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Abstract

Abstract

Non-motor symptoms (NMS), such as neuropsychiatric, neuropsychological, autonomic,
sensory, and sleep symptoms, are a key component in Parkinson’s disease (PD) with a
major influence on quality of life (QoL). Deep brain stimulation of the subthalamic nucleus
(STN-DBS) improves QoL, motor symptoms and NMS in PD patients. Non-motor effects
have been observed in uncontrolled studies with follow-up periods up to two years in
clinician-rated and laboratory-based investigations. However, little is known about the
progression of NMS beyond the two-year follow-up period. Furthermore, it is unclear, which
parameters influence the evolution of long-term QoL, as there is a large proportion of
patients who do not experience clinically relevant QoL improvement following STN-DBS.
Moreover, studies comparing non-motor effects of different DBS targets, such as the STN

and the Globus pallidus internus (GPi) are lacking.

The aim of the first study was to examine 36-month effects of STN-DBS on NMS in a
prospective, observational, controlled, international multicentre design with a control group
receiving standard-of-care medical treatment (MED). Propensity score matching was used
to balance baseline demographic and clinical characteristics between the STN-DBS and
MED groups. We observed beneficial effects of STN-DBS compared with MED on QolL,
NMS overall burden and specific non-motor aspects including sleep/fatigue, urinary
symptoms, inability to smell/taste, and pain. Non-motor outcomes were significantly

correlated with improvements of QoL.

Sleep disturbances and neuropsychiatric symptoms, such as depression and anxiety, are
amongst the most common NMS in PD and are major predictors of negative health-related
QoL. Therefore, the second study aimed at investigating the long-term effects of STN-DBS
and MED on quality of sleep and neuropsychiatric symptoms in a more detailed analysis.

This analysis was based on the results of a former study of our group, reporting non-motor



Abstract

effects of STN-DBS on quality of sleep in an uncontrolled design at 24-month follow-up
(fourth study in this thesis). At 36-month follow-up, we observed beneficial effects of STN-
DBS compared to MED on overall quality of nights’ sleep, sleep onset and maintenance
insomnia, nocturia, nocturnal motor symptoms, and sleep refreshment, whereas no
differences were found for depressive and anxiety symptoms. Sleep quality, depressive and
anxiety symptoms were separately influenced by STN-DBS and not associated with

changes in dopaminergic medication requirements.

The third study examined predictors of long-term QoL outcome after STN-DBS. At 36-month
follow-up, 61.6% were classified as “QoL non-responders”. We observed that patients with
younger age at intervention, worse baseline QoL, and specific NMS profiles, including a
higher burden of anhedonia and concentration impairment and less severe fainting
experienced greater QoL improvement. Clinically relevant QoL improvement at 36-month

follow-up could be predicted with 75% accuracy.

In the fifth study, non-motor effects of STN- and GPi-DBS at short-term follow-up were
compared. Both, STN- and GPi-DBS improved global NMS burden, however, distinct
profiles were found for specific NMS: The attention/memory and miscellaneous domains
only improved in the STN-DBS group, whereas cardiovascular and sexual function domains

solely improved in the GPi-DBS group.

In conclusion, this thesis provides Class b evidence for beneficial effects of STN-DBS on
NMS at 36-month follow-up, which also correlated with QoL improvements. The
mechanisms that may mediate the observed effects are discussed. Our results further
provide evidence that 36-month QoL changes depend on baseline QoL and NMS burden.
These findings highlight the importance of a comprehensive assessment of QoL and a wide
range of non-motor and motor symptoms when selecting individuals for DBS therapy and
choosing a DBS target. Implementing these assessments in clinical practice, could pave the

way to personalized patient care in PD.



Theoretical Section

1. Theoretical Section

1.1 Parkinson’s disease

Parkinson’s disease (PD) is the second most common neurodegenerative disorder after
Alzheimer’s disease (Dorsey et al., 2018). PD prevalence increases with age and ranges
from 41 people per 100,000 in the fourth decade of life to more than 1,903 people per
100,000 among those who are 80 years and older (Pringsheim, Jette, Frolkis, & Steeves,
2014). Due to an ageing population, PD prevalence and incidence is likely to rise over
time, and the number of patients with PD is expected to double from 2005 to 2030 (Dorsey
etal., 2018; Lix et al., 2010). Men are more frequently affected than women (1.4:1.0 male-
to-female ratio) (Dorsey et al., 2018). The reasons for this male preponderance are not
fully understood yet, however, it has been suggested that female sex hormones, sex-
associated genetic mechanisms, and sex-specific disparities in environmental factors and
health care might play a role. Most cases of PD are idiopathic but there are genetic risk
factors and environmental contributions (e.g. pesticide, herbicide associated with
increased PD risk; smoking and caffeine associated with decreased risk) (Kouli, Torsney,

& Kuan, 2018).

PD is a complex multisystem disorder defined by motor and non-motor symptoms (NMS)
(Klingelhoefer & Reichmann, 2017). Bradykinesia, rigidity, rest tremor, and postural
instability are considered the cardinal motor features in PD. Secondary motor symptoms
include micrographia, hypomimia, hypophonia, dysarthria, dysphagia, sialorrhoea, short
step length, decreased arm swing, freezing, dystonia, and glabellar reflexes (Armstrong
& Okun, 2020; Jankovic, 2008). The pathophysiology of PD is multifactorial and involves
a widespread distribution of Lewy type-a synucleinopathy as well as coexisting pathology,
e.g. Alzheimer’'s disease, cerebrovascular disease, and cerebral amyloid angiopathy

(Adler & Beach, 2016).
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Figure 1 — Clinical symptoms associated with Parkinson’s disease.

Reprinted by permission from Springer Nature: Nature Reviews Disease Primers, Parkinson disease, Poewe et al. (2017)
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Theoretical Section
Furthermore, disruptions of basal ganglia-thalamo-cortical circuitry, have been suggested
to play an essential role (Kurtis, Rajah, Delgado, & Dafsari, 2017). When motor
dysfunction manifests clinically, the pathology of PD has already reached an advanced
stage. As suggested by Braak et al. (2003), a-synuclein pathology starts in the peripheral
nervous system and the olfactory bulb and progressively engages more brain regions as
the disease progresses, before the substantia nigra becomes involved and motor
symptoms become evident. This so-called prodromal phase of PD may start 12—14 years
before the diagnosis (Postuma et al., 2012) and is characterized by specific NMS, such
as olfactory dysfunction, constipation, and rapid eye movement (REM) behaviour disorder
(RBD) (Berg et al., 2015). Figure 1 illustrates the clinical symptoms associated with the

different stages of PD.

As the diagnosis of PD is still primarily based on clinical features and exclusionary criteria
according to the Movement Disorder Society Clinical Diagnostic Criteria for PD (see table
1; Postuma et al., 2015), NMS are highly relevant for an earlier diagnosis of PD (Athauda

& Foltynie, 2015; Berg et al., 2015).

The accuracy of the diagnosis can be improved by dopamine transporter single-photon
emission computed tomography that enables to detect a possible presynaptic
dopaminergic deficit (Armstrong & Okun, 2020). This helps to distinguish between PD
and other movement disorders, such as essential tremor or drug-induced parkinsonism.
However, it will not differentiate from other neurodegenerative causes of parkinsonism,
such as atypical parkinsonian syndromes (Williams-Gray & Worth, 2016) and a definitive
diagnosis of PD is only possible post-mortem. A good response to levodopa as well as
an asymmetric onset of symptoms can help to confirm the diagnosis of PD (Williams-Gray

& Worth, 2016).
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Table 1 — Movement Disorder Society Clinical Diagnostic Criteria for Parkinson’s

disease.

Diagnosis of parkinsonism

Bradykinesia
At least one of rest tremor or rigidity

Supportive criteria

Clear and dramatic beneficial response to dopaminergic therapy

Presence of levodopa-induced dyskinesia

Rest tremor of a limb, documented on clinical examination

The presence of either olfactory loss or cardiac sympathetic denervation on MIBG
scintigraphy

Absolute exclusion criteria

Unequivocal cerebellar abnormalities, such as cerebellar gait, limb ataxia, or cerebellar
oculomotor abnormalities

Downward vertical supranuclear gaze palsy, or selective slowing of downward vertical
saccades

Diagnosis of probable behavioral variant frontotemporal dementia or primary progressive
aphasia, within the first 5 years of disease

Parkinsonian features restricted to the lower limbs for more than 3 years

Treatment with a dopamine receptor blocker or a dopamine-depleting agent in a dose and
time-course consistent with drug-induced parkinsonism

Absence of observable response to high-dose levodopa despite at least moderate severity
of disease

Unequivocal cortical sensory loss, clear limb ideomotor apraxia, or progressive aphasia
Normal functional neuroimaging of the presynaptic dopaminergic system

Documentation of an alternative condition known to produce parkinsonism and plausibly
connected to the patient's symptoms, or, the expert evaluating physician feels that an
alternative syndrome is more likely than Parkinson’s disease

Red flags

Rapid progression of gait impairment requiring regular use of wheelchair within 5 years of
onset

A complete absence of progression of motor symptoms or signs over 5 or more years unless
stability is related to treatment

Early bulbar dysfunction: severe dysphonia or dysarthria or severe dysphagia within first 5
years

Inspiratory respiratory dysfunction

Severe autonomic failure in the first 5 years of disease. This can include:

a) Orthostatic hypotension in the absence of dehydration, medication, or other diseases

b) Severe urinary retention or urinary incontinence in the first 5 years of disease, that is not
simply functional incontinence.

Recurrent (>1/year) falls because of impaired balance within 3 years of onset
Disproportionate anterocollis (dystonic) or contractures of hand or feet within the first 10
years

Absence of any of the common non-motor features of disease despite 5 years disease
duration. These include sleep dysfunction, autonomic, hyposmia, or psychiatric dysfunction

12
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e Otherwise-unexplained pyramidal tract signs, defined as pyramidal weakness or clear
pathologic hyperreflexia (excluding mild reflex asymmetry and isolated extensor plantar
response)

e Bilateral symmetric parkinsonism

Legend: The first essential diagnostic criterion is parkinsonism. The diagnosis of clinically
established Parkinson’s disease further requires the absence of absolute exclusion criteria, at
least two supportive criteria, and no red flags. The diagnosis of clinically probable Parkinson’s
disease requires the absence of absolute exclusion criteria. Furthermore, the presence of red
flags need to be counterbalanced by supportive criteria (if 1 red flag is present, there must also
be at least 1 supportive criterion; if 2 red flags, at least 2 supportive criteria are needed; no more
than 2 red flags are allowed). Adapted from Postuma et al. (2015).

As PD involves progressive neurodegeneration, symptom burden worsens over time. In
advanced disease stages, motor symptoms and NMS may become resistant to medical
therapy and thus more difficult to manage. Furthermore, complications associated with
long-term levodopa treatment, such as dyskinesia, psychosis or impulse control disorders
(ICD) may occur. Postural instability and freezing of gait may result in falls, while dementia
and hallucinations can develop in some patients (Kouli et al., 2018). The progression of
PD is highly variable, in a meta-analysis of post-mortem studies, increased but
heterogeneous mortality ratios were observed, with approximately 1.5 times higher
mortality in PD compared with controls (Macleod, Taylor, & Counsell, 2014). When
patients die from PD-related symptoms, the most common cause of death is pneumonia,
however, most patients die with PD and not from it (Pennington, Snell, Lee, & Walker,

2010).

1.2 Non-motor symptoms in Parkinson’s disease

It has become apparent that NMS are a key component in PD. NMS may appear in all
stages of the disease and can be used as clinical biomarkers in the prodromal phase of
PD. NMS burden has been identified as the most important contributor to quality of life
(QoL) of PD patients (Martinez-Martin, Rodriguez-Blazquez, Kurtis, & Chaudhuri, 2011).

