinesia/dystonia/myoclonus/apraxia together with frontal
behavioral-spatial, agrammatic or PSP-like symptoms in CBD (Armstrong et al.,
2013). These disorders are usually characterized by a more rapid progression and
poorer prognosis than PD (Stoker & Greenland, 2018).

Vascular parkinsonism (VP) is caused by a cerebrovascular disease. Typical
risk factors are age, in addition to the well-known vascular risk factors such as high
blood pressure, high blood cholesterol, diabetes mellitus, smoking and a family
history of vascular incidents. VP has also been referred to as lower-body
parkinsonism due to a typical involvement of the lower limbs, proceeding to gait
disorder, shorts steps, postural instability and falls. The resting tremor and visual
hallucinations are usually rare in VP compared to PD (Glass et al., 2012). A
response to levodopa is usually poor or absent (Benitez-Rivero et al., 2013).
However, because of the disorders’ similarities, clinical differentiation of VP from
PD is usually challenging and is completed by structural brain imaging (computed
tomography (CT) or magnetic resonance imaging (MRI)), which typically shows
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cerebrovascular lesions such as white matter changes and lacunar infarcts in the
basal ganglia in VP.

Drugs such as neuroleptic or dopamine receptor blocking agents, may induce
parkinsonism. The prevalence of drug-induced parkinsonism (DIP) has been
estimated to vary from 10 to 33 cases per 100 000 (Wisidagama et al., 2021). Older
age, female gender and exposure to first generation antipsychotics or a high dosage
of antipsychotics are the main risk factors for DIP (Wisidagama et al., 2021). The
time interval between the development of parkinsonian symptoms and intaking the
drugs may vary greatly, and the amelioration of the symptoms after the
discontinuation of the drug may also require several months. Distinguishing DIP
from PD is challenging, but the typical clinical characteristics of DIP are more
bilateral involvement compared to PD, upper limbs are affected more often than
lower limbs and usually only mild gait disturbances and no freezing of gait are
presented (Hassin-Baer et al., 2001).

21.2 Dystonia

2.1.21 Cervical dystonia

Cervical dystonia (CD) is among the most common forms of dystonia. It is classified
as a focal dystonia and is almost always an adult-onset and idiopathic condition.
Prevalence estimates of dystonia have varied between 5 and 40 persons per 100 000
(Group, 2000; Ortiz et al., 2018; Steeves et al., 2012). Dystonia is more common in
women, and the prevalence increases with age (LaHue et al., 2020; Soland et al.,
1996).

CD affects the muscles in the cervical region, causing abnormal and patterned
head and neck movements or postures or both. Symptoms can present spontaneously
or be triggered by motor tasks (Defazio et al., 2019). There are no established
diagnostic criteria, and the diagnosis is based on the clinical evaluation. There also
are no reliable diagnostic biomarkers, and laboratory tests or brain imaging are used
mainly to identify the etiology of dystonia in selected cases. Clinical features
supporting the diagnosis of dystonia include, for example, the geste antagoniste
(Defazio et al., 2019). This highly specific maneuver, also called a sensory trick,
alleviates the dystonic symptoms transiently by touching the affected body region
(Ramos et al., 2014). On the contrary, fixed involuntary head posture, weakness of
neck muscles antagonizing the abnormal posture, and an ability to mentally suppress
the symptoms or diplopia induced by voluntary correction of the abnormal posture,
are features usually not presented in CD and suggest alternative diagnoses (Defazio
et al., 2019).
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Non-motor symptoms (NMSs), in addition to motor symptoms, for example,
pain, sleep problems, anxiety, and depression, have also been described in CD
patients (Kuyper et al., 2011). Although it seems that these NMSs may be an
independent part of cervical dystonia (Conte et al., 2019), but this hypothesis remains
unconfirmed. Regardless of whether the NMSs are independent dystonia symptoms
or comorbidities, these symptoms are associated with reduced quality of life (Han et
al., 2020). CD is not associated with reduced life expectancy, yet it reduces working
ability, and CD patients with anxiety or depression were more likely to retire earlier
than patients without these NMSs (Ortiz et al., 2019).

Botulinum toxin is an efficient and safe first-line treatment for cervical dystonia
Several drugs, such as benzodiazepines and muscle relaxants, are used in the
treatment of CD, but there are no well-designed and reported trials to assess their
benefit (Jankovic, 2006). In botulinum toxin-refractory and medication-refractory
CD, DBS has been proved highly efficacious in improving motor symptoms,
disability, and pain in CD patients (Tsuboi et al., 2020).

21.2.2 Other dystonia

Different forms of dystonia can be manifested by a broad variety of presentations
depending on dystonia’s clinical characteristics and etiology (Albanese et al., 2013).
The prevalence of dystonia is estimated altogether to be 15-30 cases per 100 000
(Group, 2000; Steeves et al., 2012), although this is probably underestimated,
because the prevalence of isolated dystonia was 732 per 100 000 when a random
sample of the population over 50 years was studied (Miiller et al., 2002). Women
are affected more often than men, and a positive family history is reported in about
20% cases, although the confirmed genetic causes are still considered rare, especially
among the focal dystonias (Albanese et al., 2019).

Dystonia symptoms are defined as repetitive, abnormal movements, postures or
both. They are caused by sustained or intermittent muscle contractions due to
overflow muscle activation. Movements are usually patterned and twisting, and
tremor may be present. Voluntary action often initiates or worsens the dystonic
symptoms (Albanese et al., 2013). Similar to CD, dystonia diagnosis is based on
clinical observations, but laboratory tests, including gene tests and imaging, may
provide diagnostic support (Albanese et al., 2019). Dystonia can occur at any age,
affect one or several body regions, have different temporal patterns and occur with
or without associated features. The etiology of dystonia can be inherited, acquired or
idiopathic. Table 2 presents the classification of dystonia based on clinical
characteristics and etiology.
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Table 2. Proposed classification of dystonia by Albanese et al 2013. The table was modified from
the table of the original article.

Clinical characteristics

Clinical characteristics of dystonia

e Age at onset: infancy (birth to 2 years), childhood (3—12 years), adolescence (13-20
years), early adulthood (2140 years), late adulthood (>40 years)

e  Body distribution: focal, segmental, multifocal, generalized (with or without leg
involvement), hemidystonia

e  Temporal pattern: disease course (static, progressive), variability (persistent, action-
specific, diurnal, paroxysmal)

Associated features

e Isolated dystonia or combined with another movement disorder

e  Occurrence of other neurological or systemic manifestations

Etiology

Nervous system pathology

e evidence of neurodegeneration, evidence of structural lesions, no evidence of
degeneration or structural lesions

Inherited or acquired

. Inherited: autosomal dominant, autosomal recessive, X-linked recessive,
mitochondrial

e Acquired: perinatal brain injury, infection, drug, toxic, vascular, neoplastic, brain
injury, psychogenic

e |diopathic: sporadic, familial

Non-motor features are also present in other forms of dystonia in addition to CD.
Sensory abnormalities such as pain are also common in isolated dystonia and may
even present prior to the typical motor symptoms (Patel et al.,, 2014).
Neuropsychiatric symptoms such as depression are also part of NMS of isolated
dystonia, whether idiopathic or inherited. However, no cognitive abnormalities are
usually found in idiopathic or inherited dystonia patients, whereas they are often seen
in patients with combined dystonia syndromes (Albanese et al., 2019).

Treatment of dystonia depends on the form of the dystonia. Focal dystonias
affecting only one body region or segmental dystonia affecting 2 or more contiguous
body regions can be treated efficiently with botulinum toxin. Generalized dystonia,
involving at least the trunk and 2 other body sites, usually responds instead to
medical treatments such as anticholinergic medication or baclofen (Jankovic, 2013).
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Some combined dystonias, such as dopa-responsive dystonia, can also be responsive
to medications such as levodopa. As an invasive treatment, DBS has proven
efficacious, particularly in medication-refractory inherited and idiopathic dystonia,
whereas more evidence is needed for combined and acquired dystonia (Cury et al.,
2018).

2.2 Basal ganglia circuit

2.21 Anatomy

The basal ganglia are subcortical nuclei first distinguished from the cortex and white
matter in the 16™ century by Vesalius and Piccolomini (Lanska, 2010). Located
beneath the cerebral cortex the core nuclei of the basal ganglia are the caudate, the
putamen, the globus pallidus (GP), the subthalamic nucleus (STN) and the substantia
nigra (SN) (Figure 1).

PUT

o

Figure 1. Anatomical structures of basal ganglia include putamen (PUT), caudate (CAU), globus
pallidus (GP), subthalamic nucleus (STN) and substantia nigra (SN).

The striatum consists of the caudate nucleus and the putamen. Striatum, together
with the nucleus accumbens and olfactory tubercle, are categorized as input nuclei
of the basal ganglia and receive afferents from the cerebral cortex, thalamus and
substantia nigra par compacta (SNc). Efferent projections are directed to the GP and
the substantia nigra pars reticulata (SNr) (Crossman & D, 2010). 90% of striatal
neurons are gamma-aminobutyric acid (GABA)ergic medium spiny neurons.
Medium spiny neurons projecting directly to the globus pallidus interna (GPi) and
the SNr contain the dopamine receptor subtype 1 (D1 receptors), while neurons
projecting to the globus pallidus externa (GPe) express the dopamine receptor
subtype 2 (D2 receptors) (Fazl et al. 2017(Strange, 1993). The remaining 10% of the
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striatal neurons are interneurons, which are mainly cholinergic (Fazl & Fleisher,
2018). Striatum can further be divided into the dorsal striatum and ventral striatum
based on connections and functions described further in section 2.2.4. The nucleus
accumbens and the olfactory tubercle are considered ventral extensions of the ventral
striatum and receive their dopaminergic modulation from the mesolimbic
dopaminergic system (Fazl & Fleisher, 2018).

The GP and the putamen are together termed the lentiformis nucleus mainly for
anatomical purposes, because they are located relatively close to each other (Figure
1). The GP alone can be divided into an internal (GPi) and an external part (GPe).
Both segments have similar afferent connections arising from striatum and STN. On
the contrary, efferent projections differ between the two segments. GABAergic
fibres from the GPe projects principally to STN, while efferent projections from the
GPi go to the thalamus or to the tegmentum in the brain stem.

The SN is located dorsal to the cerebral peduncles and comprises two distinct
parts: inhibitory SNr and dopaminergic SNc. The healthy SN in the neuropathologic
sample is composed of dark pigment that is produced as a by-product of dopamine
synthesis. Similar to GPi, SNr can be referred to as the output nucleus of the basal
ganglia because it receives inputs from the striatum and STN and projects to the
ventral thalamus, superior colliculus, pedunculopontine nucleus and medullary
reticular formation. The dopaminergic SNc¢ synapses on the striatum.

The STN is a small nucleus located superior to the cerebral peduncle, beneath
the thalamus and against the medial border of the internal capsule. Afferent neurons
from wide areas of the cortex, GPe and pontine reticular formation project to the
STN. Glutamatergic projections from the STN terminate in both segments of the GP
and SNr.

2.2.2 Neurotransmitters

Dopamine, 3,4-dihydroxytyramine, is a brain neurotransmitter produced by
dopaminergic neurons (Speranza et al., 2021). Dopamine is synthesized by the
tyrosine hydroxylase enzyme and carried to the vesicles by the synaptic vesicle
protein, vesicular monoamine transporter (VMAT2). After its release into the
synaptic cleft, dopamine binds to the dopamine receptors, which either activates or
inhibits on the target neurons. Five dopamine receptors (D1, D2, D3, D4 and D5)
altogether can be divided into two dopamine receptor families (D1-like and D2-like),
but D1 and D2 receptors play the major role in the basal ganglia context (Strange,
1993). DAT collects the released dopamine back up into the presynaptic terminals.
Dopamine is the main neurotransmitter in three neural circuits in the basal ganglia:
the nigrostriatal, the mesolimbic and the mesocortical. The nigrostriatal pathway
projects from the SNc to the dorsal striatum, the mesolimbic pathway from the
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ventral tegmental area to the ventral striatum and the nucleus accumbens and the
mesocortical pathway from the ventral tegmental area to the prefrontal cortex
(Speranza et al., 2021).

