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1. Summary

1.1 Abstract

Freezing phenomena including freezing of gait (FOG) highly disturb the quality of life ingwaiidnt

tF NJAYyazyQa RAASEAS 06t-BAPRand degpdiaiyf stindagion bf théd K S NI LJ8 =
subthalamic nucleus (STDBS) cannot satisfactorily relieve these symptoms, although it ameliorates
most motor symptoms like rigidity and bradykinesia. éenotor symptoms are primarily caused by
degeneration of dopaminergic cells in the substantia nigra, which induces pathologically increased
inhibitory output from the basal ganglia. STNBS may reduce the excessive basal ganglia output,
however the workig mechanism of STRBS and the influence on the neuromuscular network
effects need further elucidation. In this context, we found that $IBE could lower pathologically
increased lowfrequency intermuscular synchronization during continuous finger tapping
Furthermore, STADBS strengthened the corticospinal connection during continuous finger tapping,

displayed by the increased corticomuscular coherence in the tapping frequency.

With respect to freezing phenomena, it is necessary to further elucidatpalti@physiological
mechanismWe thereforeintroduced a dual task to trigger upper limb freezing (ULF). Offline we
defined criteria to detect freezing episodes from the biomechanical recording. We observed that
during ULF cortical activity was increasethm alpha band compared to continuous finger tapping.
During ULF, this increased alpha cortical activity started over the contralateral sensorimotor cortex
and spread to the contralateral frontal cortex and the ipsilateral parietal catteing thefreezing
episode. Furthermore, observed that a higher number of ULF episodes was associated with an
increased corticecortical beta synchronization. These findingacreased alpha activity and

increased beta synchronizatiorcould probably functionsbiomarker to predict freezing

phenomena. This will enable us to decipher pathophysiological mechanisms of freezing phenomena

further. Consequentlyisingthis knowledge may improve therapy to meet the therapeutic need.



1.2 Zusammenfassung

Freezin@Phanomene einschliel3lich Galyeezin@{FOG) stéren die Lebensqualitét erheblich bei
Patienten mit der ParkinseKrankheit (PD). Mit konventionetierherapien wie {DOPA und die Tiefe
Hirnstimulation des Nucleus Subthalamicus (®B$) sin&Freezin@Pharomenenur eingeschrankt
behandelbar, obwohl sie die meisten Motorsymptome wie Rigor und Bradykinesie zufriedenstellend
verbessern. Diese motorischen Symptome werden vor allem durch Degeneration der dopaminergen
Zellen in der Substantia nigra verursachg eine pathologisch erhéhte Hemmung der Basalganglien
induziert. STNDBS kann den exzessiven Basalganglienausstol3 verringern, jedoch sind der genaue
Wirkmechanismus von STDBS und der Einfluss auf die neuromuskuléren Netzwerkeffekte
unvollstandig charaktgsiert. In diesem Zusammenhang stellten wir fest, dass[388l die

pathologisch verstarkte niederfrequente intermuskulare Synchronisation wahrend kontinuierlichem
FingerTapping verringert. Dartiber hinaus konnte SIBES die kortikospinale Synchronisation

wahrend kontinuierlichem Fingérapping starken. Dies war anhand einer erhéhten

kortikomuskularen Kohérenz in der Tappingfrequenz ersichtlich.

Hinsichtlich detPreezin@Phanomene ist es notwendig, den pathophysiologischen Mechanismus
aufzuklaren. Deswen fiihrten wr eine sogenannte DudlaskingAufgabe ein, um die Anzahl der
Freezing@Phanomene bei Bewegungen der obere Extremitat (ULF) zu steigern. Offline haben wir
Kriterien definiert, um die ULF aus der biomechanischen Aufzeichnung zu detektieren. Wi
beobachtetendass wahrend der ULF die kortikale Aktivitat im AlBlaad gegeniiber dem
kontinuierlichen Fingefrapping erhdht war. Diese erhohte alpkartikale Aktivitat nahm tber dem
kontralateralen sensomotorischen Kortex inren Ausgang und breitetevgiihrend der ULF zum
kontralateralen frontalen Kortex und ipsilateralen parietalen Kortex aus. Auf3erdem beobachteten
wir, dass eine hohere Anzahl von tHisoden mit einer erhdhten kortikikortikalen Beta
Synchronisation eintrging. Diese spektralen Magr erhdhte AlphaAktivitat und erhdhte kortike
kortikale BetaSynchronisation kdnnten maglicherweise als Biomarker fungieren, um ULF
vorherzusagen. Dies ermdglicht es uns, pathsiologische Mechanismen dé€ireezin@®

5



Phanomene weiter zu entschlisseFolglich kdnnen wir mit diesem Wissen die Therapie verbessern,

um den therapeutischen Bedarf zu decken.