Moreover, NMS lead to increased overall cost of care and rates of nursing home

13
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placement with hallucinations being the strongest predictor of the need for
institutionalization (Aarsland, Larsen, Tandberg, & Laake, 2000). The importance of NMS
for diagnosis and management of PD is of growing recognition in the scientific community
(Pfeiffer, 2016), as NMS are often overshadowed by the dominance of motor symptoms
due to a combination of under-reporting of NMS by patients, as well as a lack of
awareness from their doctors (Gallagher, Lees, & Schrag, 2010). In a study by Shulman
et al. (2002), depression, anxiety, and fatigue were not recognized by neurologists in half

of the consultations and sleep dysfunction in over 40%.

In the following, specific NMS, including neuropsychiatric symptoms, sleep disturbances,
cognitive impairment, autonomic dysfunctions, pain, olfactory impairment and weight

changes will be described.

1.2.1 Neuropsychiatric symptoms

Neuropsychiatric symptoms including depression, anxiety disorders, hallucinations, ICDs,
and apathy are the most common non-motor complaints in PD patients affecting about
67% of the patients at some point of the disease (Barone et al., 2009). It is difficult to
calculate the prevalence of neuropsychiatric disorders in PD because of possible overlaps
with the movement disorder, side effects of antiparkinsonian medication, and other
treatment induced complications and due to the coexistence of motor and non-motor

fluctuations (Gallagher & Schrag, 2014).

Depression has been consistently observed to be a major contributor to health-related
QoL (Schrag, 2006). Depression in PD is complex and likely to result from an interaction
of psychological (for instance adjustment to the disease) and neurobiological factors (for
instance monoamine neurotransmitter depletion) (Gallagher et al., 2010; Weintraub &

Burn, 2011). It is still unclear whether depression in PD has the same anatomical basis

14
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as depression in the general population (Weintraub & Burn, 2011). Prevalence estimates
of anxiety in PD range between 25-40% (Pfeiffer, 2016). Anxiety disorders that often
occur in PD include generalized anxiety disorder, panic disorder or phobic disorders
(Pfeiffer, 2016). Depression and anxiety syndromes can occur in the prodromal phase of
PD, which is in line with the neuroanatomical staging system proposed by Braak et

al. (Braak & Del Tredici, 2009; Braak et al., 2003).

Apathy is another behavioural and very common symptom of PD, which can be very
frustrating especially for caregivers. Apathy is defined as an ‘absence or lack of feeling,
emotion, interest or concern’ (Levy & Dubois, 2006, p. 916). There is an overlap between
apathy and depression, but they can be distinguished by the indifference of the patients,

which is characteristic for apathy (Meyer et al., 2014).

Hallucinations in PD are usually of visual nature and occur especially in the later stage
of the disease in about one quarter of PD patients (Fenelon, Mahieux, Huon, & Ziegler,
2000). In previous studies, the presence of hallucinations was the strongest predictor for
nursing home placement (Aarsland et al.,, 2000; Goetz & Stebbins, 1993). The
pathophysiology of hallucinations in PD is not fully understood and involves an interaction
between intrinsic (e.g. visual processing deficits, such as lower visual acuity or functional
brain abnormalities; structural abnormalities and genetics), and extrinsic factors, such as
the use of anti-parkinsonian dopaminergic medication, which plays a prominent role in

PD psychosis (Zahodne & Fernandez, 2008).

ICDs in PD are characterised by an “inability to resist an impulse, drive or temptation to
perform an act out of character for that person that may ultimately cause harm to
themselves or others” (Wolters, van der Werf, & van den Heuvel, 2008, p. 50). They

typically emerge as pathological gambling, hypersexuality or dopamine dysregulation
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syndrome which refers to addictive and compulsive use of dopaminergic medication that
usually occurs as a consequence of dopamine replacement therapy (Mizushima,

Takahata, Kawashima, & Kato, 2012; Wolters et al., 2008).

1.2.2 Sleep-related dysfunction

Sleep problems are common and disabling in PD and include sleep disturbances caused
by nocturnal motor symptoms, restless leg syndrome (RLS), RBD, nocturia, and/or
hallucinations as well as excessive daytime sleepiness (EDS) (Rye & lIranzo, 2005;
Williams-Gray & Worth, 2016). In a multicentre survey with a large cohort of 1072 PD
patients (the PRIAMO study), sleep disorders were the second most prevalent NMS after
psychiatric complaints affecting 64% of patients across all disease stages (Barone et al.,
2009). Polysomnography studies have revealed objective sleep dysfunctions such as
sleep fragmentation, poor sleep efficiency, and abnormal movements including increased
blinking, blepharospasm, RBD, periodic limb movements in sleep, and tremor (Rye &
Iranzo, 2005). Some forms of sleep dysfunction, such as RBD may even precede the
development of motor symptoms by years (Olson, Boeve, & Silber, 2000). The nocturnal
disturbances may become more severe as the disease progresses (Kumar, Bhatia, &
Behari, 2002). The disturbances have many potential causes, they can be directly
disease-related, age-related or induced by anti-parkinsonian medication, mood

disturbances and comorbidities (Roychowdhury & Forsyth, 2012; Rye & Iranzo, 2005).

The most common form of insomnia in PD patients is sleep fragmentation, characterised
as frequent nocturnal awakenings, followed by early morning awakening (Tandberg,
Larsen, & Karlsen, 1998). Gjerstad, Wentzel-Larsen, Aarsland, and Larsen (2007) found
an association between insomnia and female sex, disease duration, depression, and

higher antiparkinsonian medication dosage.
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RBD is characterised by vigorous body movements associated with violent dreaming and
nightmares during REM sleep, the dreams appear to be “acted-out” (Arnulf, 2012). It is of
relevance to PD as it may predate its onset. A recent meta-analysis of longitudinal studies
showed that 96% of RBD patients converted to a neurodegenerative disease at 14 year
follow-up of which the most frequent disorder was PD (43%) (Galbiati, Verga, Giora,
Zucconi, & Ferini-Strambi, 2019). RBD not only affects the patients but also their bed
partners who suffer the consequences of the patient’s sleep disturbance, as they are at

risk for injury (Pfeiffer, 2016).

Sleep fragmentation may also appear due to RLS, periodic limb movements in sleep or
sleep apnea. RLS is highly prevalent in PD and characterised by a marked urge to move
(most commonly the legs), typically in night-time hours and during periods of inactivity.
Moving eases the uncomfortable sensation but it returns when the movement stops (Keir
& Breen, 2020; Yang et al., 2018). Periodic limb movements in sleep are characterised
as repetitive limb movements, usually the legs, which occur mainly during non-REM sleep
(Comella, 2008). RLS and periodic limb movements in sleep often co-exist with 81% of
RLS patients showing periodic limb movements in sleep (Ondo, 2014). Obstructive
sleep apnea is another cause for increased sleep fragmentation in PD, however, it is
unclear whether the prevalence of obstructive sleep apnea is higher in PD patients than
in the general population as previous studies reported conflicting results (Cochen De

Cock et al., 2010; Maria et al., 2003).

EDS is also common in PD and indicated by 14%-76% of PD patients, compared with
about 2% of the healthy elderly (Brodsky, Godbold, Roth, & Olanow, 2003; Tan et al.,
2002). EDS is defined as self-reported inappropriate sleepiness or unintended sleep
onset severe enough to interfere with activities of daily living (Frauscher & Poewe, 2014).

EDS is frequently induced by antiparkinsonian medication such as dopamine agonists
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(Knie, Mitra, Logishetty, & Chaudhuri, 2011), however, other potential causes including
overnight sleep disturbances, such as RBD, periodic limb movements in sleep, and

obstructive sleep apnea as described above must not be overlooked.

Fatigue can be described as a sense of exhaustion and diminished energy level and is
prevalent in about 50% of PD patients (Siciliano et al., 2018). It encompasses cognitive,
physical and psychosocial aspects, and seems to be influenced by multiple factors
including motor symptoms, depression, and EDS (Friedman et al., 2007; Valko et al.,
2010). However, fatigue is also present among patients without depression and
somnolence, indicating that it is an independent symptom in PD patients despite the
overlap between these three NMS (Alves, Wentzel-Larsen, & Larsen, 2004). It may also
be present in the premotor phase of PD and persists or even worsens over the disease

course.

1.2.3 Cognitive impairment and dementia

Cognitive dysfunction and dementia are frequently associated with PD. Newly diagnosed
PD patients may already experience cognitive deficits (Kandiah et al., 2009). Cognitive
impairment in PD may occur in different domains, including executive function, memory,
attention, visuospatial function, and language (Litvan et al., 2012). Dementia is a
common long-term outcome, affecting up to 80% of patients in a longitudinal study with
an 8-year study period (Aarsland, Andersen, Larsen, Lolk, & Kragh-Sorensen, 2003).
Dementia in PD can be distinguished from Alzheimer's disease by more prominent
impairment in executive functions, verbal fluency, and visuospatial skills. Memory may
also be impaired, but recall is relatively spared in comparison with Alzheimer's disease
(Janvin et al., 2006). The concept of mild cognitive impairment (MCI) was originally
derived from the area of Alzheimer’s disease, and is characterised as a state of cognitive

decline that is not severe enough to impair activities of daily living and thus warrant a
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diagnosis of dementia (Aarsland et al., 2017; Litvan et al., 2012). In nondemented PD
patients, MCI occurs in approximately 25% (Aarsland et al., 2010; Litvan et al., 2012).
PD-MCI patients have an increased risk of eventually developing dementia, but
considerable variability in prognosis of MCI has been observed with some patients
remaining stable or even reverting to normal cognition (Pedersen, Larsen, Tysnes, &

Alves, 2013).

1.2.4 Autonomic dysfunction

Autonomic dysfunction in PD can manifest as cardiovascular, gastrointestinal, urogenital,
sexual, or thermoregulatory symptoms (Pfeiffer, 2016). Most of the dysautonomic
symptoms develop in the later stages of the disease but some, such as constipation, may
appear in early PD even before the motor symptoms become evident (Pfeiffer, 2016). As
is the case for most of the NMS, autonomic dysfunction cannot solely be explained by
side effects of antiparkinsonian medication but constitutes an intrinsic part of the disease
itself. In neuropathological studies, Lewy bodies and neurites were observed to be widely
distributed throughout the peripheral autonomic nervous system (Leclair-Visonneau et

al., 2018).

Nonspecific cardiovascular autonomic symptoms commonly described by PD patients
are transient visual impairment, nausea, light-headedness, dizziness, and scarcely loss
of consciousness (Jost, 2017). Mild orthostatic hypotension affects approximately 60% of
PD patients, however, symptomatic orthostatic hypotension occurs only in a minority of
these patients (Pfeiffer, 2016). Due to falls and concomitant vascular diseases, orthostatic
hypotension is of great relevance as it implies an increased mortality (Sanchez-Ferro,

Benito-Leon, & Gomez-Esteban, 2013).
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Regarding urinary disturbances, patients, particularly male patients, commonly
complain about urinary urgency, frequency, nocturia, and urge incontinence produced by
detrusor overactivity (Jost, 2013). Explanations of urinary disturbances include the
degeneration of the dopaminergic system, as dopamine has an inhibitory effect on
micturition (Jost, 2017). Urinary symptoms occur more frequently as PD progresses, but

may also develop in early PD (Pfeiffer, 2016).

Sexual dysfunction may occur in both men and women with PD, with men typically
describing lower sexual satisfaction due to erectile dysfunction, difficulty reaching
orgasm, or premature ejaculation and women stating lower sexual desire and difficulties
with arousal and orgasm (Pfeiffer, 2016). However, although common, sexual dysfunction
is one of the most neglected NMS in PD, as patients and also physicians may feel
uncomfortable to talk about the topic and patients may also think that reduced sexual
urge and performance may be inevitable in old age (Bhattacharyya & Rosa-Grilo, 2017).
However, sexual expression and the need for intimacy are major contributors of QoL
(Bronner, 2011) and should be an integral part of the assessment of the patients’

symptoms.