Glutamate, the ionic form of glutamic acid, is an excitatory neurotransmitter in
the central nervous system (CNS). It acts via inotropic receptors such as N-methyl-
D-aspartate (NMDA) or a-amino-3-hyroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) (Jamwal & Kumar, 2019). Glutamate is a principal excitatory
neurotransmitter in the basal ganglia. It is released by corticostriatal afferents to the
striatal neurones, and it also transmits the excitatory signals from the STN to the GPe
and the basal ganglia output nuclei and from the thalamus to the motor cortex (Fazl
& Fleisher, 2018).

GABA, as a primary inhibitory neurotransmitter of the CNS, mediates its action
by acting upon ionotropic (GABA-A and GABA-C) and metabotropic (GABA-B)
receptors. GABA transmits the inhibitory transmission from the striatum to the
output nuclei (GPi/SNr) in the basal ganglia and further transmits to the thalamus as
a part of a direct pathway and from the striatum to the GPe and then the STN as a
part of the indirect pathway (Jamwal & Kumar, 2019).

Other neurotransmitters, such as adenosine, cannabinoids, acetylcholine and
serotonin, are also presented in the basal ganglia (Jamwal & Kumar, 2019).
Adenosine regulates post-synaptic glutamatergic actions mainly by enhancing the
synaptic plasticity in the striato-pallidal pathway. Cannabinoid receptors CB1 are
expressed both in the striatal efferent and afferent medium spiny neurons.
Endocannabinoids modulate the activity of both GABAergic and glutamate neurons.
Acetylcholine is presented in nuclei such as the striatum, nucleus accumbens and
olfactory tubercle, which are also highly innervated by dopamine. Acetylcholine,
acting via nicotinic acetylcholine receptors (nAChR), alters the dopaminergic
signalling. Serotonin is a neurotransmitter utilised by the raphe nuclei in the brain
stem and is transmitted to the striatum.

223 Pathways

Two classic pathways (direct and indirect pathways) were originally described in the
early 1990s (Albin et al., 1989; DeLong, 1990). The third pathway, called the
hyperdirect pathway, was later described to complete the basal ganglia pathways
(Nambu et al., 2002). Model of these pathways is presented in Figure 2.

22



Review of the Literature

Cortex

Striatum ]
GPe
) D1+ | |D2-
GPi/SNr [ SNc ]
Thalamus

J

Figure 2. Direct (blue line), indirect (black line) and hyperdirect (red line) pathways of the basal
ganglia. The main neurotransmitters are glutamate (excitatory, marked with plus sign),
GABA (inhibitory, marked with minus sign) and dopamine (excitatory, marked as D1+
or inhibitory, marked as D2-). STN = subthalamic nucleus, GPe = globus pallidus
externa, GPi = globus pallidus interna, SNr = substantia nigra pars reticulata, SNc =
substantia nigra pars compacta.

The direct pathway projects from the cortex to the striatum, continuing straight to
the output nuclei (GPi/SNr). Fig 2 shows that the GABAergic neurons inhibit the
inhibitory output from GPi/SNr in the direct pathway, leading to less inhibition of
the thalamus and thereby stimulating the cortex and the movement. The indirect
pathway projects from the striatum to the GPe, then to the STN and then finally to
the GPi/SNr, whereas the hyperdirect pathway projects directly from the cortex to
the STN and then to the output structures. Both of these pathways lead to increasing
the inhibition of the basal ganglia’s output to the thalamus, thereby suppressing the
cortex and the movement. The SNc provides the dopaminergic input to the striatum
and modulates the effects of the pathways. The dopaminergic input leads to
excitation of the direct pathway by activating the excitatory D1-receptors of the
striatal medium spiny neurons, whereas it leads to inhibition of the indirect pathway
by activating the inhibitory D2-receptors. Dopamine facilitates the solution between
competing direct and indirect pathways by tipping the balance toward the winning
direct pathway to accomplish the appropriate movement (Fazl & Fleisher, 2018).
The basal ganglia can be divided into motor, associative and limbic circuits in
the functional organization (Obeso et al., 2008). The dorsal parts of the striatum are
connected to the motor and premotor cortices and are primarily responsible for motor
execution. This motor cortex — basal ganglia — thalamic projection is called the motor
circuit. The motor circuit has a somatotopic organization, including a hand loop, leg
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loop, etc., according to the afferent track’s location in the motor cortex (Obeso et al.,
2008). The cingulate and orbitofrontal cortices project to the ventral parts of the
striatum to form the limbic circuit of the basal ganglia. The prefrontal and
orbitofrontal cortices project to the medial parts of the striatum and form the
associative circuit.

However, primarily relatively simple motor circuit of the basal ganglia has
expanded to a complex integration of different structures and functions. The
cerebellar connections with the basal ganglia have lately received attention. The
cerebellum, together with the basal ganglia, seems to be involved in the same brain
networks regulating both motor and nonmotor functions (Bostan et al., 2013).

224 Function

The traditional role of the basal ganglia has been considered to be motor control and
motor learning by effectively choosing which actions to allow or to inhibit. The
understanding of the basal ganglia function to date has extended to also encompass
reward-related and goal-directed behaviors, emotional processing, implicit learning
and habit formation, attention and time estimation and conflict monitoring (Obeso et
al., 2008).

Conscious motor functions are mainly executed by projection from the posterior,
sensorimotor putamen (Lanciego et al., 2012). Efferents to GPi are responsible for
limb movements and to SNr for eye movements. Preparatory activation and finger
movement have been considered to be located in the anterior putamen, while the
caudate nucleus is involved in the active planning of a novel action (Monchi et al.,
2006). The ventral striatum and its major component, nucleus accumbens, are
considered to be part of the emotional responses, decision making and reward-related
behaviour.

The regulation of the basal ganglia functions occurs via the pathways described
in the previous section. The direct pathway supports the action plan, while the
indirect pathway inhibits or stops it. The hyperdirect pathway enables the action
planning to quickly stop by inhibiting the pallidal output and provide more time for
rational action. The failure of the main structure of the hyperdirect pathway, STN,
may lead to impulsive decisions (Rossi et al., 2015).

2.2.5 Dysfunction in parkinsonism and dystonia
2.2.51 Parkinsonism

The neuropathologic feature of PD is dopaminergic neuronal loss in the nigrostriatal
track together with a-synuclein deposition in Lewy bodies or neurites found in
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residual neurons (Dickson, 2018). According to hypothesis of Braak et al., the
neuropathology of PD starts in the medulla and the olfactory bulb (stages 1 and 2)
and then progresses to the substantia nigra pars compacta and other basal ganglia
structures (stage 3 and 4) (Braak et al., 2004). It has been shown that the axons, not
the somas, are the first damaged in the nigrostriatal track, meaning that the retrograde
(“dying back’) degeneration affects the striatal neurons first and only then the nigral
ones (Kordower et al., 2013; Tagliaferro & Burke, 2016).

Dopaminergic depletion in the SNc leads to hyperactivity of the indirect pathway
because the direct pathway loses its dopaminergic support. This results in an
ultimately increased inhibitory output of the basal ganglia and this pathological
inhibition has been considered to cause the decrease of movements known as
bradykinesia or akinesia. If this was this simple, removing or lesioning the inhibitory
output nuclei of basal ganglia should result in movement facilitation or disinhibition.
However, pallidotomy does not, paradoxically, induce involuntary movement; it
ameliorates dyskinesias, and lesions of the STN, GPi or thalamus improve motor
function (Lanciego et al., 2012).

In addition to these paradoxes associated with hypokinesia and the basal ganglia
circuits, two other cardinal symptoms, tremor and rigidity, cannot be explained by
the classic model. The role of the cerebellum and the pedunculopontine nucleus
behind these symptoms has been debated (Fazl & Fleisher, 2018). Dopamine is only
one neurotransmitter modulating the basal ganglia function, and glutamate, GABA
and acetylcholine have particularly also been known to be altered in PD (Jamwal &
Kumar, 2019). These and other still unknown explanations may lie behind the basal
ganglia dysfunction in PD.

2252 Dystonia

No typical neuropathological abnormalities have been confirmed in dystonia and a
wide range of different genotypes and phenotypes with limited data available
complicates the interpretation of current studies (Sharma, 2019). Dystonia has
classically been considered to be manifested by a decreased inhibitory basal ganglia
output, resulting in the overactivity of thalamus and cortex that leads to dystonic
movements. Results supporting this hypothesis have shown reduced firing rates in
the GPi in dystonia in electrophysiologic studies (Starr et al., 2005) and abnormal
function in the basal ganglia in imaging studies (Neychev et al., 2011). Lesions of
the putamen and globus pallidus have been identified as causes of acquired dystonias
(Sharma, 2019).

However, there is a growing body of evidence against the hypothesis of dystonia
originating purely from the basal ganglia. Dystonia imaging studies have shown
abnormalities in cortical regions, the cerebellum, thalamus, midbrain and brainstem.
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Moreover, electrophysiological studies have provided evidence of loss of inhibition,
impaired sensorimotor integration and maladaptive neural plasticity in dystonia
(Neychev et al., 2011). Lesions causing acquired dystonias have also been described
in many brain regions outside the basal ganglia, including the cortex, thalamus,
brainstem and cerebellum (Jinnah et al., 2017). Different forms of dystonia may also
be linked with dysfunctions in different brain regions (Jinnah et al., 2017).

Dystonias can be effectively treated with deep brain stimulation or lesioning
targeted to basal ganglia structures, but the accumulating evidence suggests that
dystonia is a network-wide problem involving the cerebellum, basal ganglia and
cortex, and plasticity changes rather than a pure basal ganglia disorder (Conte et al.,
2019; Corp et al., 2019; Sharma, 2019). This would also explain why the treatment
effect of DBS in dystonia appears slower than in other movement disorders (Fazl &
Fleisher, 2018). It should also be noted that it’s possible that pathophysiological
differences between idiopathic, inherited and acquired forms of dystonia may
explain the heterogeneity of the current results (Conte et al., 2019).

2.3 Deep brain stimulation of the basal ganglia

2.3.1 Mechanisms

Deep brain stimulation (DBS) is an invasive treatment technique based on high-
frequency electric impulses from electrodes implanted into specific targets within
deep regions in the brain. Since the first implantation in movement disorders in the
1980s in a PD patient, DBS has expanded to several neurological and
neuropsychiatric disorders such as PD, essential tremor (ET), dystonia and obsessive
compulsive disorder. An estimated 208 000 deep brain stimulators have been
implanted (Vedam-Mai et al., 2021). The effect of DBS is usually considered to be
reversible, adaptable and titratable; thus, due to these qualities and ability to bilateral
implantation without significant side effects, DBS has almost replaced the lesioning
techniques.

The exact underlying mechanism of the DBS is still undetermined, despite its
broad use. The main targets have been established by the experiences of lesion
treatments, so the DBS mechanism was first considered as a lesion-like inhibition of
the target region (Deniau et al., 2010). However, a recent hypothesis on the DBS
mechanism suggests that DBS modulates a connected brain network in addition to
the local stimulation effect (Deniau et al., 2010; Gonzalez-Escamilla et al., 2020;
Gonzalez-Escamilla et al., 2019; Horn, 2019; Lozano & Lipsman, 2013). Electric
stimulation has been described as eliciting neural responses that result in excitative
or inhibitive synaptic events, depending on the pathway being reached (Herrington
et al., 2016). These responses have been found to spread across the brain networks
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(Horn et al., 2017; Lozano & Lipsman, 2013) and potentially even affect the
neuroplasticity of the brain (Jakobs et al., 2019).

Most of the research on DBS mechanism in humans has been performed using
imaging or electrophysiological methods (Gonzalez-Escamilla et al., 2020). In
imaging studies, individual volume of tissue activated modelling has enabled the
evaluation of regional brain activation by a DBS electrode. Furthermore, a
comparison of stimulation site volumes and clinical responses has helped to identify
the optimal sweets spots, e.g. for STN in Parkinson’s disease and for GPi in dystonia
(Akram et al., 2017; Bot et al., 2018; Reich et al., 2019). These results have also
emphasized the importance of the accurate lead implantation (Gonzalez-Escamilla
et al., 2020). However, there is a broad variance in postoperative outcomes after DBS
implantation even with optimal lead location; thus, correct localization of the
electrode is probably only part of the explanation for a good outcome (Gonzalez-
Escamilla et al., 2020). Functional resting connectivity maps associated to the
location of electrodes have presented the brain networks connected to stimulation
site (volume of tissue activated) (Boes et al., 2015; Fox, 2018). Stimulation-induced
changes in these connectivity patterns are also considered to affect the clinical
improvement (Horn et al., 2017). For example in PD, the connectivity profile from
the STN to the supplementary motor area (SMA) is thought to ameliorate
bradykinesia, while electrode connectivity to the primary motor cortex (M1) is
thought to explain tremor improvement (Akram et al., 2017).