2. Synopsis

HOMD t I NJAYyaz2yQa RAaSlkas

2.1.1 Overview

tF NJAyaz2woaaRbEESaS02yR Yz2ald 02YY2y ySdz2NBRSISy SN
diseasdgde Lau and Breteler, 2006) affects about 1% of the people above age 65 worldwide. |

Europethe approximate incidence rate is 5/100,0Qger year(Von Campenhausest al.,, 2005)
However,PDbecomes increasingly prevalent with age. In this respect, the prevatesassfrom

113/100,000 with age 589 years to 2953/100,000 with age 80+ yeaith a slightly higher

prevalence oPDin men than in womaiiPringsheiret al, 2014 Tayloret al,, 2007) Research to

improve both the pathophysiological understanding of PD and therapy is important, because the

aging world population increases tsecial and economic burden.

The etiology oPDremainslargelyunknown,howeverthe gendic background ipartly established.
Approximately 510 % of the casesan be explainetly monogenicautosomal dominanor
autosomal recessivimheritance(Kalinderiet al., 2016; Sharmat al., 2012 Schieslingt al., 2008.
Monogenic disease @ften characterizedy an early onsetbetween 20 and 50 yearand amilder
progression especially in autosomal recessive inheritaridevertheless, the majority of theD
patients are sporadic, probabtgflecting complexnteractionof multiple genetic and mvironmental
factors.These sporadic PD patients yield high clinical heterogeneity represented hwittiple
genetic mutations discovered thatayincrease thesusceptibility toPD(Schulte and Gasser, 2011)
The most robust and consistently replicatessaciations have been fouridr h -synuclein MAPT

LRRK2and GBA(Kalinderiet al., 2016)

PD is characterized by four cardinal motor symptoms: tremor at rest (frequefidy2}, rigidity,
bradykinesia (or akinesia), and postural instab{lignkovic2008) Rest tremor typically disappears
during movement or sleep. Rigidity is characterized as resistance and stiffness against movement of a

joint. Bradykinesia is often the most prominent symptom and refers to slowness of movements. The
7



fourth cardinal gmptom, postural instability, typically occurs in a later stage of the disease and

causes impaired balance which may lead to falls. Other classic features of PD are a flexed posture and
freezing of gait (FOG). Nanmotor symptoms are more diverse among Pdignts, although the most
common are autonomic dysfunction, neuropsychiattiorders and sensory and sleep

abnormalities(Chaudhuri and Schapira, 2009)

2.1.2 Pathophysiologgnd therapy

PD relates to degeneration of dopamine neurons in the substantia nigra. The substantia nigra is part
of the basal ganglia, a diverse set of nuclei that amongst others regulate upper motor neuron circuits
to initiate or suppress movements. Within the bagahglia, a dopaminergic nigrostriatal pathway
projects from the substantia nigra pars compacta to the striatum (consisting of the caudate nucleus
and putamen), that controls a motor loop of neurons feeding forward to the motor cqRixgerald

et al, 2007a) The basal ganglia initiate movements and suppress unwanted movements via the
direct and indirect pathway within the basal ganglia, whichianeet effectexcitatory (bearing

dopaminel receptors) or inhibitory (bearing dopami2ereceptors), respestely. In PD, the loss of
dopamine may lead to an imbalance of the direct and indirect pathway interplay, with a
preponderance of indirect pathway activatig@bescet al., 2008) Thetonically active substantia

nigra pars compacta loses activity ahd attenuates the tonic facilitation of the D1 receptors and
reduces the tonic inhibition of the D2 receptors. Thereby, the direct pathway is disengaged, the
indirect pathway is activated by default (Figure 1). This automatic engagement of the indirect
pathway disinhibits neurons of the subthalamic nucleus (STN) which increases the inhibition from the
globus pallidus interna to the thalamocortical pathway, decreasing the thalamocortical motor

output.