The entire gastrointestinal tract may be affected in PD patients, causing several
gastrointestinal symptoms such as dysphagia, drooling, decreased frequency of bowel
movement, nausea due to impaired gastric emptying, constipation, and defecatory
dysfunction (Fasano, Visaniji, Liu, Lang, & Pfeiffer, 2015; Pfeiffer, 2020). There is growing
evidence for synucleinopathy accumulation outside the brain, throughout the enteric
nervous system, along the entire gastrointestinal tract and the dorsal motor nucleus of
the vagus (Cersosimo & Benarroch, 2012). Drooling in PD is not caused by excess saliva
production but by less frequent and inefficient swallowing, which has several negative

implications, such as social stigma, bad breath, increased intra-oral occult bacteria,
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difficulty eating and speaking, and increased risk of aspiration pneumonia (Fasano et al.,
2015; Pfeiffer, 2020; Srivanitchapoom, Pandey, & Hallett, 2014). As levodopa must reach
the small intestine in order to be absorbed, delayed gastric emptying may have
implications for effective levodopa absorption and may aggravate motor fluctuations
(Fasano et al., 2015). Constipation is the most prominent gastrointestinal symptom in PD,
as it is one of the earliest markers of the beginning of PD processes and may emerge
decades before motor features (Abbott et al., 2007). Although less prominent, difficulty
with the act of defecation itself including increased straining, painful defecation, and
incomplete emptying is just as common as constipation and may equally affect patients’

QoL (Pfeiffer, 2020).

Thermoregulatory dysfunction may occur in the form of hyperhidrosis, heat or cold
intolerance in PD and has received only little attention, although it is experienced
frequently (Pfeiffer, 2020). Drenching sweats without an explaining stimulus like physical
exertion or high temperature are reported by approximately 50% of people with PD (Jost,
2017). Patients may receive sweating problems as very stigmatizing and they may have
a significant negative impact on their QoL (Pfeiffer, 2016). Sweating problems may occur
simultaneously with motor off-state, but can also appear independent of it (Ossig et al.,
2016; Pursiainen, Haapaniemi, Korpelainen, Sotaniemi, & Myllyla, 2007). The
pathophysiology of thermoregulatory dysfunction in PD comprises central components
including involvement of the hypothalamus and brainstem and peripheral mechanisms,

such as small fiber peripheral neuropathy (Pfeiffer, 2020).

1.2.5 Other non-motor symptoms

Pain is also common and present in a majority of approximately three-quarters of PD

patients (Valkovic et al., 2015). Hardly surprising, pain can severely impact the patients’
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QoL (Antonini et al., 2018; Pfeiffer, 2016). There have been several classifications
suggested for pain in PD. Chaudhuri and Schapira (2009) propose a classification into
PD-related chronic pain (e.g. central pain), fluctuation-related pain (e.g. due to dystonia
or dyskinesia), nocturnal pain (e.g. due to akinesia, RLS or periodic limb movements in
sleep), coat-hanger pain, oro-facial-pain, and peripheral limb or abdominal pain.
Pathophysiology of pain in PD may involve central and peripheral compartments of the

nociceptive pathways (Rukavina et al., 2019).

Olfactory impairment is present in more than 95% of PD patients (Haehner et al., 2009),
often already at the time of diagnosis. As hyposmia occurs early in the disease course, it
is a sensitive marker for the early and differential diagnosis of PD (Doty, 2012). Relating
to the high prevalence of hyposmia in PD, it seems to be valid to question a diagnosis of

PD in patients with a normal sense of smell (Haehner et al., 2009).

Weight loss, mainly due to fat rather than muscle loss, is a common finding in PD patients
which may occur before the diagnosis and tends to continue during the disease process
(Chen, Zhang, Hernan, Willett, & Ascherio, 2003; Markus, Tomkins, & Stern, 1993). The
reasons have not been fully understood, but other NMS, such as sensory dysfunctions
(e.g. loss of olfaction/taste), neuropsychiatric symptoms (e.g. depression, apathy), and
gastrointestinal dysfunctions have been associated with weight loss in PD due to
decreased energy intake (Fasano et al., 2015). However, previous studies have shown
that weight loss cannot solely be explained by reduced energy intake, but by an increase
in energy expenditure (Chen et al., 2003; Markus, Cox, & Tomkins, 1992). Conversely,
weight gain is also frequently observed in PD patients and associated with dopamine
agonists treatment, impulse control disorder with compulsive eating, and after surgical
procedures, such as subthalamic deep brain stimulation (DBS), possibly due to effects

on limbic areas (Fasano et al., 2015; Sauleau et al., 2014).
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1.2.6 Non-motor fluctuations

In the context of long-term levodopa treatment, NMS may show a pattern of fluctuation
similarly to levodopa-induced motor fluctuations (Storch et al., 2013). Non-motor
fluctuations tend to correlate with motor fluctuations with higher frequency and intensity
of NMS during motor off periods (Storch et al., 2013). In a study by Witjas et al. (2002),
the most frequent fluctuating NMS were anxiety (66%), drenching sweats (64%),
slowness of thinking (58%), and fatigue (56%). A proportion of 28% of the patients stated

that their non-motor fluctuations were more disabling than their motor fluctuations.

1.2.7 Pathophysiology of non-motor symptoms

Most NMS are currently thought to reflect the involvement of PD-related lesions of
nervous system structures other than the dopaminergic nigrostriatal pathway (Tolosa,
Gaig, Santamaria, & Compta, 2014). Figure 2 illustrates the anatomic substrates for NMS
in PD. Apart from nigrostriatal dopamine deficiency, extranigral aspects of PD include
several brain stem nuclei (e.g. locus ceruleus, pedunculopontine nucleus, raphe nuclei,
and dorsal motor nucleus of the vagal nerve), olfactory and limbic structures, the
peripheral autonomic nervous system, and several cortical regions (Chaudhuri, Healy,

Schapira, & National Institute for Clinical, 2006; S. Y. Lim, Fox, & Lang, 2009).
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Figure 2 - Anatomic substrates for non-motor symptoms in Parkinson's disease.

Abbreviations: DMNV = dorsal motor nucleus of the vagal nerve; LC =locus ceruleus; PPN
= pedunculopontine nucleus; RpN = raphe nuclei. Reproduced with permission from JAMA
Neurology. 2009. 66 (2): 167—172. Copyright© (2021) American Medical Association. All rights
reserved.

1.3 Management of Parkinson’s disease

In spite of many clinical trials, there is still no neuroprotective or disease-modifying
treatment for PD (Berg et al., 2015). Recently, high-intensity exercising has gained
attention in the context of neuroprotection: In a phase 2 randomized multicentre study of
high-intensity treadmill exercise in PD patients within 5 years of diagnosis, significantly
less worsening of motor function was observed in the high-intensity exercise group
compared with the usual care control group (Schenkman et al., 2018). However, further

investigation is warranted to determine whether exercise modifies PD progression
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(Armstrong & Okun, 2020). Current treatments are directed at treating PD symptoms,
enabling people to sustain good QoL for years (Ahlskog, 2008). This chapter addresses
the different treatment options available in PD, including drugs and advanced treatments,
such as DBS, intrajejunal levodopa infusion, apomorphine infusion, and focused

ultrasound. The different treatment options are illustrated in figure 3.

1.3.1 Medical treatment

To date, there are no established disease-modifying or neuroprotective drugs in PD
(AlDakheel, Kalia, & Lang, 2014). Symptomatic treatment should be started when patients

feel functionally impaired or embarrassed by their symptoms (Connolly & Lang, 2014).

The core mechanism of the cardinal motor symptoms in PD is dopamine deficiency in the
substantia nigra leading to striatal dopamine depletion and dysfunctions in striato-cortical
loops (Poewe et al., 2017). After more than 50 years of use in the treatment of PD,
levodopa has remained the gold standard and practically all PD patients eventually take
levodopa throughout their disease course (LeWitt & Fahn, 2016). However, levodopa use
bears the risk of the development of motor complications, including motor response
fluctuations and dyskinesia (Poewe et al., 2017). Motor complications are caused by
discontinuous drug delivery due to the short half-life of levodopa and its erratic
gastrointestinal absorption (Poewe & Antonini, 2015). Until recently, levodopa was
avoided for treatment of early PD, but recent research did not support this approach
(Espay & Lang, 2017). Due to pathophysiologic changes throughout the disease course,
dopaminergic medication loses its long-duration response and the short-duration
response decreases (Chou et al., 2018). Moreover, dopamine which was produced
internally or provided via medication cannot be stored for later usage anymore.
Consequently, PD patients commonly require higher doses and more frequent

administration of levodopa over time (e.g., every 2—-3 hours).
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Figure 3 — Management of motor symptoms in Parkinson’s disease.

Pharmacological treatment options

Early stage PD

Younger patients/higher life expectancy

MAO-B inhibitors (selegiline, rasagiline) and/or
non-ergoline dopamine agonists (pramipexole,
ropinirole, rotigotine, piribedil)

ergoline dopamine agonists (bromocriptine,
cabergoline, pergolide) only in

exceptional cases (Cave: risk of fibrosis)

e levodopa (second choice)

In cases of intolerance or insufficient effect:

e switch to another non-ergoline dopamine
agonist

add NMDA-antagonist amantadine (budipine
just in exceptional cases)

add anticholinergics in patients with persistent
tremor (just in exceptional cases, not for older
patients or patients with cognitive impairment)

or propanolol
In cases of non-response or deterioration

e levodopa + decarboxylase inhibitors
(benserazide, carbidopa)
retarded release levodopa for nocturnal

akinesia

Older patients/lower life expectancy/
comorbidities

levodopa + decarboxylase inhibitors
extended release levodopa + decarboxylase
inhibitors for nocturnal akinesia

+

Advanced stage PD

add-on treatment to levodopa therapy
with COMT inhibitors (first choice
entacapone, second choice
tolcapone) for PD patients
experiencing motor fluctuations
(‘wearing-off’)

or add-on treatment with MAO-B
inhibitor rasagiline to reduce ‘Off’
times (selegiline is not recommended
to reduce ‘Off’ times)

or combination of MAO-B inhibitors
and COMT inhibitors

dopamine agonists to reduce motor
complications (not suitable for patients
with cognitive impairment, dementia
and/or psychosis)

amantadine to reduce dyskinesia with
levodopa induced motor complications
(rasagiline not suitable for treatment
of dyskinesia)

extended release levodopa +
decarboxylase inhibitors

deep brain stimulation

intrajejunal levodopa infusion to
reduce ‘Off times and dyskinesia

apomorphine infusion to reduce ‘Off’
times and dyskinesia

Non-pharmacological treatment options

Physiotherapy

training of gait

training of balance

strength and stretching exercises
training of aerobic capacity
training of movement amplitude
training of movement initiation

training of mobility and autonomy in activities of
daily living

training of movement strategies

prevention of falls

Speech therapy
Occupational therapy

Abbreviations: COMT = Catechol-O-methyltransferase; MAO-B = Monoamine oxidase-B; NMDA
= N-Methyl-D-aspartate; PD = Parkinson’s disease. Adapted from Deutsche Gesellschaft fur
Neurologie (2016), Kapitel: Extrapyramidalmotorische Stdrungen, S3-Leitlinie: Idiopathisches

Parkinson-Syndrom (Langversion)
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Useful alternatives to levodopa for the therapy of early PD include dopamine agonists
and monoamine oxidase-B (MAO-B) inhibitors. They are associated with a lower risk for
dyskinesia but also with less robust symptom relief. Furthermore, they only need to be
taken 1-3 times daily throughout the course of the disease, which is another advantage
over levodopa that requires more frequent dosing as the disease progresses (Ahlskog,

2008; Armstrong & Okun, 2020).