Electrophysiologic  studies have offered extended information on
electrophysiological changes in the basal ganglia and enabled the utilization of the
microelectrode recordings in the correct lead positioning (Gonzalez-Escamilla et al.,
2020). Increased subthalamic oscillatory beta activity seems to be associated with
bradykinetic motor symptoms in PD, and DBS can suppress this overactivity locally
(Kiihn et al., 2008) but also in STN-cortical networks such as SMA and premotor
regions (Gonzalez-Escamilla et al., 2020). However, this suppression effect on STN
disappears in 6 months follow-up but not in repetitive overstimulation over minutes,
reflecting potentially more changes in neural plasticity than habituation (Chen et al.,
2020). Even so, the role of the beta oscillatory function of DBS and the basal ganglia
is still an unresolved area and further investigations are needed (Vedam-Mai et al.,
2021).

There are still several uncertainties involving the effects of DBS. Some patients
do not show a good response despite optimal lead placement. Absent or poor
responses have also been described for certain symptoms such as freezing of gait in
PD or swallowing problems in dystonia. DBS effects may differ between the
disorders, and DBS can paradoxically cause dystonic symptoms in PD and
parkinsonism in dystonia. Then, the response of DBS in PD is almost immediate
after the implantation, whereas it usually takes several weeks to months to see
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improvement in dystonia(Gonzalez-Escamilla et al., 2020). Finally, after
discontinuation of DBS, symptoms appear immediately in PD, whereas sustained
response has been reported in generalized dystonia (Ruge et al., 2014). On the
contrary, possible fatal rebound phenomena have been described after sudden DBS
cessation in both PD and dystonia (Azar et al., 2019; Lumsden et al., 2017).

23.2 Targets in Parkinson’s disease and dystonia

Depending on the disorder, the appropriate brain target is chosen to alleviate the
cardinal symptoms. The main targets of DBS are STN and GPi in Parkinson’s
disease (Figure 3), the ventral intermediate nucleus of thalamus (VIM) in PD tremor,
GPi and STN in dystonia and VIM in ET, while no consensus of optimal DBS targets
has yet been achieved in other neurologic and psychiatric disorders (Gonzalez-
Escamilla et al., 2020). In order to ease to motor symptoms, electrodes are targeted
motor parts of the nuclei, which are the posteroventral part in GPi and and the
superolateral part in STN.
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Figure 3. Visualization of the DBS electrodes targeted to the STN (in orange). GPi is another
target option in PD (in green). The DBS electrodes were localized and visualized using
Lead-DBS software (http://www.lead-dbs.org) (Horn et al., 2019). Atlas was used for 3D
visualization: DISTAL Minimal Atlas (Ewert et al., 2018).

The most common target of the DBS is the STN in PD, but the DBS can also be targeted
to the GPi instead of the STN or to the VIM in tremor-dominant PD. Both STN and
GPi targeted DBSs improve motor symptoms including tremor and quality of life
equally, although the off-medication state may be better with patients with STN-DBS
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(Ramirez-Zamora & Ostrem, 2018; Wong et al., 2019). STN-DBS usually allows a
greater reduction of dopaminergic medications. GPi-DBS may be more beneficial with
patients who suffered hallucinations or diminished cognitive capacity preoperatively,
compared to STN. However, target selection of DBS should be based on individual
characteristics and the surgery’s goals (Ramirez-Zamora & Ostrem, 2018).

The GPi is the established and the most used target in dystonia. STN is also
reported as an optional target nucleus. No randomized control trials have compared
the efficacy of these targets. Although the meta-analysis of isolated dystonia
suggested that STN may be an optimized stimulation target, it should be noted that
number of dystonia patients with STN-DBS are still quite small and the baseline
scores were lower in patients with STN-DBS compared to patients with GPi-DBS
(Wu et al., 2019). In the other study, these targets seem to have similar efficacy in
cervical dystonia (mean 58.8% improvement in Toronto Western Spasmodic
Torticollis Rating Scale (TWSTRS) total scores) with different adverse effect
profiles (Tsuboi et al., 2020).

There is no consensus of neuromodulatory effects of STN-DBS and GPi-DBS.
In fMRI study, STN was shown to induce activation in a circuit that includes the
GPi, thalamus and deep cerebellar nuclei while inhibiting a circuit involving M1,
putamen and cerebellum (Shen et al., 2020). Motor cortex inhibition was also
induced by GPi-DBS in an electrophysiological study (Ni et al., 2018). The DBS-
induced effects found in molecular imaging studies are described in the next section
of this review of the literature (section 2.4).

The VIM is the target used to suppress tremor in ET, PD and dystonia. It has
proven to be an effective treatment for ET and tremor in PD even for the long-term
(10 years), while the effects on dystonic tremor were modest and transient (Cury et
al., 2017). The effect of VIM stimulation has been thought to derive from its
placement on a cerebello-thalamo-cortical network connecting the primary cortex
and to the dentate nucleus of contralateral cerebellum (Akram et al., 2018).

24 Molecular imaging of the basal ganglia

2.4 .1 Parkinsonism

Imaging of the basal ganglia in parkinsonism is usually targeted to the altered
function of the nigrostriatal dopaminergic nerve terminals (Strafella et al., 2017).
There are several SPECT and PET ligands available to target either presynaptic or
postsynaptic dopaminergic terminal (Table 3). In addition to dopamine, brain
glucose metabolism, blood flow, serotonergic function and neuroinflammation in the
basal ganglia region have also been investigated with PET and SPECT imaging in
PD (Strafella et al., 2017).
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Table 3. Some PET and SPECT tracers targeted to the dopaminergic nerve terminal. The table
was modified and completed from the Fig 2 in Strafella et al., 2017.

PET/SPECT target ['C] ['8F] ['2%1] [**mTC]
Presynaptic VMAT2 DTBZ DTBZ
DAT CFT CFT altropane TRODAT
RTI 32 PE2I beta-CIT
methylphenidate] FE-PE21 FP-CIT
Dopamine synthesis | beta-DOPA FDOPA
methyl-m- FMT
tyrosine
Postsynaptic D1 NNC 112
SCH 23390
D2/D3 Raclopride Fallypride IBZM
FLB457 Epidepride
NMSP
PHNO

Abbreviations:

B-CIT, (-)-2B-Carbomethoxy-3p-(4-iodophenyl)tropane
CFT,(-)-2B-Carbomethoxy-3B-(4fluorophenyl)tropane

DAT, dopamine transporter

DOPA, L-3,4-dihydroxyphenylalanine

DTBZ, Dihydrotetrabenazine
FE-PE21,(E)-N-(3-iodoprop-2-enyl)-2-beta-carbofluoroethoxy-3-beta-(4'-methyl-phenyl)nortropane
FLB457, (S)-5-bromo-N-[(1-ethyl-2-pyrrolidinyl)methyl]-2,3-dimethoxybenzamide

FMT, Fluoro-m-tyrosine

FP-CIT, N-w-fluoropropyl- 2B-carbomethoxy- 3p-(4-iodophenyl) nortropane

IBZM, lodobenzamide.

NMSP, 3-N-[11C]Methylspiperone
NNC112,(+)-8-chloro-5-(7-benzofuranyl)-7-hydroxy-3-methyl-2,3,4,5-tetrahydro-1H-3benzazepine
PE21, (E)-N-(3-iodoprop-2-enyl)-2-beta-carbomethoxy-3-beta-(4'-methyl-phenyl)nortropane
PHNO, (+)-4-propyl-9-hydroxynaphthoxazine

RTI, (-)-2B-Carbomethoxy-33-(4-tolyl)tropane
SCH23390,R(+)-7-chloro-8-hydroxy-3-methyl-1-phenyl-2,3,4,5-tetrahydro-1H-3-benzazepine
hydrochloride

TRODAT, tropane derivative

VMAT?2, vesicular monoamine transporter 2

Striatal DAT imaging with N-o-fluoropropyl- 2p-carbomethoxy- 3p-(4-iodophenyl)
nortropane ([ 1231]FP-CIT) SPECT is one of the most commonly used imaging methods
to detect the dopaminergic defect in the basal ganglia in neurodegenerative
parkinsonism. It can be used to differentiate neurodegenerative parkinsonism from non-
neurodegenerative conditions (T. S. Benamer et al., 2000). It is also a useful tool in the
differential diagnostics between dementia with Lewy bodies (DLB) and Alzheimer’s
disease (McKeith et al., 2007). To date, the value of DAT imaging in distinguishing PD
from atypical parkinsonism still remains unclear, although differences in DAT binding
between the disorders have been evaluated (Kaasinen et al., 2019).
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[1231]FP-CIT SPECT has been proven to have 97% sensitivity for the clinical
diagnosis of neurodegenerative parkinsonism and 100% specificity for ET (T. S.
Benamer et al., 2000). Striatal DAT loss has been estimated to be an average 50—
60% in early to moderate PD compared to healthy controls (Kaasinen & Vahlberg,
2017). Abnormal DAT uptake is first seen in the putamen in PD, usually posterior
part and later in the caudate nucleus. In the healthy controls, the DAT bindind is
usually described as a comma-shaped structure and in PD, the typical pattern is the
tail of comma (putamen) starting to disappear. Moreover, the side of the DAT defect
also correlates with the disease severity of the contralateral side and, the progression
of abnormal DAT binding has shown to be associated with the disease’s duration (H.
T. Benamer et al., 2000). Interestingly, bradykinesia and rigidity are associated with
the abnormal DAT binding, but a similar relationship has not been found with tremor
severity (H. T. Benamer et al., 2000; Rossi et al., 2010).

Striatal or nigral DAT uptake has been considered to be a possible imaging
biomarker of preservation of the nigrostriatal dopaminergic neurons (Strafella et al.,
2017). However, the evidence has been controversial (Palermo & Ceravolo, 2019).
Striatal DAT binding correlated with nigral neurons only when nigral loss was below
50% in parkinsonian macaques (Karimi et al., 2013). In vivo human studies
combining DAT imaging and neuropathological data are scarce for obvious reasons.
The postmortem study of neurodegenerative PD patients found no association
between nigral (tyrosine hydroxylase positive or neuromelanin-containing) neurons
and antemortem DAT binding, but the interval between the study points was 5.2
years (Saari et al., 2017). Nevertheless, those findings question the use of DAT as a
marker of disease progression because the DAT may reflect the dopaminergic
activity rather than a number of viable neurons (Palermo & Ceravolo, 2019).

The DAT uptake in VP and DIP is supposed to be normal (Gerschlager et al.,
2002; Tolosa et al., 2003) and these groups are usually included in the reference
groups, when non-degenerative conditions are compared to degenerative conditions.
However, the uptake in vascular parkinsonism can be relatively abnormal but still
higher in all regions compared to PD. Unlike in PD, vascular parkinsonism has
usually symmetrical findings in DAT imaging (Benitez-Rivero et al., 2013). Up to
50% of drug-induced parkinsonism showed abnormal DAT binding values when
compared to healthy controls, but greater differences were observed in the caudate
nuclei which are usually affected last in PD (Lorberboym et al., 2006). Parkinsonian
cardinal symptoms can occasionally be observed in patients with essential tremor
(ET), and in this PD-ET phenotype, DAT uptake has been showed to be more
decreased when more clinical features were observed (Waln et al., 2015). However,
DAT binding may also be reduced in ET patients with or without mild parkinsonian
features but in this case the pattern may differ from PD (Waln et al., 2015).
Therefore, the interpretation of imaging results in the case of these atypical findings
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should be carried out carefully, especially in clinically uncertain cases, to avoid a
false diagnosis.