A. Healthy B. Parkinson’s disease
[————————1 Cerebral cortex [—————— Cerebral cortex
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Figure 1IModel of the basalganglia motor network in healthy subjects (A) an®(B) by degeneration of the

dopamine neurons in the SNc.
Abbreviations: GPe = Globus pallidus, external segment; STithalmic nucleus; GPi = Glolpadlidus,
internal segment; SNr = Substantigmai pars reticulata; SNc = Substantia nigra pars compacta; PPN =

pedunculopontine nucleuracket al, 2010; Purvest al., 2008)

It is thought that PD originates from a progressive failure of dopaminergic transmission. It is
estimated that already 60%ercent of the neurons in the substantia nigra pars compacta are lost
when the first motor symptoms appeébauer and Przedborski, 2003)Jthough the motor

symptoms of PD suggest a sole brain disease, there is evidence that pathological changethstart in
olfactory bulb and enteric nerve plexus and then transfers via the dorsal motor nucleus of the vagus
nerve to the lower brain stem and finally the midbréiawkeset al., 2007) This process has been
divided in six stages and the starting olfactoryeateric origin would elucidate the preymptomatic
non-motor symptoms, such as olfactory dysfunction and gasttestinal disordergBraaket al.,,

2003; Re¥et al,, 2016) Moreover, emerging evidence point to additional neurodegeneration of

various nondopaminergic neurotransmitter systengStayte and Vissel, 2014)
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Hitherto, the therapy of PD consists of symptomatic treatment strategies and modification of the
disease course remains unachieved. Although progress has been made in symptomatic treatment, L
DOPA still controls the symptoms most effectidignkovic and Aguilar, 2008DOPA is a precursor

of dopamine and can pass the blebdain barrier, unlike dopamine itself. In addition, dopamine
agonist, catecheb-methyHransferase inhibitors and nedopaminergic agents can relieve the
symptoms. At young age, dopamine agonats often preferred, because a lotgrm use of EDOPA
tends to increase the incidence of motor fluctuations including dyskir{daigkovic and Stacy, 2007;
Marsden, 1994)L.-DOPA particularly treats bradykinesia. In the more advanced disease stages, the
therapeutic window becomes smaller, as is apparent by motor fluctuations including dyakines

(Jankovic, 2005)

Therefore, in intermediate disease stages dominated by motor fluctuations, high frequency
stimulation of the STN can stabilize motor symptomtoarand quality of lifgDeuschkt al., 2006;
Schuepbaclet al,, 2013) Deep brain stimulationd{B$ of the STNwmeliorates bradykinesia, tremor,
and rigidity as well as motor fluctuatiofiKleinerFismaret al., 2006)and, thus, enormously

improves thequality of life Deuschkt al.,, 2006)

2.1.3Mechanisms of subthalamic deep brain stimulation

DBS was first introduced in 1987 by implanting an electrode in the thalamic nucleus ventralis
intermedius to suppress trem@Benabidet al., 1987) In 1993, #D patient was implanted in the

STN for the first timéPollaket al,, 1993) There is an ongoing debate on the presumably multifold
working mechanisms of DBS. The former invasive effective treatment therapy for PD was functional
ablation. Since DBS mimite effects of functional ablation, the hypothesis put forward that DBS
inhibits the local neurons around the active contact(s) of the elect{@dmeskt al., 2013)

However, some neurons show higher firing rates in direct surrounding of the electnotiha

output of the stimulated nucleus is not decreagg&kun, 2012)Indeed, high frequency stimulation

10



of the STN activates the axonal output of the nucleus, such that the globus pallidus externus and
internus exhibit increased firing rates tinh@ckedto the stimulation pulse traitfJohnsoret al.,

2008) Furthermore, DBS has not only a local effect, but it affects the whole basal giadgiso-
cortical network. Theénhibition of the STN overactivity may strengthen the cortical control and

therebyimprove motor function(Kiihnet al, 2008; Saleniust al., 2002; Weisst al,, 2012)

Overactivity of the STN involwymotor impairmentcausedby inhibitedmotor cortical activation
(Devoset al, 2004) Thelocal field potential of the STékhibitpathophysiological increased beta
activity during overactivity, whiclean be reduced by movementDOPA, or SFRNBSBrownet al,,
2001; Giannicolat al., 2010; Kuhret al, 2004) Furthermore, his reduction is associated with

clinical improvemen{Kihnet al., 2008)

Also, in the cortex we observed a decreased beta codartical synchronization with therapgnd

this was associated with motor improvement (Fimgk can be found in chapter 5\8/eiss et al.,

2015: Subthalamic stimulation modulates coal motor network activity and synchronization in
Parkinson's disease). Corticortical synchronization can be computed from a fiovasive

multichannel electroacephalography (EEG). EEG is characterized by its sinusoidal waveforms, which
can be dividedn different frequency bands. These oscillations are measured in microvolt and is the
additive effect of interactive cortical pyramidal neurons arranged in neighboring cortical cell

columns. These interactions cause current flowing and EEG measures #at ofithe extracellular

space(Fitzgeralcet al., 2007b)

Corticacortical synchronization is a measure of neuronal synchronization and is caused by
communication of different brain areas. These local neuron ensembles integrate complex

information that poved useful for neuronal processing and integration.