Unlike levodopa, dopamine agonists directly stimulate the postsynaptic dopamine
receptors, as they do not require metabolic conversion (Sit, 2000). The most frequently
used dopamine agonists are pramipexole and ropinirole (Ahlskog, 2008). In addition,
rotigotine is available as a transdermal patch enabling sustained drug delivery (Poewe et
al., 2017). Common side effects in individuals treated with dopamine agonists comprise
sleep disturbances and ICDs often accompanied by withdrawal symptoms such as
anxiety, drug cravings or irritability, when the use of dopamine agonists is discontinued
(Armstrong & Okun, 2020; Chaudhuri & Logishetty, 2009; Garcia-Ruiz et al., 2014). MAO-
B inhibitors and Catechol-O-methyltransferase inhibitors may be useful levodopa
adjuncts, as they prolong the benefits of levodopa by blocking enzymes that degrade

dopamine (Armstrong & Okun, 2020).

Amantadine is commonly added to reduce dyskinesia and is generally well tolerated (Fox
et al., 2018). Anticholinergics may be added in exceptional cases for the treatment of
young individuals (<60 years) with prominent tremor and no cognitive impairment or
hallucinations (Connolly & Lang, 2014). However, caution is advised because of the long-

term risk of memory impairment and other adverse events (Fox et al., 2018).
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1.3.2 Deep brain stimulation

Since its introduction into clinical practice in the late 1990s, DBS has become a gold
standard treatment for patients with advanced PD suffering from motor fluctuations or
pharmacotherapy-refractory tremor (Deuschl et al., 2006; Lee, Lozano, Dallapiazza, &
Lozano, 2019). In the EARLYSTIM trial, superior outcomes following DBS have been
observed compared with medical treatment alone in relatively early-stage PD

(Schuepbach et al., 2013).

DBS involves unilateral or bilateral surgical placement of leads transcranially in certain
brain regions. The surgery is commonly performed bilaterally although unilateral DBS can
be considered in cases where PD symptoms are highly asymmetric (Taba et al., 2010).
The leads are connected to a battery under the skin in the upper chest region (Armstrong

& Okun, 2020).

DBS is a complex treatment and considerable interindividual variability in DBS outcomes
has been observed (Dafsari, Weiss, et al., 2018). Successful treatment requires a careful
selection of appropriate candidates for DBS treatment, as well as optimal placement of
the electrodes (S. Lim, Moro, Tan, & Lang, 2014). Potential risks and benefits, surgical
approach, and brain target selection should be assessed by an experienced
multidisciplinary team preoperatively (Armstrong & Okun, 2020). Postoperatively,
individuals treated with DBS attend programming visits to adjust stimulation parameters

and medications (Armstrong & Okun, 2020).

The two most common DBS targets are the subthalamic nucleus (STN) and the globus
pallidus interna (GPi) (Lee et al., 2019) and it continues to be debated which of the two is
the better target (Krack & Hariz, 2013). Randomized controlled trials demonstrate that

both targets provide comparable efficacy in terms of motor outcomes (Follett et al., 2010;
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Odekerken et al., 2013; Okun et al., 2009). STN-DBS usually allows for a reduction of
dopaminergic drug use, whereas GPi-DBS seems to be slightly more effective for the
control of dyskinesia (Follett et al., 2010; Odekerken et al., 2013). However, as the
reduction in dopaminergic medication with STN-DBS may indirectly lead to similar
improvements in dyskinesia as with GPi-DBS, STN-DBS became the preferred target in

most centres (Krack & Hariz, 2013; Odekerken et al., 2013).

Figure 4 — Main target structures of deep brain stimulation, as they appear on T2-
weighted brain MRI.

Abbreviations: GPi = globus pallidus internus; PPN = pedunculopontine nucleus; STN =
subthalamic nucleus; Vim = ventralis intermedius nucleus. Reprinted from the Lancet, 11,
Fasano, Daniele, and Albanese, Treatment of motor and non-motor features of Parkinson's
disease with deep brain stimulation, 429—-442, Copyright 2012 with permission from Elsevier.
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Less commonly used targets comprise the ventral intermediate nucleus and the
pedunculopontine nucleus (PPN). Neurostimulation of the ventral intermediate nucleus of
the thalamus has been observed to improve tremor but no other motor symptoms in PD
(Armstrong & Okun, 2020; S. Lim et al., 2014). The procedure is used in very selected
cases with tremor-dominant PD, but has largely been replaced by STN- or GPi-DBS (S.
Lim et al.,, 2014). The PPN is a new target for DBS currently being studied for the
management of axial signs that fail to respond to levodopa and conventional DBS targets.
The available evidence supports that PPN-DBS has the potential to alleviate freezing of
gait and falls in some patients (Thevathasan et al., 2012; Yu, Ren, Guo, Li, & Li, 2020).
However, PPN stimulation is still an experimental therapy, as the published literature is
limited and high variability in the benefits of PPN-DBS has been observed (Thevathasan
et al., 2012). Therefore, PPN-DBS is not used in routine clinical practice at this time (S.

Lim et al., 2014).

1.3.3 Other advanced treatment options

Subcutaneous apomorphine infusion is self-administered via an injection pen and
clinically established for PD patients with severe motor fluctuations not sufficiently
controlled by oral medication (Armstrong & Okun, 2020; Katzenschlager et al., 2018). In
the randomized, multicenter, double-blind TOLEDO study, apomorphine infusion resulted

in significantly reduced off time compared with placebo (Katzenschlager et al., 2018).

Intrajejunal levodopa infusion (also referred to as levodopa-carbidopa enteral
suspension or levodopa-carbidopa intestinal gel infusion) is another strategy aimed at
decreasing motor fluctuations and dyskinesias in advanced PD (Virhammar & Nyholm,
2017). A levodopa gel is administered continuously via a percutaneous endoscopic

gastrostomy with jejunal extension, resulting in more constant plasma levels of levodopa
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than oral administration (Armstrong & Okun, 2020). Treatment with intrajejunal levodopa
infusion significantly decreases off-time and increases on-time without dyskinesias (L.
Wang, Li, & Chen, 2018). Distinct effect profiles of STN-DBS, apomorphine, and levodopa
infusion on motor symptoms, QoL and NMS have been recently reported by Dafsari et al.

(2019).

Focused ultrasound thalamotomy uses highly focused ultrasound energy to create
discrete intracranial lesions while using magnetic resonance imaging (MRI) guidance to
target and monitor the extent of the lesion (Armstrong & Okun, 2020). MR-guided focused
ultrasound has been approved by the Food and Drug Administration for treatment of
essential tremor and, more recently, for tremor-dominant PD based on two randomized,
sham-controlled trials (Bond et al., 2017; Elias et al., 2016). In tremor-dominant PD,
focused ultrasound thalamotomy led to 62% improvement of on-medication tremor scores

(Bond et al., 2017).
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2. Empirical Section

2.1 Objectives of the thesis

When | started my doctoral thesis, there was no evidence-based treatment of a wide
range of NMS yet (Kurtis et al., 2017). However, the importance of NMS for diagnostic
purposes and their contribution to patients’ QoL emphasize that research in the effects
of anti-parkinsonian medication and advanced treatment options on NMS was an
unmet need. Previous studies have provided level IV evidence for beneficial effects of
STN-DBS on NMS for follow-up periods up to two years in clinician-rated and
laboratory-based investigations, including poly-somnography for sleep, urodynamic
examinations for urinary symptoms, sniffing sticks for olfaction, as well as sensory
signs such as thermal detection thresholds and pain thresholds (Kurtis et al., 2017).
However, little was known about the progression of NMS beyond the two-year follow-
up period and higher level evidence based on controlled studies, comparing the effects
of STN-DBS on NMS with the progression of NMS in patients undergoing standard-of-
care medical treatment (MED) were missing. Interestingly, on the individual level, 43-
49% of patients experience no clinically relevant improvement of QoL postoperatively
at 6-month follow-up and specific demographic and clinical parameters have been
identified as predictors of short-term QoL improvement (Dafsari, Weiss, et al., 2018;
Daniels et al., 2011). However, predictors of long-term QoL outcome have not been
investigated yet. Moreover, although some data suggested slight advantages of GPi-
DBS on mood and cognition (Anderson, Burchiel, Hogarth, Favre, & Hammerstad,
2005; Okun et al., 2009), comparative studies, investigating the differential effects of

STN- and GPi-DBS on other NMS were also lacking.
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The present thesis aimed at investigating the long-term effects of STN-DBS compared
to MED on a wide range of NMS. Furthermore, predictors of long-term QoL outcome
after STN-DBS were examined. Finally, the effects of STN- and GPi-DBS on NMS
were compared. The empirical section comprises five publications which address the

following research questions:

1. Are there beneficial motor and non-motor effects of STN-DBS compared to
MED at 36-month follow-up?

2. Are there beneficial effects of STN-DBS compared to MED on sleep
disturbances? How is the relationship between changes in sleep disturbances,
mood symptoms, dopaminergic medication, and QoL following STN-DBS?

3. Is QoL outcome at 36-month follow-up following STN-DBS predictable by
specific demographic and preoperative clinical parameters?

4. Are there differential effects of STN- and GPi-DBS on NMS burden?

We prospectively recruited patients at the University Hospital Cologne as part of the
Non-motor International Longitudinal Study (NILS) of the ‘Non-Motor PD study group’
of the ‘International Parkinson’s disease and Movement Disorders Society’. The NILS
study is an international, multicenter, open-label study with non-motor profiling of PD
as the primary outcome measure investigating the progression of NMS and treatment
responses to medication and advanced treatments (German Clinical Trials Register
#6735). To address the previously described research questions, we analyzed

selected data of patients from the DBS and medication arms of the NILS database.
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Jost, Sauerbier, Visser-Vandewalle et al. (2020). J Neurol Neurosurg Psychiatry, 91, 687-
694

2.2 A prospective, controlled study of non-motor effects of

subthalamic stimulation in Parkinson’s disease — results at the 36-

month follow-up

Jost, S. T., Sauerbier, A., Visser-Vandewalle, V., Ashkan, K., Silverdale, M., Evans,
J., ... Dafsari, H. S. (2020). A prospective, controlled study of non-motor effects of
subthalamic stimulation in Parkinson's disease: results at the 36-month follow-up.

J Neurol Neurosurg Psychiatry, 91(7), 687-694. doi:10.1136/jnnp-2019-322614
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Jost, Sauerbier, Visser-Vandewalle et al. (2020). J Neurol Neurosurg Psychiatry, 91, 687-
694

Abstract

Objective: To examine 36-month effects of bilateral subthalamic nucleus deep brain
stimulation (STN-DBS) on non-motor symptoms (NMS) compared with standard-of-
care medical treatment (MED) in Parkinson’s disease (PD).

Methods: Here we report the 36-month follow-up of a prospective, observational,
controlled, international multicentre study of the NILS cohort. Assessments included
NMSScale (NMSS), PDQuestionnaire-8 (PDQ-8), Scales for Outcomes in PD
(SCOPA)-motor examination, -activities of daily living, and -complications, and
levodopa equivalent daily dose (LEDD). Propensity score matching resulted in a
pseudo-randomised sub-cohort balancing baseline demographic and clinical
characteristics between the STN-DBS and MED groups. Within-group longitudinal
outcome changes were analysed using Wilcoxon signed-rank and between-group
differences of change scores with Mann-Whitney U test. Strength of clinical
responses was quantified with Cohen’s effect size. In addition, bivariate correlations
of change scores were explored.