DBS is mainly targeted to the basal ganglia structures and much of the
knowledge of its role and networks has been gained through the imaging studies in
DBS patients. There are several studies investigating the glucose metabolism, rCBF
and dopaminergic activation. Interestingly, considering the reduced need of
levodopa medication after DBS implantation, STN-DBS did not seem to modulate
dopaminergic activity in PD patients (Hilker et al., 2003; Strafella et al., 2003).
However, the majority of the studies evaluated the metabolism changes with FGD-
PET or rCBF changes with PET or SPECT. The most common target of DBS was
the STN, but a few studies included patients with VIM or GPi DBS (Fukuda et al.,
2004; Fukuda et al., 2001; Payoux et al., 2009; Wielepp et al., 2001). The results of
the effect of STN stimulation were very heterogenous, but, in brief, mainly
stimulation-induced increased activation was seen in the stimulation site, globus
pallidus and thalamus, while decreased activation was seen in the M1, SMA and
cerebellum (Asanuma et al., 2006; Bradberry et al., 2012; Ceballos-Baumann et al.,
1999; Garraux et al., 2011; Geday et al., 2009; Haslinger et al., 2005; Hershey et al.,
2003; Herzog et al., 2006; Herzog et al., 2008; Hilker et al., 2004; Karimi et al.,
2008; Nagaoka et al., 2007; Park et al., 2015; Trost et al., 2006; Wang et al., 2010).

24.2 Dystonia

Imaging studies in dystonia are scarce compared to studies in PD. As described in
section 2.2.5.2, dystonia has recently been linked to network-wide dysfunction, such
as abnormalities in the basal ganglia-thalamo-cortical and cerebello-thalamo-cortical
pathways. The most used molecular imaging methods have been investigating the
brain glucose metabolism with 18F-fluoro-deoxyglucose (FDG)-PET or regional
cerebral blood flow (rCBF), although there are also a few neurotransmitter studies
investigating dopamine, GABA-receptor availability, serotonin transporter and
acetylcholine transporter (Zoons et al., 2011).

There are different findings in focal dystonias, depending on the symptoms’
locations. Glucose metabolism has been shown to be increased in the lentiform
nucleus in CD compared to healthy controls (Magyar-Lehmann et al., 1997). There
is evidence of hypermetabolism in the cerebellum and the pons in blepharospasm
(Zoons et al., 2011). rCBF has been described to be decreased by a sensory trick in
motor areas (SMA, PCM, M1) contralaterally to the direction of head deviation in
CD. Sensory trick also led to hypermetabolism in the ipsilateral parietal cortex and
bilateral occipital cortex (Naumann et al., 2000). Dopaminergic studies of dystonia
have mainly failed to show any dopaminergic differences between the dystonia
patients and healthy controls (Leenders et al., 1993; Playford et al., 1993), except for
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one study showing a decrease of dopamine D2-like binding in the putamen in
patients with writer’s cramp or facial dystonia (Perlmutter et al., 1997).

Different types of dystonia have been shown to be associated with different
patterns in FDG-PET imaging. Increased metabolism was found in the basal ganglia,
cerebellum and SMA in DYTI1 patients in inherited dystonias (Eidelberg et al.,
1998), while uptake was decreased in the putamen in DYT6 dystonia (Carbon et al.,
2004), and the increased activity was noted in the posterior thalamus and inferior
pons in DYT11 myoclonus dystonia (Carbon et al., 2013). However, the role of these
patterns still remains to be confirmed because they have not proven to be totally
genotype specific (Trost et al., 2002).

There are only very few molecular imaging studies with DBS in dystonia
patients. All of the studies, involving the imaging during the active stimulation and
after stimulation was switched off, investigated stimulation induced changes in rCBF
(Detante et al., 2004; Greuel et al., 2020; Katsakiori et al., 2009; Thobois et al., 2008;
Yianni et al., 2005). In generalized dystonia, GPi-DBS has shown to increase the
perfusion in the stimulation site, caudate, thalamus, cerebellum and several cortical
regions (frontal gyrus, cingulate cortex, dorsal lateral prefrontal cortex, temporal and
parietal cortex), while to decrease the perfusion in primary motor cortex (Detante et
al., 2004). However, another study found decreased perfusion in the cerebellum,
pons, midbrain, lentiform nucleus and thalamus and anterior cingulate induced by
GPi-stimulation in a heterogenous group of dystonias (Yianni et al., 2005). Brain
perfusion in focal or segmental dystonia patients was recently evaluated using rCBF
imaging and GPi-stimulation (Greuel et al., 2020). No stimulation induced metabolic
changes were detected within GPi-DBS patients, but patients with GPi-DBS showed
reduced perfusion in a prefrontal network at rest and reduced sensorimotor cortex
activity during the motor task compared to patients without DBS (Greuel et al.,
2020).
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Aims

The aims of this study were to investigate the basal ganglia function and its
correlation with clinical features using molecular imaging in parkinsonism and
dystonia.

The specific objectives of the each sub study were:

II

III

v
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To evaluate the relationship between the putaminal dopaminergic axons and
DAT binding in Parkinson’s disease.

To present a case report of the sustained effect of bupropion causing an
abnormal finding in striatal DAT imaging in a patient without dopamine
neuronal loss

To examine the potential differences in striatal DAT binding between healthy
controls and patients with non-degenerative parkinsonism

To investigate the temporal pattern of the reappearance of symptoms after
discontinuation of GPi-DBS in cervical dystonia

To study the effects of GPi-DBS on brain glucose metabolism and the
relationship between motor symptom improvement and GPi-DBS induced
metabolic changes in cervical dystonia



4 Materials and Methods

4.1 Study |

4.1.1 Subjects

Fourteen patients with neurodegenerative parkinsonism (10 PD and 4 atypical
parkinsonism) were enrolled in this study. This was a retrospective study of patients
who underwent the DAT imaging antemortem and the neuropathologic examination
postmortem. First, cases with neuropathologically confirmed PD or atypical
parkinsonism were identified from the records of the Department of Pathology at
Turku University Hospital between 2004 and 2015. Then patients scanned with DAT
SPECT due to diagnostic purposes were selected. Clinical information, including
sex, age at the time of diagnosis, motor symptom duration and time interval between
scanning and death were extracted from the hospital records of these patients. This
was a partial subsample of a previous study of 18 patients (Saari et al., 2017). Six
patients, included in the previous study were excluded from this study due to
unavailable putamen samples. Two patients excluded from the previous study
because of the lack of nigra samples were included in this study.

4.1.2 Neuropathological examination

Neuropathological samples were obtained at the autopsy as part of a routine
examination by the neuropathologist. Putamen samples were selected by the
neuropathologist on the basis of the representativeness of the postcommissural striatum
including the putamen, GPi and GPe (Fig 4A). Formalin-fixed, paraffin-embedded
tissue from the putamen were sectioned at S8um and stained for tyroxine hydroxylase
(TH) to quantify the dopaminergic axons, as previously described (Kraemmer et al.,
2014). After scanning the slides with a Pannoramic P25 Flash slide scanner, they were
analyzed with CaseViewer software version 1.4.0.50094 (3DHISTECH Ltd, Budapest,
Hungary). Margins of the putamen were drawn, and included area were divided into
nine subregions (Fig 4A). In each subregion, three standardized area of visual field (20x
magnification) were annotated by two independent examiners. TH-positive fibers were
calculated in these standardized areas, (Fig 4B).
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Figure 4. lllustration of the quantifying of the dopaminergic axons. A. The putamen was divided
in nine subregions in the postcommissural samples presenting GPi and GPe besides
the putamen. B. The dopaminergic axons (clearly visible brown lines or brown cross-
sections of fibers) marked with arrows were calculated. GPi = globus pallidus interna,
GPe = globus pallidus externa, Put = putamen.

4.1.3 DAT imaging

DAT imaging was performed according to the prevailing protocol of the Department
of Nuclear Medicine between the years 1999-2013. Twelve patients had been
scanned with ['**T]FP-CIT SPECT and 2 patients (both PD) with ['*T]3-CIT SPECT.
Patients had been scanned with either a Picker Irix gamma camera (Picker
International Inc, Highland Heights, OH) (n = 8), with 2 different GE Infinia II
Hawkeye SPECT/CT cameras (GEMedical Systems, Waukesha, WI) (n = 3) or with
an ADAC Vertex V60 gamma camera (ADAC Laboratories, Milpitas, Canada)
(n=1) (missing data for two patients). Details of the scanning protocol have been
published previously (Saari et al., 2017).

Reconstruction of the SPECT images was conducted using HybridRecon
Neurology, version 1.0F (Hermes Medical Solutions AB, Stockholm, Sweden). A
three-dimensional (3D) ordered-subsets expectation maximization (OSEM)
reconstruction algorithm was used. Image analysis was performed with BRASS
automated semi-quantitative analysis software version 3.6 (study I) or version 2.6
(study IIT) (Hermes Medical Solutions, Stockholm, Sweden). The system-specific
calibration coefficients were implemented into the BRASS software. Regions of
interest (ROIs) were automatically segmented with BRASS. In study II, specific
binding ratios (SBRs) for striatal DAT were calculated for four ROIs (left and right
putamen, left and right caudate), while they were calculated for six striatal ROIs (the
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right and left anterior putamen, the right and left posterior putamen, the right and left
caudate nucleus) in studies I and IIl. The occipital cortex was used as a reference
region, and SBRs were calculated according to the following formula: (ROI —
ROloccipital) / ROloccipital (Varrone et al., 2013).

Images presented in the figures were co-registered using statistical parametric
mapping software (SPM12; The Wellcome Centre for Human Neuroimaging,
London, UK, https://www.fil.ion.ucl.ac.uk/spm/) implemented on MATLAB
(MathWorks Inc., Sherborn, MA, USA).

4.2 Study I

4.2.1 Subject

This is a case report of a 52-year-old male patient referred to a neurologist by his
psychiatrist due to problems with cognition, balance, and verbal communication. His
medical history consisted of atrial fibrillation and severe depression for several
years. He was taking venlafaxine and bupropion daily for depression. He had no
family history of PD or other neurodegenerative disorders. All the clinical
information presented in the case report was acquired from patient’s hospital record.

4.2.2 DAT imaging

The patient was scanned with ['>*I]JFP-CIT SPECT due to unknown parkinsonism
according to the protocol of Department of Nuclear Medicine in 2017. The patient
was using bupropion, which potentially interferes with DAT SPECT interpretation
due its affinity to DAT (Booij & Kemp, 2008), so scanning was performed 7 days
after the patient had paused the bupropion intake. A follow-up scan with an identical
scanning protocol was performed 11 months after the first scan, but the patient was
instructed to discontinue bupropion 1 month prior the scanning. Image analysis and
presentation was performed as described in the study 1.

4.3 Study Il

4.3.1 Subjects

Forty healthy controls were scanned with [123I]FP-CIT SPECT as a part of a
neuroimaging study of gambling in older population (GAMDAT) in 2019-2020.
Age between 50-85 years, no prior neurological or psychiatric diseases, no
neurological symptoms and no medications affecting the central nervous system
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were the inclusion criteria for healthy controls. The structural brain MRI was
performed on the same day with SPECT imaging.

69 age- and sex-matched symptomatic parkinsonism or tremor patients without
dopaminergic degeneration were selected from a sample of the cross-sectional
clinical and imaging study of parkinsonism (NMDAT) scanned in Turku University
Hospital between 2014 and 2019. All patients with neurodegenerative parkinsonism
(PD, PSP, MSA, CBD), dementia (DLB, AD, frontotemporal dementia (FTD)) or
undetermined diagnosis were excluded from the study. All patients underwent
structural brain imaging (CT or MRI) prior to the SPECT imaging. For sub-analyses,
the subjects were divided into the subgroups according to the family history of PD,
diagnosis of ET, VP or DIP or the use of selective serotonin reuptake inhibitors
(SSRIs) or serotonin-norepinephrine reuptake inhibitors (SNRIs).

The flowchart of included samples and patient selection is presented in Figure 5.

GAMDAT NMDAT

Patients scanned with FP-CIT SPECT
in the Turku University Hospital
during the years 2014-2019
(n=269)

T PD or atypical parkinsonism
v (n=128)

Healthy controls
scanned with FP-CIT SPECT
(n=40)

Non-degenerative parkinsonism/tremor
or undetermined
(n=141)
; AD or FTD (n=6)
v Undetermined (n=61)
Non-degenerative parkinsonism/tremor
(n=74)

]

Healthy controls Age- and sex-matched
(n=40) (n=69)

Figure 5. Flowchart of the studied samples and patient selection of symptomatic controls.