Using EEG and electromyograpt@cordings we observed pathophysiological neuromuscular
correlates modulated by STDBS in PD patients. Therefore, we measured PD patients with the STN

5. { U dz2NWRR YHF W Q@ > I- dndigendle mdtchdd Bealthyac8ntrols during the
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performance of finger tapping of the right index finger (Findings can be found in chapter 5.3:

Scholten et al., 201&euromuscular correlates of subthalamic stimulation and uppeb fireezing

AY t I NJ AYRWeobstrveR path@dgidal increased low frequency intermuscular
AeYOKNRYAT FGA2Yy 0S8S06SSy (GKS F3a2yAad FyR FyGlF3zya
was lowered by STRBS. A high intermuscular synchraian might reflect common supraspinal

input to the muscles. However, corticomuscular coherence was absent in this low frequency range
excluding the cortex as direct possible supraspinal generator. Alternatively, spinal motor neurons

might receive subcortial inputs conveying pyramidal motor output, e.g. through the nigtaculo-

spinal pathway. This nigm@ticulo-spinal pathway can be influenced by dopaminergic medication

(Delwaideet al,, 1993)and STNDBSP6tter-Nergeret al., 2008) which may explaithe decrease of

intermuscular coherence when the SDBS was turned on.

Another interesting finding was the depressed corticomuscular coherence around the individual
tapping frequency in PD patients as compared to healthy controls. HereDBSNMoul@énhance the
corticomuscular coherence towds the level observed inealthy controls. Increased

corticomuscular coherence indicates increased corticospinal contribution to spinal motor output, i.e.
STNDBS strengthened motor integration upon the corticospipathway. This is plausible, because
STNDBS inhibits the overactivity of the STN, therebfpancinghe activity in the STihalamo

cortical pathwayLimousiret al., 1997)

12



2.2. Freezing phenomena

Festination of gait, often precursor ofFOG was ascribed for the first time by James Parkinson in

MyMT AY KAA ¢ 2XjropdhaitiKto heidythg trunk féreasds) and to pass from a

gt 1Ay3a G2 | (Pakisdy, 200Fn 1827, Gl @@ is the first to describe festination at

gait nitiation, although the descriptionisvery terd¢:X 1 KA a ANNBaAadAoftS GSYyRSy
pace depend exclusively on the centre of gravity being displayed forward by the inclination of the

head and body. These are not constant and necessary plerarhey are even frequently enough

I 6 & S (Charc@, 1877)Already in 1954, it was recognized that freezignomena arenot
NEAGNRAOGSR (2 3FLAdGY {OKgl o RSAONAROSR (KS 2 00dz2NNE
limb, especially when accorapied by a dual tasfSchwaltet al., 1954) In 1973, the freezing

phenomenonitself was described by Andrews, associating it with a form of dystonia including co

contraction of the agonist and antagon{#gndrews, 1973)

Since then not many reports refexddo freezing. Only in the last 15 years a growing interest in

freezing phenomena and its underlying pathophysiology emerged. Freezing phenomena are

characterized by an episodic inability to produce effective movement during the initiation or

repetition ofa movement. In FOG, patients report about their feet like glued on the ground, making

it impossible to move forward effectively. Such episodes are characterized by a combination of

frequency increment and amplitude decrease during a repetitive movemank as walking in the

soOF f f SR WpABIYHOUE S yANBST Ay3aQd ¢KSe INB y2iG NBAGNRO
recognized in atypical Parkinsonism like progressive supranuclear palsy and multisystem atrophy, or

in focal lesions of specifigdin structures such as brainstem, basal gangliahe frontal lobe(Nutt

et al, 2011)

FOG is typically more preponderant during restriction of space, such as in turning or in approaching
an object or a narrow doorway. In addition, FOG can be triggeyadcreased cognitive load like
dual tasking. It can often be prevented by sensory triggers, such as white stripes on the floor or an

acoustic signal. In general, divided attention triggers FOG and focused attention on gait can alleviate
13



FOGBloemet al., 2004; Rubinsteipt al, 2002) Due to itsemergencean many common daily life
activities, FOG intes§NB a Y I & a A @St emolility éarfd théréfaBe detiridrateS tiai a Q