Results: Propensity score matching applied on the cohort of 151 patients (STN-DBS
n=67, MED n=84) resulted in a well-balanced sub-cohort including 38 patients per
group. After 36 months, STN-DBS significantly improved NMSS, PDQ-8, SCOPA-
motor examination and -complications and reduced LEDD. Significant between-
group differences, all favouring STN-DBS, were found for NMSS, SCOPA-motor
complications, LEDD (large effects), motor examination and PDQ-8 (moderate
effects). Furthermore, significant differences were found for the sleep/fatigue, urinary
(large effects) and miscellaneous NMSS domains (moderate effects). NMSS total and

PDQ-8 change scores correlated significantly.
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Jost, Sauerbier, Visser-Vandewalle et al. (2020). J Neurol Neurosurg Psychiatry, 91, 687-
694

Conclusions: This study provides Class llIb evidence for beneficial effects of STN-
DBS on NMS at 36-month follow-up which also correlated with quality of life

improvements. This highlights the importance of NMS for DBS outcomes

assessments.
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Jost, Chaudhuri, Ashkan et al. (2020). J Parkinson Dis, 11(1), 323-335

2.3 Subthalamic Stimulation improves quality of sleep in Parkinson

disease: a 36-month controlled study

Jost, S. T., Ray Chaudhuri, K., Ashkan, K., Loehrer, P. A., Silverdale, M., Rizos, A., ..
. Dafsari, H. S. (2020). Subthalamic stimulation improves quality of sleep in Parkinson
disease: a 36-month controlled study. Journal of Parkinson's Disease, 11(1): 323-335.
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Abstract

Background: Sleep disturbances and neuropsychiatric symptoms are some of the
most common nonmotor symptoms in Parkinson’s disease (PD). The effect of
subthalamic stimulation (STN-DBS) on these symptoms beyond a short-term follow-up

is unclear.

Objective: To examine 36-month effects of bilateral STN-DBS on quality of sleep,
depression, anxiety, and quality of life (QoL) compared to standard-of-care medical

therapy (MED) in PD.

Methods: In this prospective, controlled, observational, propensity score matched,
international multicenter study, we assessed sleep disturbances using the PDSleep
Scale-1 (PDSS), QoL employing the PDQuestionnaire-8 (PDQ-8), motor disorder with
the Scales for Outcomes in PD (SCOPA), anxiety and depression with the Hospital
Anxiety and Depression Scale (HADS), and dopaminergic medication requirements
(LEDD). Within-group longitudinal outcome changes were tested using Wilcoxon
signed-rank and between-group longitudinal differences of change scores with Mann-
Whitney U tests. Spearman correlations analyzed the relationships of outcome

parameter changes at follow-up.

Results: Propensity score matching applied on 159 patients (STN-DBS n=75, MED
n=84) resulted in 40 patients in each treatment group. At 36-month follow-up, STN-DBS
led to significantly better PDSS and PDQ-8 change scores, which were significantly
correlated. We observed no significant effects for HADS and no significant correlations

between change scores in PDSS, HADS, and LEDD.

Conclusions: We report Class Ilb evidence of beneficial effects of STN-DBS on quality

of sleep at 36-month follow-up, which were associated with QoL improvement
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independent of depression and dopaminergic medication. Our study highlights the

importance of sleep for assessments of DBS outcomes.
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2.4 Non-motor predictors of 36-month quality of life after subthalamic

stimulation in Parkinson disease
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Abstract

In this ongoing, prospective, multicenter international study (Cologne, Manchester,
London) including 73 patients undergoing STN-DBS, we aimed to identify predictors of
36-month follow-up quality of life (QoL) outcome after bilateral subthalamic nucleus

deep brain stimulation (STN-DBS) in Parkinson’s disease (PD).

We assessed the following scales preoperatively and at 6-month and 36-month follow-
up: PDQuestionnaire-8 (PDQ-8), NMSScale (NMSS), Scales for Outcomes in PD
(SCOPA)-motor examination, -activities of daily living, and -complications, and
levodopa equivalent daily dose (LEDD). We analyzed factors associated with QoL
improvement at 36-month follow-up based on (1) correlations between baseline test
scores and QoL improvement, (2) step-wise linear regressions with baseline test
scores as independent and QoL improvement as dependent variables, (3) logistic
regressions and receiver operating characteristic curves using a dichotomized variable

“QoL responders”/“non-responders”.

At both follow-ups, NMSS total score, SCOPA-motor examination and -complications
improved and LEDD was reduced significantly. PDQ-8 improved at 6-month follow-up
with subsequent decrements in gains at 36-month follow-up when 61.6% of patients
were categorized as “QoL non-responders”. Correlations, linear, and logistic
regression analyses found greater PDQ-8 improvements in patients with younger age,
worse PDQ-8, and worse specific NMS at baseline, such as ‘difficulties experiencing
pleasure’ and ‘problems sustaining concentration’. Baseline SCOPA scores were not

associated with PDQ-8 changes.
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Our results provide evidence that 36-month QoL changes depend on baseline
neuropsychological and neuropsychiatric non-motor symptoms burden. These findings
highlight the need for an assessment of a wide range of non-motor and motor

symptoms when advising and selecting individuals for DBS therapy.
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2.5 Beneficial effect of 24-month bilateral subthalamic stimulation on

quality of sleep in Parkinson’s disease
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. Timmermann, L. (2020). Beneficial effect of 24-month bilateral subthalamic
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Abstract

Background: Subthalamic nucleus (STN) deep brain stimulation (DBS) improves
quality of life (QoL), motor, and sleep symptoms in Parkinson’s disease (PD). However,
the long-term effects of STN-DBS on sleep and its relationship with QoL outcome are

unclear.

Methods: In this prospective, observational, multicenter study including 73 PD patients
undergoing bilateral STN-DBS, we examined PDSleep Scale (PDSS),
PDQuestionnaire-8 (PDQ-8), Scales for Outcomes in PD-motor examination,
-activities of daily living, and -complications (SCOPA-A, -B, -C), and levodopa-
equivalent daily dose (LEDD) preoperatively, at 5 and 24 months follow-up.
Longitudinal changes were analyzed with Friedman-tests or repeated-measures
ANOVA, when parametric tests were applicable, and Bonferroni-correction for multiple
comparisons. Post-hoc, visits were compared with Wilcoxon signed-rank/t-tests. The

magnitude of clinical responses was investigated using effect size.

Results: Significant beneficial effects of STN-DBS were observed for PDSS, PDQ-8,
SCOPA-A, -B, and -C. All outcomes improved significantly at 5 months with
subsequent decrements in gains at 24 months follow-up which were significant for
PDSS, PDQ-8, and SCOPA-B. Comparing baseline and 24 months follow-up, we
observed significant improvements of PDSS (small effect), SCOPA-A (moderate
effect), -C, and LEDD (large effects). PDSS and PDQ-8 improvements correlated

significantly at 5 and 24 months follow-up.

Conclusions: In this multicenter study with a 24 months follow-up, we report

significant sustained improvements after bilateral STN-DBS using a PD-specific sleep
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scale and a significant relationship between sleep and QoL improvements. This

highlights the importance of sleep in holistic assessments of DBS outcomes.
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2.6 Beneficial nonmotor effects of subthalamic and pallidal

neurostimulation in Parkinson’s disease

Dafsari, H. S., Dos Santos Ghilardi, M. G., Visser-Vandewalle, V., Rizos, A., Ashkan, K.,
Silverdale, M., . . . Timmermann, L. (2020). Beneficial nonmotor effects of subthalamic
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Abstract
Background: Subthalamic (STN) and pallidal (GPi) deep brain stimulation (DBS)

improve quality of life, motor, and nonmotor symptoms (NMS) in advanced Parkinson’s

disease (PD). However, few studies have compared their nonmotor effects.

Objective: To compare nonmotor effects of STN-DBS and GPi-DBS.

Methods: In this prospective, observational, multicenter study including 60 PD patients
undergoing bilateral STN-DBS (n=40) or GPi-DBS (n=20), we examined
PDQuestionnaire (PDQ), NMSScale (NMSS), Unified PD Rating Scale-activities of daily
living, -motor impairment, -complications (UPDRS-II, -lll, -IV), Hoehn&Yabhr,
Schwab&England Scale, and levodopa-equivalent daily dose (LEDD) preoperatively and
at 6-month follow-up. Intra-group changes at follow-up were analyzed with Wilcoxon
signed-rank or paired t-test, if parametric tests were applicable, and corrected for multiple
comparisons. Inter-group differences were explored with Mann-Whitney-U/unpaired t-
tests. Analyses were performed before and after propensity score matching which
balanced out demographic and preoperative clinical characteristics. Strength of clinical

changes was assessed with effect size.

Results: In both groups, PDQ, UPDRS-II, -IV, Schwab&England Scale, and NMSS
improved significantly at follow-up. STN-DBS was significantly better for LEDD reduction,
GPi-DBS for UPDRS-IV. While NMSS total score outcomes were similar, explorative
NMSS domain analyses revealed distinct profiles: Both targets improved sleep/fatigue
and mood/cognition, but only STN-DBS the miscellaneous (pain/olfaction) and

attention/memory and only GPi-DBS cardiovascular and sexual function domains.
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Conclusions: To our knowledge, this is the first study to report distinct patterns of
beneficial nonmotor effects of STN-DBS and GPi-DBS in PD. This study highlights the
importance of NMS assessments to tailor DBS target choices to patients’ individual motor

and nonmotor profiles.
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3. General Discussion Section

The present doctoral thesis investigated the long-term effects of subthalamic
stimulation compared with a control group receiving standard-of-care medical therapy
on a wide range of NMS. Furthermore, demographic and clinical predictors of long-
term QoL outcome following STN-DBS were examined. Finally, differential non-motor
effects of STN- and GPi-DBS were explored. These research aims were addressed in
the context of a prospective, observational, international, multicentre study. The
following section will summarize the obtained results and discuss them considering the

current literature.

3.1 Summary of the results

This thesis reports Class llb evidence for beneficial effects of STN-DBS on a wide
range of NMS in a controlled design at 36-month follow-up. Patients treated with STN-
DBS experienced a better outcome of total NMS burden and specific non-motor
aspects including sleep/fatigue, urinary symptoms, inability to smell/taste, and pain,
compared with patients treated with standard-of-care medical therapy. In a more
detailed analysis of the effects of STN-DBS on subjective sleep dysfunction, we
observed beneficial effects on overall quality of nights’ sleep, sleep onset and
maintenance insomnia, nocturia, nocturnal motor symptoms, and sleep refreshment.
Depressive and anxiety symptoms remained unchanged from baseline to 36-month
follow-up. The observed effects were significantly correlated with improvements of QoL
and not associated with changes in dopaminergic medication requirements. In our
cohort, clinically relevant QoL improvement at 36-month follow-up could be predicted
with 75% accuracy and patients with younger age at intervention, worse baseline QoL,

and a higher burden of specific NMS, such as anhedonia and concentration
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impairments experiencing greater QoL improvement. Both, STN- and GPi-DBS
improved global NMS burden and differential effects on specific aspects of NMS were

observed.

3.2 Non-motor effects of subthalamic stimulation

In accordance with previous studies with long-term follow-ups, STN-DBS resulted in a
significant improvement of motor function and QoL (Schuepbach et al.,, 2013;
Weaver et al., 2012). In the MED group, standard-of-care stabilized motor symptoms,
activities of daily living, and QoL at 36-month follow-up. As expected, STN-DBS led to
a significant LEDD reduction (30%), while medication requirements remained stable in

the MED group over the 36-month course.