4.3.2 Clinical examination and questionnaires

Clinical examination of the healthy and symptomatic subjects was performed 2—4
hours prior to the SPECT scanning. In addition to a clinical interview, motor
symptom severity was evaluated with the Unified Parkinson’s Disease Rating
Scale (MDS-UDPRS) part III (Goetz et al., 2008), cognition with the Mini-Mental
State Examination (MMSE) (Folstein et al., 1975), RBD with the single-question
screen for rapid eye movement (REM) sleep behavior disorder (Postuma et al.,
2012) and NMSs with the Non-Motor Symptoms Scale (NMSS) (Chaudhuri et al.,
2007). Moreover, each subject was asked to fulfil the following questionnaires: the
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Beck Depression Inventory (BDI) (BECK et al., 1961), the Beck Anxiety Inventory
(BAI) (Beck et al., 1988) and the Barratt Impulsiveness Scale (BIS-11) (Patton et
al., 1995).

4.3.3 DAT imaging

Healthy controls were scanned with DAT SPECT as part of a GAMDAT project,
while symptomatic subjects were referred to DAT imaging due to uncertain
parkinsonism or tremor by their treating neurologists and recruited to the NMDAT
study upon their arrival for the scanning visit in the Department of Nuclear Medicine
in Turku University Hospital. However, both groups were scanned with ['**1]FP-CIT
SPECT with identical scanning protocols. The subjects received 250-300 mg of
potassium perchlorate or Jodix™ (potassium iodide) 130 mg tablet 30—60 min before
the tracer injection to prevent thyroid gland uptake. A tracer bolus of ['*I]JFP-CIT
(185 MBq) was administered intravenously with a slow 20-second injection.
Imaging started 3 hours after injection.

Scanning of all healthy controls was performed with Siemens Symbia T6
SPECT/CT (Siemens Healthineers, Erlangen, Germany). Symptomatic patients were
scanned with Siemens Symbia T6 or one of two GE Infinia Il Hawkeye SPECT/CT
systems (GE Healthcare, Tirat Hacarmel, Israel). All SPECT/CTs are dual-head
systems with low-energy, high-resolution collimators. Subjects were lying in a
supine position. The energy window was 159 keV+5% for the Symbia and 159
keV£10% for the GE Infinia. The acquisition matrix size was 128x128 and the
rotation arc was 180° in step-and-shoot mode for all systems. The angular step was
3°, which resulted in 60 projections for each camera head and a total of 120
projections. The acquisition zoom was 1.23—1.28, and the time per projection was
35s.

Image analysis and presentation were performed as described in the study L.
Reconstruction of the SPECT images was conducted using HybridRecon Neurology,
version 1.3, Hermes Medical Solutions AB, Stockholm, Sweden). In addition,
occipital counts-per-voxel values were also calculated for each subject.

4.4 Studies V-V

4.4.1 Subjects

Twelve patients diagnosed with cervical dystonia and treated with GPi-DBS
participated in the study. Inclusion criteria were age over 18 years, diagnosed
cervical dystonia, implanted bilateral GPi-DBS, a best DBS treatment response of at
least 25% (Vidailhet et al., 2005), stable DBS parameters, ability to temporarily
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switch the DBS off and no medical contraindication to PET imaging. Patients were
recruited by their treating neurologists in the University Hospital Turku and in the
Helsinki University Hospital. Data collection was performed between 2019 and
2020.

At the time of the study, 10 patients had only cervical symptoms, whereas the
symptoms were also spread and involving other body parts in two patients. This
spread is known to frequently happen in focal dystonia (Berman et al., 2020), and
one of our two patients had developed segmental dystonia affecting their neck,
mouth and eyes and another generalized dystonia affecting their neck, mouth, vocal
cords, trunk, left upper and lower limb. The patient with segmental dystonia had a
sudden and severe worsening of symptoms after switching DBS off, which required
DBS to be reinitiated within 10 minutes as requested by the patient. This patient was
unable to complete the whole study as a result and was only included in study IV in
this thesis. Eleven patients completed the whole study.

Parameters of bilateral GPi-DBS (Medtronic Activa PC, n=8; Abbott St. Jude
Infinity, n=3; or Boston Scientific Vercise, n=1) were collected during the study
visits. Voltages (V) in devices that used current mode (Abbott), were calculated
using current (mA) and resistance (ohms). These details were not available for the
Boston Scientific device (n=1).

4.4.2 Clinical examination and questionnaires

Clinical assessments were performed during the GPi-DBS stimulation (ON), acutely
(10-30 minutes) after DBS was switched off (OFFacute) and two days after the
stimulation was discontinued (OFFchronic). In all three visits, clinical state was
followed for approximately two hours after the evaluation. The severity of the
cervical dystonia symptoms was evaluated with the Toronto Western Spasmodic
Torticollis Rating Scale (TWSTRS) (Comella et al., 1997) and the Burke-Fahn-
Marsden Dystonia Rating Scale (BFMDRS) movement part (Burke et al., 1985).
TWSTRS (total 0-85 points) is developed for the evaluation of cervical dystonia and
comprises three parts: severity scale (0—35 points), disability scale (0—30 points) and
pain scale (0-20 points). BFMDRS movement part measures dystonia in nine body
regions (0—120 points) and is also used to evaluate other forms of dystonia. Cognitive
impairment was excluded with MMSE during the stimulation with a cut-off lower
than 26 points. Information of presurgical symptom severity, best postoperative
treatment response, interval to best treatment response as well as dominant
preoperative symptom type (phasic/tonic as described by (Grips et al., 2007)) was
extracted from the patients’ hospital records.
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443  FDG-PET (study V)

4.4.3.1 Scanning protocol

PET imaging with 18F-FDG was performed during the stimulation (FDG-ON) and
after the stimulation was switched off (FDG-OFF) with respect to the clinical
examinations at ON and OFFacute. DBS was discontinued on average 101 (SD 11,
range 73—115) minutes before the tracer injection.

A brain '®F-FDG-PET/CT imaging was performed on GE Discovery MI PET/TT
(Milwaukee W1, USA) at Turku PET Centre. Patients fasted at least 4 hours prior to
the study to ensure normoglycemia. Mean blood glucose was 5.7 mmol/l (SD 0.7,
range 4.6-7.7) before the injection. The mean injected dose of 'F-FDG was 199
MBq (range 188-214). Patients were lying still in a supine position during and after
the injection with their eyes open and earmuffs on both ears. A brain CT was
obtained before the emission. The PET emission began 35 minutes after the
injection, and four 5-minute frames were acquired. Patients were instructed to not to
move and to stay awake during the scanning. The head was placed in a head holder,
and no head tremor was detected during the PET scanning in any of the patients.

4.4.3.2 Image preprocessing

DICOM files were first converted to the NIfTI format using MRIcron software
(version 2010, https://www.nitrc.org/projects/mricron). The preprocessing of the
PET images was performed with FSL software (6.0.4,
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/). Realignment was conducted frame-by-frame.
All four frames were then summed in a sum image and images were warped to the
Montreal Neurological Institute (MNI152) space using an in-house *F-FDG
template created from an age-matched group of healthy volunteers (Joutsa et al.,
2017). Normalization to the average whole brain uptake was conducted for the
voxelwise ®F-FDG uptakes. A standardized uptake value (SUV) for the whole brain
was calculated with the following formula: ratio of tissue radioactivity concentration
at time T / (administered dose / weight). Finally, the images were smoothed with a
6mm Gaussian kernel at full width half-maximum, and the FDG-OFF uptake was
subtracted from the FDG-ON uptake (ON-OFFratio images) using statistical
parametric mapping software (SPM12; The Wellcome Centre for Human
Neuroimaging, London, UK, https://www.fil.ion.ucl.ac.uk/spm/) implemented on
MATLAB (version R2020b, MathWorks Inc., Sherborn, MA, USA).

Volumes of tissue activated were defined using preoperative MRI images
together with postoperative CT images as described previously by Reich et al (Reich
et al., 2019). One patient with directional DBS was excluded from this analysis. The
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group-level volume of tissue activated hot spot was defined as voxels with volumes
of tissue activated overlap in at least 50% of the patients. These resulting bilateral
regions were used as regions-of-interest (ROI). 3D vector distances (mm) from the
individual volumes of tissue activated to the group-level hot spot were calculated
between the ROI and individual volume of tissue activated centers of gravity for both
sides separately and then averaged.

4.5 Statistical analysis

SPSS Statistics (IBM, SPSS Inc., Chicago, IL, USA) was used for statistical analyses
in studies I (version 24), III (version 26), IV (version 26) and V (version 27). The
level of significance was set at P<0.05. In study V, voxelwise analyses were
performed with SPM. Cluster-level false discovery rate (FDR)-corrected p-values of
less than 0.05 were considered significant.

Study I. Mean and standard deviation (SD) were calculated to describe the data.
Correlation analyses were performed with Spearman’s rank-correlation coefficients
or Pearson’s partial correlation coefficients, as appropriate.

Study I11. Data were described as mean (SD) or n. The Shapiro-Wilk test together
with histograms was used to test the assumption of normality. Differences between
the groups were tested with independent samples t-test, Mann-Whitney U-test, Chi-
square test or Fisher’s exact test as appropriate. Bonferroni corrections was used to
correct for three comparisons (brain regions) and for nine comparisons (symptom
scales and comparisons). One-way ANOVA with Tukey’s HSD test to correct for
multiple comparisons was used to investigate the differences between three different
SPECT systems. Levene’s test was used to test equality of variances. Differences in
occipital binding between VP patients, other patients and healthy controls were also
studied with the Kruskal-Wallis test. Correlations were analyzed with Spearman’s
rank-correlation coefficients or Pearson’s correlation coefficients.

Study 1V. Demographic data was described as a mean and SD or range.
Comparisons in TWSTRS scores and BFMRDS movement scores between the time
points within the group was conducted using paired samples t-test. In addition,
percentage changes of TWSTRS points were calculated to illustrate the changes.
Effects of assessment order and characteristics between the subgroups were analyzed
with Mann-Whitney U test or Fisher’s exact test, as appropriate. Correlations were
also analyzed with Spearman rank order correlation or a point-biserial correlation
coefficients.

Study V. Statistical analyses of demographic data and comparisons of clinical
evaluations were performed similar to study IV. Correlation analyses were
conducted with Pearson correlation coefficients. Voxelwise analyses were
performed with SPM. Voxels with an average 18F-FDG ratio >/= 0.5 within the
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standard FSL brain mask were used to create a whole brain analysis mask. One-
sample t-test with ON-OFFratio images was used to study the effects of DBS FDG-
ON vs FDG-OFF without covariate and when age, dystonia age of onset, age at DBS
surgery, dystonia duration, delay from surgery to the best clinical response or acute
change in motor symptom severity were also used as a covariate. Voxelwise linear
regression was used to study the associations between the changes in regional brain
glucose metabolism and acute motor symptom improvement and the overall best
treatment response. Moreover, voxelwise linear regression was also used to study
the associations between brain metabolism during the stimulation (FDG-ON images)
and symptom severity during the stimulation (ON). The significant clusters resulting
from the linear regression analyses were used as ROIs to extract regional 18F-FDG
ratios to illustrate the magnitudes and directions of the effects (not for statistical
testing of any hypothesis).

4.6 Ethics

The studies were conducted according to the principles of the Declaration of
Helsinki. The studies were approved by the Ethics Committee of the Hospital District
of the Southwest Finland (permission numbers 86/1803/2018 for study I,
15/1801/2019 (GAMDAT) and 145/1801/2013 (NMDAT) for study III,
135/1801/2018 for studies IV-V) except for study II because ethical approval is not
required for clinical case reports according to the institutional policies and current
legislation. All participants in studies I[II-V gave written informed consent upon the
participation in the study. Written informed consent is not required for retrospective
studies or clinical case reports in our institution.
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5 Results

5.1 Putaminal axons and DAT binding in
Parkinson’s disease (study )

The demographic and clinical characteristic of the patients are shown in Table 4. The
mean interval between scanning and death was 5.2 (SD 3.4) years in all patients
(n=14) and in PD patients (n=10). Results were also separately analyzed for the
patients with a shorter interval (3.2 (1.6) years, n=9).

Table 4. Demographical and clinical characteristics of all patients, PD patients and patients with
shorter interval between scanning and death. Values are mean (SD) or n.