LI GASy(Qa (Modeeet &, 2@07)2 F f AFS

Many PD patients experiendeeezingand about 38% suffer regularly from FQR&rezLloretet al.,

2014) As PD progresses, FOG is experienced more often. This aligns to decreased quality of life in
patients sufferingrom FOEPerezLloretet al, 2014) FOGs one of the main reass for falls, and

can be explained by the fact that the feet stuck while the center of gravity proceeds forwards at the
same time. In addition, most of the patients suffering from FOG have concomitant balance problems

as further mechanism behind fallBloem et al., 2004)

Ly GKS fAGSNY GdzNBx | Of AYyAOFf g2N]lAYy3 RSTFAYAGAZY
inability to generate effective stepping in the absence of any known cause other than Parkinsonism

or higherlevel gait disorders. Is most commonly experienced during turning and step initiation, but

also when faced with spatial constraint, stress and distraction. Focused attention and external stimuli

(cues) can overcome the episdd&iladi and Nieuwboer, 2008; Nut al,, 2011) Freezing

phenomena typically last for several seconds but ralasylonger than thirty seconds. Freezing is

generally categorized into at least three common phenomenologie®mplete motor block also

Ol £ £ SR itrembligg3IndverhetDdf the pon the place, anidi) trembling in place with

minimal forward progressio(Schaafsmat al., 2003)

2.2.1Physiology of gait

Most of the knowledge about the hierarchical networks involved in the physiological control of gait

was obtained from animatadies, mainly in the cat. Gait is initiated by either volitional processing in

the cerebral cortex or emotional stimuli in the limbic system. After initiation, automatic processes in
the cerebellum, basal ganglia, and brainstem accompany the initiatedhloton by projecting via

descending pathways to the spinal cord in order to control posture appropriéfekakusalket al.,

14



2008) Animal studies showed that neural networks in the spinal cord can generate rhythmic limb
movements when externally stimulatgtori, 1987) These central pattern generators consist of
organized groups of interneurorislaggluncet al, 2010) Human beingexhibit also central pattern
generators, as shown by complete paraplegic patients. They demonstrate a patterned, locomotor
like activity when stimulating the lumbosacral spinal c(@nitrijevicet al., 1998) The

mesencephalic locomotor region (MLR)dted in the midbrain of the brainstem projects via the
medial reticular formation to the spinal locomotor systé8humwayCook and Woollacott, 2007)

and is considered as the main locomotor center. It receives excitatory input from the cerebral cortex
(mainly supplemental motor area and premotor cortex), limbic system, and cerebellum, as well as
inhibitory input from the basal gangl{@akakusaki, 2013Predictive modulation of the step cycle is
controlled by the cerebellum, which receives proprioceptivierimation via the spinocerebellar tract

from peripheral nerves, muscles, joints, and skin.

222D AG Ay tINJAyaz2yQa RAaSFas

In contrast to other cardinal symptoms of PD, gait problems and postural instability respond poorly
to dopaminergic medicatiorparticularly in advanced disease stages. In the early disease stage
dopaminergic medication can improve gait by increasing the stride length and stride véBbicist

al., 1991). However, as disease progresses, dopaminergic medication often failsroviengait

(Grabliet al,, 2012 and this strengthens the view that the pathophysiology of PD also involves non
dopaminergic networks. Candidates are the cholinergic and glutamatergic networks within the MLR,
which are located in the brainstem. The incredseitput from the main basal ganglia output centers

in PD suppresses the activity in the MLR and pedunculopontine nucleus (PPN) within the brainstem.
This suppresses locomotion and increases the postural musclg Takaekusakét al,, 2003, 2011)
Furthemore, a cholinergic lesion in the PPN of healthy monkeys caused a reduction of the step
length and step velocity during locomotidm. PD, PPN cholinergic neurons degenerate over time

(Hirschet al,, 1987; Zweigt al,, 1989) This emphasizes that PPN c¢hetgic depletion could
15



associate to pathological locomotor integration in PD. The PPN is influenced by the basal ganglia,
however a direct glutamatergic pathway from the STN to the PPN was not found in h{fzdnagill
and Lozano, 2000Y he effect of STRBS on gait is controversial. Overall, it may have a positive
effect on gait speedRoperet al, 2016) Nevertheless, FOG lacks therapeutic benefit from-SBN

in a substantial proportion of patien{€ollombClerc and Welter, 2015; Vercruysseal., 2014)

Biomechanical measures can improve the methodology of a study by providing objective and
sensitive measures to observe gait improvement. They show us thaD8B\tasubstantially
improve the spatial parameters, such as stride length and stride velocityftaut not the temporal
parameters, such as stride tinfEaist, 2001; Ferrarigt al., 2005) Furthermore, STIDBS decreases
the gait variability and gait asymmetfyohnseret al., 2009) which have been associated with the
occurrence of FO@-asancet al,, 2011; Plotnilet al., 2008; Plotnik and Hausdorff, 2008)n the
other hand, STADBS surgery may worsen the dynamic postural cof8bGeorget al., 2014)

which is an impdant function in order to keep balance during perturbed standing.