In line with the results at 12-month follow-up in a study by Holmberg, Corneliusson,
and Elam (2005), we observed no significant differences in cardiovascular outcomes
between the STN-DBS and MED groups at 36-month follow-up. However, in the within-
group analysis of the matched cohort, a significant worsening of cardiovascular
symptoms following STN-DBS was observed. Studies investigating the effect of STN-
DBS on cardiovascular dysfunction, such as orthostatic hypotension have produced
variable results. As reviewed recently, the majority of studies found STN-DBS to have
no effect on cardiovascular dysfunction (Bunjo, Bacchi, Chandran, & Zacest, 2020).
Two studies investigated cardiovascular dysfunction in STN-DBS turned on and off,
and suggested a worsening as well as differential effects of STN-DBS and levodopa
on cardiovascular autonomic function (Hou, Wu, & Lai, 2009; Li et al., 2017). However,
studies assessing the effect of chronic subthalamic stimulation at long-term follow up
are missing. In the present investigation of the unmatched, original cohort,

cardiovascular symptoms remained unchanged at 36-month follow-up following STN-

55



General Discussion Section

DBS. Cardiovascular baseline impairment was higher in the STN-DBS original cohort
than in the matched sub-cohort. This finding is consistent with the result of our third
study in which we observed that higher cardiovascular baseline impairment (fainting)
is a significant predictor of worsened QoL at long-term follow-up. The underlying
mechanisms warrant further investigation and future studies should investigate the
long-term effects of STN-DBS on cardiovascular symptoms in dependence of different

baseline cardiovascular impairments.

To our knowledge, this is the first study reporting sustained improvements in various
aspects of sleep dysfunction following STN-DBS in a controlled design at 36-month
follow-up. Our results are consistent with previous uncontrolled studies demonstrating
beneficial effects of STN-DBS on subjective sleep symptoms with follow-up periods up
to three years (Choi et al., 2019; Dafsari, Silverdale, et al., 2018; Kurtis et al., 2017).
The significant correlation between improvements of PDSS total score and PDQ-8 Sl

indicates the close connection between sleep and QoL outcomes.

In line with the results of Choi et al. (2019), we report an improvement of sleep onset
and maintenance insomnia at 36-month follow-up. As a new observation, we
observed that this improvement was significantly better in the STN-DBS group
compared to a MED control group. This finding is also supported by studies using
polysomnography with evidence of improved total sleep time, sleep continuity, and
depth (Arnulf et al., 2000; Baumann-Vogel et al., 2017). In line with previous studies
that reported significant improvements of RLS following STN-DBS up to two years
postoperatively, we observed an improvement of nocturnal restlessness at 36-month
follow-up (Baumann-Vogel et al., 2017; Klepitskaya et al., 2018). Our study extends
the time frame of beneficial effects on nocturnal restlessness to 36 months. In the STN-

group, nocturia remained unchanged at 24-month and 36-month follow-up, which is
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in accordance with previous studies with shorter follow-up periods up to 4 months
(Hjort, Ostergaard, & Dupont, 2004). As we observed a significant worsening of
nocturia in the MED group at 36-month follow-up, the between-group comparison
resulted in a significantly better outcome of STN-DBS compared to MED. Furthermore,
confirming negative results by Hjort et al. (2004), we found no evidence for an
improvement of nocturnal psychosis at 36-month follow-up. Moreover, we report
beneficial effects on nocturnal motor symptoms at 36-month follow-up, which is in
line with the results from Choi et al. (2019). Conversely, in the MED control group, a
significant worsening of nocturnal motor symptoms was observed. Relating to sleep
refreshment, we found favourable effects of STN-DBS at 24-month and 36-month
follow-ups. At 36-month follow up, STN-DBS resulted in better outcomes than MED,
as sleep refreshment deteriorated in the MED group, whereas it was stabilized in the
STN-DBS group. The observation of unchanged sleep refreshment at 36-month follow
up was also supported by Choi et al. (2019). Although daytime sleepiness or sleep
attacks are a well-known side effect of dopaminergic medication, in particular
dopamine agonists medication (Homann et al., 2002), we found no association
between LEDD reduction and the sleep refreshment outcome, possibly due to patient-
specific adverse events thresholds. Further studies are needed to investigate possible
higher-order relationships between sleep refreshment and dopaminergic medication

requirements.

Dopamine agonists may help to improve sleep quality. Especially, dopamine agonists
with sustained drug delivery mechanisms, i.e., the rotigotine transdermal patch, may
be effective for sleep-related NMS such as RLS, RBD, and nocturia, as they provide a
more continuous form of dopaminergic stimulation during sleep (Chaudhuri &

Logishetty, 2009). On the other hand, dopamine agonists may also cause sleep-related

57



General Discussion Section

adverse events, such as EDS, sleep attacks, and the risk of ICDs. In our cohort, no
relationship was found between changes of sleep symptoms and changes of
dopaminergic and specifically dopamine agonist medication. Therefore, medication

side effects are unlikely causes for the observed changes of sleep symptoms.

In line with a study by Weaver et al. (2009), we observed no significant changes of
mood/apathy in the STN-DBS group at 36-month follow-up. However, in another
study, improved depression has been reported at 3-year follow-up after STN-DBS
(Funkiewiez et al., 2004). Recent studies have reported that depressive symptom
change following STN-DBS was linked to structural connectivity profiles between the
stimulation site and the left prefrontal cortex (Irmen et al., 2020), indicating that the
placement of active contacts may influence the depression outcome. The variability of
changes in depressive symptoms may be due to cohort differences, variations in
measuring tools and electrode placement, and differences in postoperative
management and medication changes (Kurtis et al., 2017). The observation that
improvements of sleep dysfunction, anxiety, and depression were not significantly
correlated indicates that sleep and mood disorders are separately influenced by STN-
DBS. Further long-term studies addressing the mutual influence of depression, anxiety,
apathy, and other neuropsychiatric disorders such as hypomania and ICDs are

needed.

Only few studies have investigated the effect of STN-DBS on hallucinations. In our
cohort, we observed beneficial effects on perceptual problems/hallucinations at 6-
month and 24-month follow-up (Dafsari, Silverdale, et al., 2018), which is in line with
the results of Yoshida et al. (2009) who report an improvement of pre-existing
hallucinations following STN-DBS at 6-month follow-up. In the present investigation,

this effect was not significant anymore at 36-month follow-up. Future studies should
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address the hallucination outcome and its interplay with dopaminergic medication,

psychotropic co-medication, and other neuropsychiatric aspects of PD.

We observed no significant within-group changes and no inter-group differences
between STN-DBS and MED in the attention/memory domain at 36-month follow-up.
The effect of DBS on cognition is still controversial. There is evidence for a small
decrease in verbal fluency, working memory, and executive functions following STN-
DBS when compared with best medical therapy (Parsons, Rogers, Braaten, Woods, &
Troster, 2006; Witt et al., 2008). However, the authors conclude that STN-DBS seems
to be relatively safe from a cognitive point of view, as the declines were of small size.
In other studies, e.g. in a large randomized prospective trial by Williams et al. (2010),
no significant differences in cognitive decline were observed between STN-DBS and
best medical treatment at 1-year follow-up. Furthermore, in line with our results, in
previous studies with longer follow-up periods, no significant change of global cognitive
functions and attention and memory subscales was found 3 years postoperatively
(Funkiewiez et al., 2004). Moreover, in a controlled 3-year follow-up study by Zangaglia
et al. (2009), stable performances in memory tasks following STN-DBS were observed,

whereas verbal fluency performance worsened.

A modulation of gastrointestinal symptoms by STN-DBS has been reported in a study
by Zibetti et al. who observed a significantly lower prevalence of constipation at 24-
month follow-up (Zibetti et al., 2007) and also in a previous study of our group (Dafsari,
Silverdale, et al., 2018). At 36-month follow-up, we did not observe a significant change

of gastrointestinal symptoms in our cohort anymore.

To our knowledge, this is the first report of a 36-month improvement in urinary

symptoms following STN-DBS as well as advantageous effects compared with a MED
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control group. This is in concordance with previous studies including clinician-rated
scales, urodynamic bladder examinations, and PET imaging with shorter follow-up
periods (Dafsari, Silverdale, et al., 2018; Herzog et al., 2006; Witte et al., 2018).
Nonetheless, long-term effects of STN-DBS on urological outcomes are conflicting as
Yamamoto et al. (2018) found no significant improvement in urodynamic parameters 3
years postoperatively. However, this result was limited by a very small sample size, as

only 10 persons completed the 3-year follow-up.

In the present thesis, we observed an improvement of sexual functions in the STN-
DBS group at 36-month follow-up, which is in line with earlier studies with shorter
follow-up periods (Dulski et al., 2019). Furthermore, previous studies suggest that the
effect of STN-DBS might depend on gender: While Castelli et al. (2004) reported an
improvement of sexual function in male PD patients undergoing STN-DBS at a 9-12
month follow-up, no significant change of sexual function was observed in female PD
patients in another study at 4-month follow-up (Castelli et al., 2004; Kurcova et al.,

2018).

We observed beneficial effects of STN-DBS on the miscellaneous domain in the within-
group comparison from baseline to 36-month follow-up and in the between-group
comparison (STN-DBS vs MED). Confirming the results of previous studies which
reported an improvement of pain at 1-year and 8-year follow-up in patients undergoing
STN-DBS (Cury et al., 2014; Jung et al., 2015), we observed a significant improvement

of pain in our cohort at 36-month follow-up.

To our knowledge, this study is the first to report an improvement of subjective
olfactory symptoms in the STN-DBS group at 36-month follow-up. This extends the

time frame of studies showing beneficial immediate effects on odour identification
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(Hummel, Jahnke, Sommer, Reichmann, & Muller, 2005) as well as at 6- and at 12-
month follow-up (Guo et al., 2008). The authors discuss that the effect possibly
indicates an improvement of cognitive processing of olfactory information (Hummel et
al., 2005). Our study adds to the evidence for beneficial effects of STN-DBS on

olfaction and extends the time frame to 36 months after surgery.

We found no effect of STN-DBS on weight changes at 36-month follow-up and no
differences between the STN-DBS and MED groups. The effect of subthalamic
stimulation on weight changes is still a matter of debate. Our finding is in contrast to
previous studies that commonly report weight gain after STN-DBS, which may
negatively affect the metabolic status of the patients (Chen et al., 2003; Kurtis et al.,
2017). Furthermore, in a study comparing weight changes in patients undergoing
unilateral STN-DBS and best medical treatment, greater weight gain was observed in
the surgical group (Walker et al., 2009). However, this may be explained by the fact
that the follow-up periods of the available studies were short. On the other hand, weight
changes were only assessed with one item of the NMSS and not measured objectively
in our study. Further studies including longer follow-up periods are needed to

investigate this issue.

Previous studies suggested beneficial effects of STN-DBS on sweating function at
short-term and up to 24-month follow-up (Dafsari, Silverdale, et al., 2018; Trachani et
al., 2010). In the present thesis, we observed no significant improvement in excessive
sweating at 36-month follow-up and no significant difference between the STN-DBS
and the MED group, which may indicate that the effect of STN-DBS on sweating

function decreases over time.
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3.3 Predictors of quality of life outcome after subthalamic stimulation

On the individual level, only 38% of the patients experienced a sustained clinically
relevant QoL improvement at 36-month follow-up compared with preoperative
baseline. We were able to identify preoperative factors that predict QoL outcome at
36-month follow-up with 75% accuracy. Younger age at intervention, worse baseline
QoL, more severe anhedonia and concentration impairment as well as less severe

fainting predicted greater long-term QoL improvement.