Patients with

All patients PD patients shorter
Variable (n=14) (n=10) interval (n=9)
Sex (m/f) 12/2 9N 8/1
Diagnosis (PD/MSA/PSP/CBD) 10/1/2/1 10/0/0/0 6/1/1/1
Age at death (years) 71(9.4) 74 (6.7) 70 (9.6)
Motor symptom duration 1.5(1.3) 1.7 (1.5) 1.6 (1.6)
at scanning (years)
Interval between scan and 5.2 (3.4) 5.2 (3.7) 3.2(1.6)
death (years)
Interval between death 5.1 (2.2) 5.2 (2.5) 4.2 (2.2)
and autopsy (days)
Interval between autopsy 30.1 (9.6) 32.9 (9.3) 29.7 (10.9)
and neuropathological
examination (days)
Putamen SBR 1.82 (0.62) 1.84 (0.66) 1.67 (0.72)
Anterior putamen SBR 2.30 (0.80) 2.40 (0.89) 2.15(0.91)
Posterior putamen SBR 1.27 (0.49) 1.21 (0.48) 1.19 (0.60)
Number of putamen TH+ fibers 417 (193) 466 (209) 483 (173)

No correlation was found between the putamen SBRs and the total putamen TH+
fiber counts in all patients (r=0.00, p=1.0, Figure 6A), in PD patients (r=0.07, p=0.86,
n=10) or in patients with a shorter interval between death and autopsy (r=0.21,

44



Results

p=0.62, n=9). Neither mean, anterior or posterior putamen SBRs correlated with
fiber counts in any of the six putaminal subregions in all patients (r=-0.24-0.11,
p>0.42), in PD patients (r=-0.29-0.23, p>0.43) or in patients with a shorter interval
(r=-0.28-0.33, p>0.38). Correlations remained non-significant between the putamen
SBRs and the total putamen fiber counts when the time intervals between scanning
and death, death and autopsy or autopsy and neuropathology were used as covariates
(r=-0.02-0.27, p>0.37 in all patients, r=-0.29—0.6, p>0.09 in PD patients and r=0.21—
0.44, p>0.28 in patients with shorter interval). The results also remained similar
when symptom duration at the time of the scan or the scanner or the tracer was used
as a covariate (r=0.06-0.34, p>0.31, r=-0.09-0.31, p>0.45 and r=0.23-0.5, p>0.20,
respectively).

The number of nigral TH-positive neurons (counted from 12 out of 14 patients
in Saari et al. 2017) correlated with the medial and central putamen fiber count in all
patients (central in craniocaudal direction: r=0.65, p=0.02, Figure 6B) and in PD
patients (medial, r=0.68; P=0.04; central in craniocaudal direction: r=0.80, p=0.01).

A r=-0.02, p=0.96 B r=0.65,p=0.02,n=12
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Putamen SBR SNc TH+ neuron count

Figure 6. Scatter plots demonstrating A) the non-significant correlation between the putamen
SBR and central putamen fiber count and B) the significant correlation between the SNc
and central putamen TH-positive neuron counts.

5.2 Effect of bupropion on DAT binding (study II)

Clinical examination of the patient showed mild bradykinesia in the left hand, mild
slowness in his foot-tapping rate and reduced stride length. The patient underwent
brain MRI, brain FDG-PET and blood and urine tests, which all were evaluated as
normal. Neuropsychological tests showed loss in memory functions and problems
with concentration. Due to mild but uncertain symptoms of parkinsonism, especially
asymmetric bradykinesia, the patient was scanned with [1231]FP-CIT SPECT. As
instructed in clinical routine, bupropion was discontinued 7 days prior to scanning
due its affinity to the dopamine transporter. DAT binding was found to be reduced
bilaterally but especially in the left putamen (left putamen SBR 1.99 [standard
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deviation from the reference value mean (SD) —2.40], right putamen SBR 2.27
[SD —1.84], left caudate SBR 2.33 [SD —2.26], right caudate SBR 2.29 [SD —2.18])
(Fig 7A).

Levodopa treatment with 450mg/d was initiated without a response after
scanning. Considering this lack of levodopa response and previously used
bupropion, DAT SPECT imaging was performed again 11 months after the first scan.
This time, bupropion was discontinued 4 weeks before the scanning and replaced by
agomelatine (25 mg/d) because of the long discontinuation. The follow-up scan was
analyzed with identical methods with the first scan. Both the visual analysis and
SBRs of the follow-up scan were interpreted as normal (left putamen SBR 2.62
[SD —1.09], right putamen SBR 2.50 [SD —1.37], left caudate SBR 2.45 [SD —2.01],
right caudate SBR 2.57 [SD —1.62]) (Fig. 7B). SBRs increased in the follow-up scan
by 31.7% in left putamen, 10,1% in right putamen, 5,2% in left caudate and 12,2%
in right caudate. Between the two scans, there were no differences in the
Montgomery Asberg Depression Rating Scale (1. scan: 37/60 vs follow-up scan:
39/60) or in non-specific background binding of scanning (117,26 counts/voxels and
117,26, respectively).

Figure 7. Representative images of first scan (A) with abnormal results and follow-up scan with
normal results (B).
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5.3 Comparison of DAT binding between healthy
controls and patients with symptomatic
parkinsonism (study IlI)

All the demographic and clinical data of the patients is presented in Table 5.
Symptomatic patients had higher DAT binding in the posterior putamen (p=0.01,
Bonferroni corrected p=0.03, Table 5, Fig 8A). Similar trend was also found in the
caudate and anterior putamen (caudate p=0.05, anterior putamen p = 0.03, Table 5,
Fig 8A) although the difference was not significant after multiple corrections
(Bonferroni corrected p-values 0.13 and 0.08 respectively). Symptomatic patients
had significantly higher scores on the motor and non-motor symptom scales and on
the depression and anxiety scales, and they scored lower on the MMSE compared to
healthy individuals (Table 5, Fig 8B-E).

Table 5. Demographical and clinical characteristics of the subjects.

Healthy Symptomatic

subjects patients Corrected

(n=40) (n=69) P value' P value?
Age (years) 65.5(10.7) 66.8 (9.0) 0.99
Sex (male/female) 34/35 21/19 0.75
MDS-UPDRS-motor score 37.1 (15.0) 6.6 (5.5) <0.001 <0.001
NMSS total score 67.8 (53.9) 16.2 (16.5) <0.001 <0.001
RBD (yes/no) 13/51 5/35 0.31 1.00
Constipation 1.4 (3.2) 0.5 (1.5) 0.22 1.00
Hyposmia 2.2 (3.7) 0.3 (1.4) 0.002 0.02
MMSE 26.3 (2.6) 28.0 (2.1) <0.001 <0.001
BDI 8.5(8.1) 2.6 (3.9) <0.001 <0.001
BAI 11.8 (7.6) 42 (4.4) <0.001 <0.001
BIS-11 total 60.4 (7.5) 56.8 (6.0) 0.02 0.14
Caudate SBR 2.74 (0.43) 2.58 (0.32) 0.04 0.13
Anterior putamen SBR 2.65 (0.39) 2.49 (0.33) 0.03 0.08
Posterior putamen SBR 2.37 (0.38) 2.18 (0.32) 0.01 0.03

'"Mann-Whitney U-test, independent samples t-test or Chi-Square test. ?Bonferroni correction for
nine (UPDRS, NMSS, RBD, Constipation, Hyposmia, MMSE, BDI, BAI, BIS-11 total) or 3 (SBRs)
comparisons. Values are means (SD) or n. Numbers of missing values: UPDRS=1, RBD=5, NMSS
total score=2, Constipation=2, Hyposmia=2, MMSE=1, BDI=7, BAI=18, BIS11-total=20.
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Figure 8. Differences between symptomatic patients and healthy controls in DAT binding (A),
motor symptoms (B), non-motor symptoms (C), cognitive function (D) or depression
points (E).
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DAT binding was negatively associated with age in the posterior putamen in healthy
controls and in all regions in patients (Table 6). DAT binding did not correlate with
the MDS-UPDRS score, MMSE or BDI in either group (Table 6). The results
remained non-significant when age was used as a covariate (healthy r=-0.06 to 0.27,
p>0.10; patients r=-0.01 to 0.16, p>0.22).

Table 6. Correlations between mean regional DAT binding and age, MDS-UPDRS motor scores,
NMSS, MMSE, BDI in healthy controls and symptomatic patients. * p-value<0.05

Healthy Symptomatic
controls patients
r P value r P value
Caudate Age -0.25 0.11 -0.39 <0.001*
MDS-UPDRS motor 0.07 0.67 -0.04 0.72
MMSE 0.05 0.78 0.09 0.49
BDI 0.16 0.34 0.20 0.12
Anterior Age -0.17 0.30 -0.36 0.003*
Putamen MDS-UPDRS motor 0.14 0.38 0.03 0.78
MMSE 0.15 0.37 -0.04 0.78
BDI 0.22 0.17 0.20 0.12
Posterior Age -0.33 0.04* -0.29 0.02*
Putamen MDS-UPDRS motor 0.01 0.97 -0.06 0.61
MMSE 0.15 0.37 0.05 0.70
BDI 0.20 0.21 0.08 0.54

The final diagnoses of symptomatic patients after mean follow-up time of 43.5
(SD 19.3) months were ET (n=27), DIP (n=12), VP (n=7) and other non-
degenerative diagnosis such as dystonia, functional movement disorder and
depression (total n=23). Comparisons between three main subgroups (ET, DIP, VT)
and healthy controls revealed that ET patients had a higher DAT binding in posterior
putamen (p=0.009), while no other differences in DAT binding were found (p>0.06).
The differences in DAT binding remained similar or even increased between the
healthy controls and the symptomatic patients when the healthy controls with a
positive family history of PD (n=6) were excluded (11.3% difference in the posterior
putamen, p=0.002, Bonferroni corrected p=0.006) or when patients with SSRI/SNRI
medication (n=10), VP (n=7) and DIP (n=12) were excluded (8.7% difference in the
posterior putamen, p=0.008, Bonferroni corrected p=0.02). No differences were seen
in occipital binding values between healthy controls and symptomatic patients
(p=0.24) or SBRs obtained with different SPECT systems (p>0.06).
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5.4 Motor symptom severi% after the
discontinuation of GPi-DBS in cervical dystonia
(study 1V)

Table 7 presents the main demographic features of all the studied patients and
patients with only cervical symptoms (n=10).

Table 7. Demographical and clinical data of all the studied patients and patients with only cervical
symptoms (CD only). The table is modified from study IV.

All patients CD only
(n=12) (n=10)
Sex (male/female) 6/6 4/6

Age (years) (mean (SD)) 52.8 (8.1) 53.1 (8.6)
Age of onset 40.7 (6.5) 41.0 (6.3)
Age at the surgery 50.1 (7.3) 50.3 (8.0)
Dystonia duration (years) 12.2 (6.5) 12.1 (7.1)

Duration of DBS treatment (years) 2.8 (1.7) 2.8 (1.7)
Best DBS response (%) 82.3 (21.8) 78.7 (22.3)

Delay to best DBS response (months) 5.6 (4.4) 6.5 (4.3)

Deep brain stimulation: Amplitude (V) 2.7 (0.7) 2.6 (0.8)

Pulse Width (us) 208 (85) 220 (88)

Frequency (Hz) 83 (42) 82 (41)

At the time of the study, DBS treatment response was maintained at 67 (SD 39)%
from the preoperative symptom severity and did not differ from the best
postoperative DBS response (mean (SD) TWSTRS severity scale postop 3.6 (4.7) vs
TWSTRS severity scale ON 4.9 (5.6) points, p=0.47). Immediately after DBS was
switched off, treatment response reduced to 27 (53)% (ON 4.9 (5.6) vs OFFacute
10.2 (7.7) points, P=0.046). After 2 days stimulation off, treatment response further
worsened to 4 (56)% (OFFacute 8.5 (5.6) vs. OFFchronic 13.7 (7.4) points, P=0.01,
n=11) and was similar to preoperative symptom severity (OFFchronic 13.7 (7.4) vs
preop 15.8 (8.0) points, P=0.42) (Figure 9A).