These results are partly in line with earlier studies with shorter follow-up periods. For
example, the association between younger age at intervention and greater QoL
improvement was previously described by Soulas et al. (2011) at 12-month follow-up.
Furthermore, Schuepbach et al. (2019) reported a significant relationship between
worse preoperative QoL impairment and greater postoperative QoL improvement at
24-month follow-up. In our study, the odds of postoperative QoL improvement
increased by 5% with every additional point in the preoperative PDQ-8 Summary Index
score. The strength of this relationship is in concordance with a previous study of our
group at 6-moth follow-up (Dafsari, Weiss, et al., 2018) as well as with the results of
the Cleveland Clinic cohort (Floden, Cooper, Griffith, & Machado, 2014). Also
confirming results of earlier studies, sex, disease duration, motor examination, and
dopaminergic medication requirements at preoperative baseline were not associated
with QoL outcome (Chandran et al., 2014; Daniels et al., 2011; Lezcano et al., 2016;

Siderowf et al., 2006).

Moreover, specific NMS including anhedonia, subjective concentration problems and
fainting were associated with QoL outcome. The predictive potential of anhedonia

extends the time frame of the study by Schuepbach et al. (2019) who reported greater
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QoL improvement at 24-month follow-up in patients with worse baseline scores in two
depression scales. Furthermore, as a novel finding, we observed that patients with
more severe baseline concentration deficits experienced greater QoL improvements
at 36-month follow-up. Concentration deficits are often accompanied by global
cognition impairment in patients with PD, but preoperative global cognition scores were
not predictive for QoL outcome. However, one must acknowledge that preoperative
multi-disciplinary assessments including psychological interviews, neuropsychological
assessments, and neurological examinations resulted in a highly-selected cohort with
preserved global cognition and low baseline depression scores similar to other DBS
cohorts (Dafsari et al., 2019; Deuschl et al., 2006; Schuepbach et al., 2019). Therefore,
our findings cannot be generalized to patients with clinically relevant depression or
cognitive impairment. To our knowledge, our study is the first to report an association
between the presence of preoperative fainting and worse QoL outcome at 36-month
follow-up. A possible explanation is the fact that syncope has been shown to have an
adverse impact on QoL and we observed worsening of cardiovascular symptoms (such
as fainting/syncopes) following STN-DBS at 36-month follow-up (McCarthy, Ward,
Romero Ortuno, & Kenny, 2020). The exact mechanism that underlie the worsening of

cardiovascular symptoms in STN-DBS need to be clarified in future studies.

3.4 Differential effects of subthalamic nucleus and globus pallidus

internus deep brain stimulation

In line with previous studies, similar improvement of motor outcomes was observed for
both DBS targets, whereas dopaminergic medication requirements were only reduced
in the STN-DBS group (Follett et al., 2010; Odekerken et al., 2016). Also confirming
the results of previous studies (Xie et al., 2016), we observed greater improvement in

QoL following GPi-DBS based on greater relative changes, larger effect sizes, and
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smaller NNT compared with STN-DBS at 6-month follow-up. Only few studies have
investigated the effects of STN-DBS and GPi-DBS on NMS (Kurtis et al., 2017). We
observed beneficial effects for both, STN-DBS and GPi-DBS and no significant

difference between both targets on global NMS burden.

GPi-DBS seems to be advantageous relating to mood outcome, which is in line with
previous studies and with the guidelines on STN- and GPi-DBS (Follett et al., 2010;
Rughani et al., 2018). Furthermore, as a novel observation, we report beneficial effects
on cardiovascular and sexual function only for GPi-DBS. In contrast, in the STN-DBS
group, cardiovascular function was unchanged at 6-month follow-up and even

worsened at 36-month follow-up.

Confirming the results from the randomized controlled NSTAPS trial, we observed
improvements of sleep/fatigue for both DBS targets (Odekerken et al., 2013). No
significant target differences were observed for weight changes which is in line with

previous studies (Locke et al., 2011; Mills, Scherzer, Starr, & Ostrem, 2012).

Conversely, urinary symptoms were only improved by STN-DBS and remained
unchanged following GPi-DBS, which is also confirming previous studies including
urodynamic examinations (Herzog et al., 2006; Mock et al., 2016; Witte et al., 2018).
Moreover, STN-DBS seems to be more efficacious than GPi-DBS in improving
perceptual problems/hallucinations probably connected to the reduction of

dopaminergic medication following STN-DBS.

Previous studies have suggested less non-motor morbidity and also fewer adverse
events following GPi-DBS, which is in line with our observation of slightly
advantageous non-motor outcome of GPi-DBS based on larger effect sizes and

smaller NNT (Fasano et al., 2012; Moro et al., 2010; Rouaud et al., 2010). However,
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the perception of a larger number of adverse events after STN-DBS may partly result
from a reporting bias, as STN-DBS is performed much more frequently (S. Lim et al.,

2014).

To conclude, these observations highlight that both sites are feasible targets. In the
absence of a difference in motor outcomes, the choice of the target can reasonably
take into consideration the differential nonmotor effect profiles. However, these results
are limited by small sample sizes for GPi-DBS of most studies and further studies with

larger cohort sizes are needed to confirm these results.

3.5 Mechanisms of effects of deep brain sitmulation on non-motor

symptoms

As NMS are defined by exclusion, they result from heterogeneous neurodegenerative
processes in multiple brain networks and neurotransmitter systems (Kurtis et al., 2017,
Petry-Schmelzer et al., 2019; Qamar et al., 2017). Grey matter volume loss and white
matter changes have been identified in PD patients suffering from NMS such as
depression (van Mierlo, Chung, Foncke, Berendse, & van den Heuvel, 2015) or
cognitive decline (Hall & Lewis, 2019). Therefore, the mechanisms that may mediate

the observed motor and nonmotor effects of DBS are diverse.

1) Firstly, improved motor function may be an important contributor to changes in
specific NMS. Improved mobility may exert a positive influence on e.g. mood symptoms
or sleep dysfunction. This is in line with our observation of significantly better daytime
and nocturnal motor outcomes following DBS, which were significantly associated with
e.g. improvements in sleep disturbances. This observation indicates the relative

importance of nocturnal motor symptoms for subjective sleep outcomes. Therefore,
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improvements in sleep symptoms were at least partly mediated by a modulation of the
motor circuitry. However, the relationship between changes in QoL and sleep
disturbances was still significant when controlling for motor symptoms indicating that
the changes in sleep dysfunction have a positive effect on QoL which goes beyond the

effect of enhanced motor function.

2) Direct effect: In line with the concept of a tripartite topographical organization within
the STN and the GPi (Alkemade, Schnitzler, & Forstmann, 2015; Krack, Hariz, Baunez,
Guridi, & Obeso, 2010), neurostimulation of specific subdivisions of these targets leads
to distinct outcomes. The tripartite division hypothesis suggests that the dorsolateral
aspects of the STN are associated with motor circuits, the anteromedial region with the
associative area, and the ventral portion with limbic regions (Alkemade et al., 2015).
Previous studies have observed beneficial effects on mood and attention after
neurostimulation of the ventral parts of the STN (Petry-Schmelzer et al., 2019), which
have been shown to be involved in the processing of emotional information (Buot et
al., 2013). Furthermore, neurostimulation of the somatosensory region of the GPi is

associated with greater improvement in motor impairment (Middlebrooks et al., 2018).

3) Network effects in basal ganglia-thalamo-cortical loops: The basal ganglia are
involved in three different functional and anatomical loops for sensorimotor,
associative, and limbic processing (see figure 5) (Kurtis et al., 2017). As the STN and
GPi form part of the basal ganglia, network effects of DBS have to be considered.
Several functional imaging studies have observed that DBS influences the function of
the basal ganglia circuitry in PD patients and thus modulates thalamo-cortical
projections (Herzog et al., 2006). For example, a modulation of the motor circuitry may
affect frontal cortical regions such as the supplementary motor area and hereby

improve motor symptoms (Krack et al., 2010; Thobois et al., 2002). Blood flow changes
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in cortical regions such as the dorsolateral prefrontal cortex and the anterior cingulate,
which are part of the associative circuit are correlated with cognitive performance
following STN-DBS (Accolla et al., 2016; Campbell et al., 2008). Furthermore, network

effects of DBS on the thalamus could e.g. improve RLS (Driver-Dunckley et al., 2006).

Sensorimotor and Dorsolateral prefrontal and Limbic and paralimbic cortex,
premotor cortex lateral orbitofrontal cortex hippocampus and amygdala

Caudate

Nucleus Nucleus

/ Caudate
/

| Thalamus 1 Thalamus
*,
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"\ /‘ v J
S&;;,_rjjf J
(a) Motor circuit (b) Associative circuit (c) Limbic circuit

TRENDS in Neurcsciences

Figure 5 — Cortico-basal ganglia-thalamocortical circuits.

This figure shows a pseudo-anatomical arrangement of the motor, associative, and limbic
pathways. (a) Motor circuit. Neurons from the sensorimotor cortex project to the posterolateral
putamen. From the putamen there are two main projections topographically organized onto
the posterolateral region of the target nuclei: (i) the direct circuit to the GPi and (ii) the indirect
circuit connecting the posterior putamen to the GPe, the STN and the GPi. The GPi is the
primary output nucleus of the basal ganglia to the cortex via the ventrolateral
thalamus. (b) Associative circuit. This circuit originates in the dorsolateral prefrontal and lateral
orbitofrontal cortices, which project to the caudate nucleus and anteromedial portion of the
putamen. From the striatum it projects to the dorsomedial region of the GPi and anteromedial
parts of the GPe and STN to converge onto the GPi and back to the cortex via the ventral
anterior nuclei of the thalamus. (c) Limbic circuit. This loop starts in the hippocampus,
amygdala and paralimbic and limbic cortices and projects to the ventral striatum (ventral
portion of the caudate and putamen). The ventral striatum projects to the limbic portion of the
GPe and medioventral STN and ventral GPi and to the cortex via the mediodorsal nucleus of
the thalamus. Reprinted from Trends in Neurosciences, 33(10), Krack, Hariz, Baunez, Guridi,
& Obeso, Deep brain stimulation: from neurology to psychiatry? 474—-484, Copyright (2010),
with permission from Elsevier.
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Abbreviations: STN = subthalamic nucleus; GPi = globus pallidus internus; GPe = Globus
pallidus externus

Regarding urinary symptoms, Herzog et al. (2006) observed that STN-DBS modulates
neural activity in frontal cortical centres involved in urinary bladder control and this
modulation was associated with improved bladder dysfunction. Furthermore, changes
in glucose metabolism in the midbrain, cerebellum, and right frontal lobe during
subthalamic stimulation were linked to improvements in olfactory function (Cury et al.,
2018). Little is known about network effects of pallidal stimulation. Castillo et al. (2020)
have recently reported improved symptoms of insomnia following neurostimulation of
the globus pallidus externa and assume that this effect may be mediated by network
effects on pallido-thalamo-cortical loops including the reticular thalamic nucleus which
is associated with sleep and wake states. However, further studies on network effects

of pallidal stimulation in particular for nonmotor outcomes are needed.

4) Spread of current to anatomical structures in proximity of the target nuclei:
Beneficial effects of DBS on NMS may also be mediated by a spread of current to
neighbouring structures of the STN. The pedunculopontine nucleus has previously
been associated with the sleep-wake cycle and enhanced night-time sleep and EDS
(Mena-Segovia, Bolam, & Magill, 2004; Peppe et al., 2012; Romigi et al., 2008), and
is located approximately 5 mm ventral to the STN (Stefani et al., 2013). Projections
from the STN to the globus pallidus externus may serve as another possible
explanation for the observed improvements in sleep, as the globus pallidus externus
has been associated with enhanced sleep symptoms as described above (Castillo et
al., 2020; Qiu, Chen, Wu, Nelson, & Lu, 2016). Furthermore, a spread of current to the
medial forebrain bundle located near the medial STN, which is a promising, although
yet experimental, DBS target for major depression, may mediate improvements in

mood symptoms (Coenen et al., 2018). However, at long-term follow up, we observed
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no changes in mood symptoms and further studies are needed to investigate the

mechanisms of chronic stimulation on mood symptoms.