The results remained similar in patients with cervical symptoms only (n=10).
Treatment response at the time of the investigation (79 (22)%) did not differ from
the best postoperative response (TWSTRS postop 4.9 (1.5) vs ON 5.4 (1.7), p=0.87).
This response was lost to 39 (42)% immediately after the discontinuation (ON 4.6
(5.4) vs OFFacute 8.5 (5.9) points, P=0.004) and was reduced to 10 (54)% after two
days (OFFacute 8.5 (5.9) vs OFFchronic 13.3 (7.6) points, P=0.02). Symptom
severity at 2 days follow-up did not differ from presurgical level (OFFchronic 13.3
(7.6) vs preop 16.3 (8.3) points, P=0.27) (Figure 9A).
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In addition to TWSTRS severity scale, TWSTRS total scores increased
significantly after switching DBS off, but no significant differences were found in
disability or pain scales between ON, OFFacute and OFFchronic evaluations (Figure
9B). The results remained similar for patients with cervical symptoms only (n=10),
except the difference in total scores between the OFFacute and OFFchronic just
failed to reach significance (p=0.06).
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Figure 9. Toronto Western Spasmodic Torticollis Rating Scale (TWSTRS) severity scale
increased to the preoperative level after 2 days discontinuation of DBS (A). Disability
scale, pain scale and total scores increased during the 2 day follow-up in all patients
(B). The figure is modified from study IV.

BFMDRS movement scores were significantly higher in OFFchronic compared to
ON (mean (SD) BFMDRS OFFchronic 4.5 (3.4) vs ON 1.4 (1.9), p=0.003, n=11)
and to OFFacute (OFFchronic 4.5 (3.4) vs OFFacute 1.8 (2.3), p=0.005, n=11).
Similar to patients with cervical symptoms only, BFMDRS movement scores were
higher in OFFchronic compared to ON (OFFchronic 3.9 (3.0) vs ON 1.3 (1.9),
p=0.006) and to OFFacute (OFFchronic 3.9 (3.0) vs OFFacute 1.7 (2.4), p=0.008).

In the additional analyses, milder acute symptom worsening was associated with
younger dystonia age of onset (r=0.71, p=0.01), younger age at the time of surgery
(r=0.60, p=0.04) and at the study r=0.63, p=0.03). Instead, no other association were
found between TWSTRS changes and demographic or clinical features such as
presurgical symptom severity, symptom type (phasic vs tonic), DBS parameters,
treatment duration or treatment response.

The order of the ON and OFFacute evaluations did not affect the TWSTRS or
BFMDRS raw scores (p>0.2) or the relative or total changes in TWSTRS scores

(p>0.1).
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5.5 Effect of GPi-DBS on brain glucose
metabolism in cervical dystonia (study V)

All volumes of tissue activated located in GPi showing correct lead positions (Figure
10A). A higher amplitude correlated with the larger stimulation-induced increase in
brain glucose metabolism at the stimulation site (r=0.70, p=0.03, Figure 10B).
However, there were no correlations between the change in local glucose metabolism
and lead distance from the group level stimulation site (r=0.22, p=0.54), acute motor
symptom improvement (r=-0.06, p=0.9) or overall treatment response (r=0.02,
p=0.9).
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Figure 10. Volumes of activated tissue. A. red-yellow color scale sum image of all patients showing
the lead positioning. B. Greater local change in glucose metabolism was associated with
higher DBS amplitude.

Standardized uptake values (SUVs) did not differ between the FDG-ON and FDG-
OFF (p=0.14). In voxelwise whole brain analyses, DBS induced an increase in
regional glucose metabolism bilaterally at the stimulation sites (Figure 11). Increased
glucose metabolism was also observed in the STN, putamen, insula, primary motor
cortex and primary somatosensory cortex (Figure 11). When age at the study,
dystonia age of onset, age at DBS surgery, dystonia duration, delays to best DBS
response or acute motor symptom improvement was used as a covariate, results
remained similar. No significant decrease in regional brain glucose metabolism was
found.
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Figure 11. Regions with significant increase in glucose metabolism induced by GPI-DBS.
Subcortical clusters covered bilaterally the stimulation site and extended to STN,
putamen and insula. Cortical clusters covered primary motor and somatosensory
cortices.

Significant correlation was found between the acute motor symptom improvement
(TWSTRS severity scale OFFacute vs ON) and DBS-induced increased regional
metabolism in the left sensorimotor cortex (Figure 12A). The better overall
treatment response instead predicted a greater increase in metabolism in SMA
(Figure 12B).
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Figure 12. Correlations between symptom improvement and DBS-induced change in regional brain
glucose metabolism. A. Acute motor symptom improvement correlated positively with
an increase in metabolism in S1/M1 (r=0.94). B. Best overall treatment response was
associated with increased glucose metabolism in SMA (r=0.96).

54



§) Discussion

6.1 Striatal dopamine transporter binding in
parkinsonism

6.1.1 Neuropathological correlates of dopamine transporter
imaging (study [)

This study showed no correlation between the number of putaminal dopaminergic
axons and putaminal DAT binding in PD. This represents the first study to
investigate the association between the number of putaminal axons and putaminal
DAT binding in humans. A previous study showed a lack of correlation between the
nigral cell counts and striatal DAT binding (Saari et al., 2017). However, the striatal
DAT binding may not be associated with the nigral neurons due to the retrograde
degeneration damaging the striatal terminals prior the nigral somas, so this study
could have detected a possible correlation (Kordower et al., 2013; Tagliaferro &
Burke, 2016). A correlation between putaminal fibers and putamen DAT binding
would have proved the role of DAT as a reflection of viable putaminal axons.
However, these findings now suggest that DAT binding preferably reflects more
dopaminergic activity or synaptic dopamine levels rather than the number of neurons
in PD patients with motor symptoms of mean 1.5 years at the time of the scanning
and approximately 50% loss in DAT binding compared to healthy subjects
(Kaasinen & Vahlberg, 2017).

Animal studies with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
treated monkeys are in line with the results as they have found no correlations
between striatal fibers and striatal PET measures (Shimony et al., 2018; Tian et al.,
2014). An association between the number of nigral cells and striatal DAT binding
has been found (Tian et al., 2014), but this correlation disappeared when the nigral
loss exceeded 50% (Karimi et al., 2013). Clinicopathological imaging studies in
humans are rare. Only three previous studies evaluated the correlation between the
nigral neurons and striatal dopaminergic imaging (Colloby et al., 2012; Kraemmer
et al., 2014; Snow et al., 1993). Contrary to non-significant nigral findings (Saari et
al., 2017), these previous studies showed significant associations between nigral
neuronal counts and striatal dopamine synthesis capacity (Snow et al., 1993) or
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striatal DAT binding (Colloby et al., 2012; Kraemmer et al., 2014). However, those
studies included a rather small but a specifically very heterogenous sample of
different pathologic conditions such as PD, PSP, MSA, CBD, AD, LBD,
amyotrophic lateral sclerosis (ALS) and Creutzfeldt-Jakob disease. In fact, patients
with normal dopaminergic function in the imaging were also included, which might
influence the results.

Taking all this into consideration, it could be argued that DAT is probably not
an essential biomarker of the viable nigrostriatal track, at least after a certain level
of nigrostriatal damage. However, further data are required to confirm these findings.

6.1.2 Effect of bupropion on DAT imaging interpretation
(study 1)

Bupropion interfered with the DAT binding even after the recommended break in
medication and caused an abnormal result in DAT binding imaging in this case
report. A four-times longer bupropion wash-out time normalized the results in the
follow-up scan.

According to Medicine Agencies of Europe and US, several drugs, including,
for example sertraline, bupropion, amphetamine, benztrotropine, cocaine,
methylphenidate and phentermine, can influence the [1231]FP-CIT tracer binding
(Highlights of prescribing information for DatScan ioflupane I 123 injection,
Revised 2015; Product information for DatScan ioflupane [ 123 injection. ,
Updated 2017). These potentially interfering medications are recommended to be
stopped at least 5 plasma clearance half-lives before scanning (Booij & Kemp,
2008). Bupropion is a norepinephrine-dopamine reuptake inhibitor and nicotinic
receptor antagonist used to treat depression or to support smoking cessation (Foley
et al., 20006). Its plasma clearance half-life is approximately 20 hours (Foley et al.,
2006), suggesting that only a 5-day washout should be sufficient to reduce the
potential interference with DAT imaging. However, the recommended wash-out
time in many imaging centers is from 7 to 10 days, and in this case, the patient was
instructed to discontinue his daily 150 mg dose of bupropion 7 days prior to the
first scanning.

A case report recently described a 45-50% decline in DAT binding throughout
the striatum during an active bupropion medication, but it normalized after an §-day
discontinuation of bupropion (Milenkovic et al., 2021). On the contrary and in line
with the case of this thesis, Lin and Lane have previously described the sustained
effect of bupropion on another dopamine transporter tracer, Tc-99m TRODAT-1,
even after 14 days of stopping the medication (Lin & Lane, 2017). However, in all
these cases, including the present case, a deficit of DAT binding was not typical for
neurodegenerative disorder (PD or LBD) as it presented bilaterally (Lin & Lane,
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2017), throughout the whole striatum (Milenkovic et al., 2021) or in anterior
putamen (our study).

The potential drug effects on DAT binding should be taken into consideration as
it reduces the likelihood of DAT imaging leading to a false positive diagnosis of
neurodegenerative disease. Even though there seems to be individual variability in
the affinity of DAT in the patients using bupropion, a relation between the
medication and the interference seems to be clear and therefore the sufficient wash-
out, even one month, is recommended to avoid a misdiagnosis.

6.1.3 Differences in DAT binding between symptomatic
patients with non-degenerative parkinsonism and
healthy subjects (study IlI)

In this study, symptomatic patients had higher striatal DAT binding than healthy
individuals. This finding may be explained by selection bias, self-selection bias or
upregulation of DAT. However, the findings emphasize the importance of a careful
selection of the controls in neuroimaging trials to avoid errors in conclusions.

Neuroimaging trials with DAT imaging have regularly used symptomatic
patients with non-degenerative conditions as a control group. Diagnoses may be
directed by DAT imaging in these cases, because normal presynaptic dopaminergic
imaging is considered as an absolute exclusion criterion for PD by MDS (Mirpour
et al., 2018; Postuma et al., 2015). This can lead to a selection bias as these
symptomatic controls may represent dopaminergically overly healthy individuals,
while healthy individuals are unselected and also include the borderline results in
DAT binding.

However, due to self-selection bias, healthy controls might have volunteered
more actively if they represented hypodopaminergic conditions (Hernan et al., 2004).
It has been previously shown that individuals with novelty- seeking personality traits
volunteer more actively in PET imaging studies (Oswald et al., 2013), and young
men are the most willing to participate in brain MRI studies (Ganguli et al., 2015).
Moreover, educated women were the most interested in participating in the study
focusing on aging and cognition (Ganguli et al., 1998). However, there were no
associations with the lowest binding values and highest motor, non-motor,
prodromal or premotor symptoms or impulsivity-related test in the present healthy
control group, this is why it is unlikely that these individuals represent prodromal
PD patients.

There is evidence suggesting that DAT can be upregulated or downregulated in
different conditions. DAT upregulation is seen during the short-term amphetamine
exposure, while DAT is found to be downregulated after longer use of amphetamine
and in conditions such as PD, attention deficit hyperactivity disorder (ADHD) and
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bipolar disorder.(Vaughan & Foster, 2013) Taking into consideration the
heterogeneity of diagnoses of our symptomatic controls, upregulation of DAT in all
these conditions seems unlikely, but this possibility cannot be excluded.

6.1.4 Limitations

Study I. Main limitation of this study is the small number of patients, although the
clinicopathological data are rare. Nevertheless, the sample was comparable to
previous studies in humans (Colloby et al., 2012; Kraemmer et al., 2014; Snow et
al., 1993). It should also be stressed that the fiber counting was not performed with
an unbiased stereological method. The counting was conducted manually, yet there
was good to excellent inter-rater reliability of the measurement by two independent
investigators. Putaminal fibers were also associated with the nigral neurons,
suggesting that the method and the sample size were sufficient to detect
correlations. Finally, the limitation of clinicopathological data in human is the time
interval between the measurement, which limits the interpretation of this study.
Nevertheless, it was used as a covariate in the analyses, and analyses were also
conducted separately in the patients with shorter and longer intervals. However,
studies with a shorter interval and with patients in the early stages of PD are greatly
needed.

Study 1I. Case report has its limitations as it presents the anecdotal evidence of
an individual patient with no statistical sampling. However, in this case, the same
patient was scanned twice with identical methods only 11 months apart and only
clear change between the scans was the wash-out time of bupropion. It can be argued,
considering this, that this case report plays its role as representing a novel and useful
finding. However, it cannot be excluded that there were some unrecognized factors
that may have influenced the results.

Study III. The subjects were scanned with 3 different SPECT systems. There
were no differences in DAT binding in this study or in previous similar studies with
the same scanners (Jaakkola et al., 2017; Jaakkola et al., 2019; Kaasinen et al., 2014;
Mikinen et al.,, 2019; Makinen et al., 2016), but this should be considered a
limitation. More studies are needed to confirm these findings, preferably scanned
with one SPECT system and recruiting bigger samples.

Section 6.2.3 presents the limitations of studies [V-V.
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6.2 Pallidal stimulation in cervical dystonia

6.2.1 Motor symptom severity after GPi-DBS discontinuation
(study V)

This study showed a two-phased reappearance of symptoms in cervical dystonia after
GPi-DBS was switched off. First, part of the symptoms reappeared immediately after
the discontinuation. Second, there was also a slower component that worsened the
symptoms, and the preoperative level of symptoms was reached within two days
after DBS discontinuation. Symptoms seemed to reappear slower in younger
patients, but there were no other demographic or clinical characteristics or DBS
settings that predicted the slower worsening. Eleven out of 12 patients tolerated well
the discontinuation of DBS.

This is the first study to investigate the reappearance of the symptoms after
discontinuation of GPi-DBS in cervical dystonia with more than 5 hours of follow-
up. Levin et al. previously reported a well-designed, controlled and double-blind
study of the reappearance of cervical dystonia symptoms in a 5-hour timeframe and
showed that symptoms worsen within 10 minutes with no further worsening during
the next 5 hours (Levin et al., 2014). This is in line with the results of this thesis
because no worsening was seen after the immediate reappearance during the next
two hours. The evidence of the symptom worsening after discontinuing DBS in other
forms of dystonia is mixed and varied from the severe and fast worsening of
symptoms to sustained benefit of DBS (Cif et al., 2013; Grabli et al., 2009; Grips et
al., 2007; Ruge et al., 2014; Ruge et al., 2011; Vidailhet et al., 2005). (Cif et al.,
2013; Grabli et al., 2009; Grips et al., 2007; Ruge et al., 2014; Ruge et al., 2011;
Vidailhet et al., 2005). It is noteworthy that the study of segmental dystonia showed
rapid symptom reappearance to the preoperative level after DBS was switched off
(Grips et al., 2007). This is consistent with this study’s finding, because only the
segmental dystonia patient had an abrupt worsening of symptoms and did not tolerate
the stimulation off. These differences between focal, segmental and generalized
dystonia may reflect the different underlying pathophysiology of the conditions
(Conte et al., 2019), which highlights the importance of the study focusing on one
form of dystonia at the time.

Patients of a younger age at the time of the study, DBS implantation and dystonia
onset had a slower symptom reappearance compared to older patients. Younger age
in this study seems to predict a sustained effect of DBS after discontinuation; a
similar finding was previously described in patients with primary generalized
dystonia (Cheung et al., 2013). This may be due to higher plasticity, which has been
shown to correlate to the better treatment response of GPi-DBS (Kroneberg et al.,
2018) and also to the sustained effect of DBS after cessation (Ruge et al., 2011).
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Secondary dystonia due to a brain lesion may also take months to years to develop,
indicating that the slow neuroplastic changes tend to play a role in pathophysiology
of dystonia (Corp et al., 2019). These slowly occurring neuroplastic changes may
also be one potential explanations of the slow treatment response of GPi-DBS.

6.2.2 Stimulation-induced changes in regional brain glucose
metabolism (study V)

Main findings of the study showed that GPi-DBS in cervical dystonia induces an
increased brain glucose metabolism at the stimulation site and additionally in the
subthalamic nucleus, putamen and primary sensorimotor face/neck representation
area in the cortex. No reduced metabolism was induced by GPi-DBS. The increased
metabolism at the stimulation site was associated with the level of stimulation
amplitude but not with the therapeutic response either acutely or long-term. The
acute motor symptom improvement was related instead to increased metabolism in
the sensorimotor cortex and the best treatment response in the SMA.

This is the first study to investigate the stimulation-induced changes in brain
glucose metabolism in dystonia. Only molecular imaging study of DBS in focal
dystonia was conducted by Greuel et al, who did not find stimulation-linked effects
on brain regional blood flow in 6 patients with GPi-DBS (Greuel et al., 2020). Other
studies reported variable changes in rCBF due to stimulation in patients with
generalized, secondary, tardive, or mixed forms of dystonia (4 studies, n=5-7 in
each) (Detante et al., 2004; Katsakiori et al., 2009; Thobois et al., 2008; Yianni et
al., 2005). These mixed results could be related to small sample sizes including
heterogenous forms of dystonia, but also variable and early PET imaging analysis
methods.

These results support the hypothesis that dystonia is a network-wide brain
dysfunction rather than only basal ganglia dysfunction (Jinnah et al., 2017). A
stimulation induced increased glucose metabolism was also seen in the stimulation
site, globus pallidus interna and also in the other basal ganglia structures such as
putamen and STN and it also extended to cortical areas in S1/M1 cortex. The
stimulation of GPi also activates the STN, which are both parts of the indirect
pathway of basal ganglia (Albin et al., 1989; DeLong, 1990). The local increase at
the stimulation site was associated with the stimulation amplitude but not with the
acute motor symptom improvement or the best treatment response, which could also
be explained by a network wide effect of GPi-DBS(Corp et al., 2019). This is the
first study to investigate if these local changes correlate to therapeutic responses, but
no correlation was found in the present study.

In line with motor network model in dystonia suggesting that different forms of
dystonia may involve different brain regions (Jinnah et al., 2017), an acute motor
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symptom improvement was coupled in this study with stimulation-induced increased
glucose metabolism in S1/M1 in the face/neck representation region (Penfield &
Boldrey, 1937). A normalized function in the primary motor and premotor cortex
has also been recently shown by a sensory trick in dystonia, supporting the
hypothesis that this region has an impact on the acute symptom improvement (Shin
et al., 2021). A long-term therapeutic efficacy correlated with stimulation-induced
metabolism in SMA, which is known to play a major role in initiation of movements
(Shibasaki, 2012). Several previous studies have shown abnormalities in SMA in
dystonia (Ceballos-Baumann, Passingham, Marsden, et al., 1995; Ceballos-
Baumann, Passingham, Warner, et al., 1995; Eidelberg et al., 1998; Jiang et al., 2019;
Naumann et al., 2000; Pan et al., 2019). Recently, connectivity from the GPi to the
S1/M1 cortex and the SMA/premotor cortex was related to motor symptom
improvement in generalized dystonia (Okromelidze et al., 2020) suggesting that
these brain regions may play a critical role in a motor symptom improvement in
dystonia.

6.2.3 Limitations

The sample size of this study was relatively small, although it was comparable to
previous studies of motor symptoms reappearance after DBS discontinuation(Cif et
al., 2013; Grabli et al., 2009; Grips et al., 2007; Ruge et al., 2014) and largest of the
current dystonia DBS-PET imaging studies (Detante et al., 2004; Greuel et al., 2020;
Katsakiori et al., 2009; Thobois et al., 2008; Yianni et al., 2005). However, it might
have prevented this study from having sufficient statistical power to detect subtle
changes in TWSTRS scales, associations between the symptoms change and clinical
parameters or metabolism changes induced by GPi-DBS. In addition, two days
without stimulation might not be long time enough to detect changes in TWSTRS
disability or pain scales.

The study design did not allow for blinding the patients or investigator, but the
order of ON and OFF visits was pseudorandomized. Counterbalancing of the visits
were not equal (8 patients were studied first ON, 4 patients OFF) due to logistic
issues of the imaging center. However, motor symptom scores or changes in regional
glucose metabolism were not affected by the order of the visits. All the study
evaluations were performed by one clinical investigator (EA Honkanen) while the
preoperative and postoperative TWSTRS severity scales were extracted from the
hospital records retrospectively. Best postoperative TWSTRS severity score did not
differ from ON scores which suggests there were no systematic difference between
the ratings.

The implantations were performed months to years prior the study, so all patients
were at the stable stage of DBS treatment. All the patients had also achieved at least
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a 25% treatment response. This was planned to avoid the confounding effects related
to surgery and lesion effects, so it enabled this study to identify immediate
stimulation effects in clinically ineffective stimulation.

6.3 Future directions

In terms of DAT imaging and parkinsonism, there are still several uncertainties and
cofounding factors that may affect the imaging results and the interpretation of the
results. As the imaging strongly directs the clinical diagnosis (Catafau et al., 2004),
investigating these factors becomes more important. For example, there has been
evidence of DAT availability differences between women and men (Eusebio et al.,
2012; Lavalaye et al., 2000; Matsuda et al., 2018; Nobili et al., 2013; Varrone et al.,
2013; Yokoyama et al., 2017), although the studies are not consistent (Jakobson Mo
etal.,2013; Nam et al., 2018; Pak et al., 2018; Werner et al., 2019). The need of sex
correction still remains debatable (Schmitz-Steinkriiger et al., 2020).

DBS offers great possibilities to investigate the basal ganglia function with brain
imaging. Fulfilling our data with similar brain FDG imaging of healthy controls and
DBS-naive dystonia patients would broaden the opportunities to investigate the
metabolic effects of dystonia together with the effects of DBS. Perhaps in the future,
the role of SMA could also be studied using non-invasive neuromodulation
techniques, such as transcranial magnetic stimulation (TMS). Furthermore, studying
the local effects to basal ganglia by different DBS targets would expand our
understanding of basal ganglia circuits and be of a great interest.
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14 Summary/Conclusions

The aim of this thesis was to investigate the basal ganglia function in parkinsonism
and dystonia using striatal DAT imaging in parkinsonism and FDG-PET in GPi-
targeted deep brain stimulation for dystonia.

DAT imaging was not found to correlate with the number of dopaminergic axons
in the putamen, suggesting that the DAT imaging may reflect more dopaminergic
activity or dopamine level rather than the number of viable neurons. Another study
showed that DAT imaging result was compromised by bupropion even after a
sufficient and recommended wash-out period of the medication. A third study that
compared healthy subjects and symptomatic but dopaminergically healthy patients
showed that symptomatic patients had a higher putaminal DAT binding. This
paradoxical difference may be explained by the selection bias of symptomatic
patients or the self-selection bias of healthy controls and should be taken into
consideration when the neuroimaging trials are executed and interpreted. These
studies of DAT imaging show that although DAT imaging appears to be an excellent
tool for differential diagnosis of neurodegenerative parkinsonism, there are still
several factors that should be carefully evaluated when the results are interpreted.

In dystonia, GPi-DBS was shown to be associated with good therapeutic
response that was partially lost immediately after the stimulation was switched off.
Moreover, there was also a slower component of symptom worsening, and
preoperative level was reached by the two days follow-up visit. Brain glucose
metabolism was increased at the stimulation sites, in other basal ganglia structures
such as STN and putamen and also in the S1/M1 cortex due to stimulation. This local
change bilaterally in the GPi was coupled up with the stimulation amplitude but not
with therapeutic responses. However, the acute motor symptom improvement was
related to stimulation-induced increase in glucose metabolism in S1/M1 and best
long-term therapeutic response in SMA. These findings provide novel information
about the motor symptom reappearance and the brain network associated with GPi-
stimulation and therapeutic responses in cervical dystonia. The pathophysiology of
dystonia still remains insufficiently understood and further research is needed to
improve the understanding, diagnosis and treatment of these patients.
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To conclude, this thesis emphasizes that further investigation is needed to fully
characterize the precise cellular counterparts and interfering factors in DAT binding
to achieve reliable results. Regarding the basal ganglia-targeted treatments, GPi-
DBS induced metabolic changes in dystonia expanded to the sensorimotor cortices
that may play an important role in symptom improvement. However, further research
is still needed to utilize these results in clinical practice when treating patients
suffering from parkinsonian disorders and dystonia.
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