5) Previous studies have observed improvements in sensory gating following STN-
DBS. Sensory gating describes the process of filtering out redundant or irrelevant
sensory information (Cromwell, Mears, Wan, & Boutros, 2008). Gulberti et al. (2015)
reported enhanced auditory processing which was specific to neurostimulation and not
observed for dopaminergic medication. Furthermore, Herzog et al. (2006) report
improved sensory gating of urinary bladder afferents following STN-DBS. Depression
and anxiety disorders have also been associated with impaired sensory gating (Y.
Wang et al., 2009; Xiao et al., 2010) but further studies are needed to investigate the
role of sensory gating in mood and other non-motor outcomes after subthalamic

stimulation.

6) NMS result from multi-neurotransmitter dysfunctions and can be related to
dopaminergic deficiency, non-dopaminergic pathogenesis or a combination of both
(Qamar et al., 2017). Dopaminergic deficiency may be involved for example in sleep
disturbances, apathy, and urinary symptoms; cholinergic dysfunction in cognitive
impairment and constipation; noradrenergic dysfunction in cardiovascular dysfunction;
and serotonergic dysfunction e.g., in depression, anxiety, hallucinations, and weight
changes (Qamar et al., 2017). Neurotransmitters other than dopamine, such as
noradrenaline or serotonin may be involved in the mechanisms of STN-DBS, as there
are for example noradrenergic projections from the locus coeruleus to the STN as well
as indirect projections between the STN and the serotonergic dorsal raphe nucleus via

the lateral habenula (Jakobs, Fomenko, Lozano, & Kiening, 2019).
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7) LEDD reduction: Non-motor outcomes may also be influenced by a reduction of
dopaminergic medication requirements following STN-DBS. Side-effects of dopa-
minergic treatment, such as gastrointestinal symptoms, daytime sleepiness, and
hallucinations may decrease with LEDD reduction (Chaudhuri & Schapira, 2009;
Stowe et al., 2011; Yeung & Cavanna, 2014). The present thesis can only report “net
effects” of neurostimulation and reduced dopaminergic medication, however, in line
with previous studies, we observed no significant correlation between changes in
dopaminergic medication requirements (for both LEDD total and LEDD of dopamine
agonists) and NMS outcome following STN-DBS or GPi-DBS (Dafsari et al., 2020;
Dafsari, Silverdale, et al., 2018). Further studies with larger cohorts are needed to

distinguish between stimulation and medication effects on NMS.

In summary, network modulation achieved by DBS is currently being researched
intensively (Husain, 2019; Irmen et al., 2020; Petry-Schmelzer et al., 2019).
Mechanisms of action of DBS on NMS are heterogenous and are mediated by
improvements in  motor symptoms, reduction of dopaminergic medication
requirements, as well as symptom-specific neural network effects depending on the
location of neurostimulation. Little is known about the mechanisms of GPi-DBS and
future studies are needed to investigate how non-motor effects of pallidal stimulation

are mediated.

3.6 Limitations

The following section will discuss the limitations of the study design.

This thesis reports the results of a non-randomized controlled trial. A randomized
controlled design was not suitable and ethically not justifiable as we were interested in

the long-term effects of STN-DBS and this would have meant to withhold an effective
70



General Discussion Section

therapy from severely affected PD patients for three years. In “real-life”, observational,
non-randomized studies, the groups may however differ systematically, and direct
group comparisons may be misleading. For this reason, we chose propensity scores
to match baseline characteristics between the STN-DBS and MED groups to increase
causal inference. We chose a conservative calliper (0.25) and conducted strict balance
diagnostics to implement a precise matching (Stuart & Rubin, 2007). However,
although this method is a well-established tool in the previously described situations
and diagnostic statistics indicated a well-balanced matching for the selected matching
parameters, it cannot replace randomization. The method can only be applied to
variables that were assessed clinically which implies that potential confounders, such

as ICD or apathy, which were not measured, cannot be controlled.

One of the limitations of the first study was a notable group difference in the mean
NMSS sleep/fatigue domain at baseline, which was higher in the STN-DBS group than
in the MED group and might therefore have contributed to the greater improvement
observed in the STN-DBS group. However, in the second study there was no
significant baseline difference in sleep dysfunction between the groups and STN-DBS

was still beneficial compared to MED, so that this limitation may be set aside.

In the original, unmatched cohort, patients in the MED group were less severely
affected than patients undergoing STN-DBS. Consequently, to obtain groups with well-
balanced baseline characteristics, the matching process led to the selection of less
strongly affected patients within the STN-DBS group and more severely affected
patients within the MED group. Thus, patients in the STN-DBS group with very severe
PD symptoms could not be included in the matched cohort, as there were no eligible
matching partners in the MED group. Therefore, the observed effects of STN-DBS

cannot be generalized to very severely affected PD patients. An additional aspect that
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relates to this limitation is that patients with very severe PD symptoms have a higher
probability of being lost to follow-up, which may result in a systematic bias in studies

with long-term follow-ups (Limousin & Foltynie, 2019).

In the third study, we investigated the dependence of STN-DBS outcomes on the levels
of baseline impairments and whether certain baseline characteristics predict long-term
QoL outcomes. Specific preoperative NMS, namely more severe anhedonia, problems
with sustaining concentration, and less severe fainting were predictors for greater QoL
improvement. However, this result is limited by the underrepresentation of patients with
severe NMS, such as clinically relevant psychiatric disorders or cognitive impairment,

as these patients were not eligible for DBS.

Furthermore, we did not conduct objective measurements of NMS, such as
polysomnography for sleep or urodynamic examinations for urinary symptoms.
However, in this real-life study, we were interested in the subjective perception of the
different NMS, and some NMS, such as sleep refreshment or nocturia can only be

captured by interviewing the patient.

In the broader context of treatment choices, patients in the MED group decided against
surgical therapy due to several reasons such as patients’ age, a short disease duration
(mean 7.5 years in the original cohort MED group), dopaminergic medication
requirements, and specific symptom profiles. However, we did not systematically
assess those reasons, therefore, group differences relating to this aspect, such as e.g.

psychological factors, cannot be ruled out.

Strictly speaking, our MED group was no best medical treatment group as for example
in the EARLYSTIM trial, since medication changes were not actively managed by an

independent expert panel (Schuepbach et al., 2013). However, we applied the same
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criteria (Horstink et al., 2006), and no deterioration of clinical outcomes including motor
scores, NMSS burden, and QoL was observed over the 36-month period, which may

indicate an overall successful management of these aspects in the MED group.

As indicated above, another limitation was that ICD and apathy were not systematically
assessed. Moreover, with regard to sleep dysfunction, we used the PDSS-1 that does
not capture RBD or sleep apnea. Further studies are needed to investigate the effects
of DBS on these specific NMS as well as their possible potential in predicting DBS
outcomes. An assessment of apathy might have particularly improved our prediction
model, as in previous research, patients with negative QoL outcome showed higher

preoperative apathy scores (Maier et al., 2013).

Due to the focus of this thesis on NMS in PD, some motor aspects, such as the
cumulative daily OFF time or severity of dyskinesia were not assessed in the described
studies. Also, motor examination was not conducted in pre- or postoperative
medication or stimulation OFF states. This is important, as these parameters might be
relevant in predicting DBS outcomes. Further studies are needed to investigate the

predictive potential of these parameters.

Moreover, in the comparison of non-motor effects following STN- and GPi-DBS, the
follow-up period of six months was short, as long-term data of the GPi-DBS group was
not available at that time. This is of great relevance, as previous studies have raised
concern regarding the long-term efficacy of pallidal stimulation (Volkmann et al., 2004),
whereas other studies report stable responses (Lyons, Wilkinson, Troster, & Pahwa,
2002). Consequently, subsequent studies with longer follow-up periods are needed to
confirm the findings on differential non-motor effects of STN- vs. GPi-DBS presented

here.
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3.7 Conclusions and implications

The core research question of the present thesis concerns the long-term effects of
STN-DBS compared with MED on a wide range of NMS. This was accomplished in a
prospective, observational, controlled, international, multicentre study. Furthermore,
predictors of long-term QoL outcome after STN-DBS were examined, as previous
research has observed considerable interindividual variability in QoL outcomes.
Additionally, in an explorative analysis, differential non-motor effects of STN- and GPi-

DBS at 6-month follow-up were examined.

The present thesis provides Class llb evidence for beneficial effects of STN-DBS
compared with MED on NMS total burden and specific NMS. Non-motor outcomes
were significantly correlated with QoL improvements after STN-DBS highlighting their
importance and the relevance of holistic assessments of NMS in PD. A large proportion
of patients did not experience clinically relevant QoL improvement at 36-month follow-
up. Younger age at intervention, worse preoperative QoL, and specific NMS were
predictive for beneficial long-term QoL outcome. Both, subthalamic and pallidal DBS
improved global NMS burden at 6-month follow up. Distinct profiles were found for the
attention/memory and miscellaneous domains, which improved in the STN-DBS group,

and cardiovascular and sexual function domains, which improved in the GPi-DBS

group.

Studies comparing effects of different treatment options, for example, for STN-DBS,
GPi-DBS, and standard-of-care medical therapy as investigated in the present thesis,
enable better informed treatment choices as well as selection of DBS targets for
individual patients. The selection of the DBS target can reasonably take into

consideration the non-motor profile of the patient, as motor outcomes of STN- and GPi
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DBS did not differ significantly. The observation of greater QoL improvements at 36-
month follow-up in patients with younger age at intervention, worse preoperative QoL,
and specific NMS profiles contribute to the long-term goal of identifying patients who
experience more considerable postoperative QoL improvement. This research helps
to provide a basis on personalized medicine to patient’s individual PD profiles to better
identify patients with the greatest benefits of each treatment option. Further
randomized, controlled trials investigating non-motor outcomes for different treatment

options and DBS targets are required to compare their differential effects.
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5. Erklarung zum eigenen Anteil an der Dissertation

Die vorgestellten Studien sind ein Teil der Non-motor Longitudinal Interventional Study
(NILS) der ,Non-motor Parkinson’s Disease Study Group“ der ,International
Parkinson’s and Movement Disorders Society“. Das Studiendesign wurde von Herrn
Dr. Haidar Dafsari und Prof. Dr. Ray Chaudhuri erstellt. Die Erhebung der klinischen
Daten erfolgte seit 2012 durch medizinische Doktoranden und seit 2018 auch durch

mich.

Bei den drei Erstautorenschaften ,A prospective, controlled study of non-motor effects
of subthalamic stimulation in Parkinson's disease: results at the 36-month follow-up”,
~Subthalamic Stimulation improves quality of sleep in Parkinson disease: a 36-month
controlled study“ und ,Non-motor predictors of 36-month quality of life after
subthalamic stimulation in Parkinson disease”, welche in den Fachzeitschriften
,<Journal of Neurology, Neurosurgery, and Psychiatry®, ,Journal of Parkinson’s disease”
und ,npj Parkinson’s disease” veroffentlicht wurden, erfolgte die Konzeption und das
Design der Datenanalyse durch mich und wurde durch Herrn Dr. Dafsari unterstitzt.
In den ersten beiden Studien wurden erstmals die Studienarme der Patienten, die eine
Tiefe Hirnstimulation erhalten haben, mit Patienten verglichen, die ausschlieRlich
medikamentds behandelt wurden. Die Auswertung der Daten sowie die Erstellung der
Abbildungen und Tabellen erfolgte in eigenstandiger Arbeit durch mich. Die
Interpretation der Ergebnisse und das Erstellen der Manuskripte erfolgte durch mich

und Herrn Dr. Dafsari in beratender Funktion.

Bei den Publikationen ,Beneficial nonmotor effects of subthalamic and pallidal
neurostimulation in Parkinson’s disease” und ,Beneficial effect of 24-month bilateral

subthalamic stimulation on quality of sleep in Parkinson’s disease® war ich an der
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