In our experiment, we compared gait between stimulation turned on and off in PD patients.
Therefore, we used three small wearable inertial sensors attached to the ankles and the lumbar
region. These sensors comprise a three axial accelerometer, gyroscope, and magnetometer, which
enabled us to compute accurately different gait parameters as stride length, stride time, and stride
velocity. We found that STN stimulation significantly imprdwe stridelengthand the variability of

the stridelength, as well as gait asymmetryifidngs can be found in chapter 5.5cholten et alin

prepy 9FFSOGA 2F AdOGKFEFYAO FYR YAINIE AGAYdA | GA2

Enlarging the understandinof the pathophysiological working mechanisms of locomotion is
unfortunatelygrowing slowly, also due to the ambulatory character of gait, which impedes imaging
of the brain. Therefore, previous imaging studies used virtual reality paradigms in theohaicti
magnetic resonance imaging (fMRI) scanner to disentangle the locomotor network in PD patients. It

is well known that the execution and imagery of a task show substantially overlapping neuronal

16



networks(Stinearet al., 2006) These fMRI studies revedl that besides decreased perfusion of the
MLR, gait disturbances in PD are associated with decreased posterior parietal peftfiasiachiet

al., 2012; Snijderst al, 2011) The posterior parietal cortex enables motor adaptation by modifying
the walkirg pattern based on the visual inp(@rémerst al, 2012; Drewvet al., 2008) However,

more work is needed to disentangle the pathophysiological mechanisms of gait in PD in order to

optimize current therapies.

2.2.3Detecting freezing of upper limb

We defined criteria to detect freezing of upper limb in a tapping task. Therefore, we instructed the
subjects to tap continuously as quickly as possible with the right index finger. The exerted pressure of
tapping was recorded by a force transdudéfe definel biomechanical constraints to detect freezing
phenomena. Similar to FOG, freezing phenomena are labeled as an episodic, unpredictable, and
variable presentation. The gold standard to detect FOG is clinical observation of video recordings by
an experienceaheurologist. A frequently occurring subtype of FOG, trembling in place, can be
identified by an increase in frequency of the horizontal acceleration measured on the legs. Normal
gait is characterized by a main frequency betweehi@z. In FOG episodesetfrtequency spectrum
increases to B Hz. Although it is unclear whether FOG and upper limb freezing (ULF) share the same
neuropathological correlate@@arbeet al,, 2014; Nieuwboeet al., 2009) ULF and FOG share the

same clinical characteristics, i.e mcreased frequency and decreased amplitude. Therefore, we
defined in our work criteria to detect ULF based on these characterigtibe: amplitude deflection

of the finger tap decreaseolver50%,ii) the frequency of motor output increased aboved2 andiii)

the duration exceeded one secofi@igure 1 in chapter 5.3: Scholten et al., 204€éuromuscular

O2NNBfFiSa 2F adodKIEFYAO adAYdzg FGr2y FyR dzLILIS NI

2.2.4Understandingfreezingof upper limb
We detected episoes of ULF and regular tapping in the biomechanical signal and used them to
observe the cortical signature from the EEG, which was synchronized to the biomechanical signal.

During ULF, alpha activity-{4 Hz) increased over the contralateral frontal, matod parietal
17



cortex. Timefrequency analyses indicated that during ULF alpha activity increase started in the left
motor cortex (contralateral to hand movement) and spread to left frontal and right parietal areas.
Cortical alpha activity may reflect infilon of unwanted movement, appearing mainly over the
bilateralsensoimotor corticesduring suppression of a sgdaiced finger movementSausengt al,

2013) Moreover, increased alpha activity over the sensorimotor cortex was associated with reduced
corticospinal excitability, as was suggested from TMS st8mssengt al,, 2009) In addition, alpha
activity indicates increased focused attention on motelated processefCooperet al., 2003;

Klimeschet al., 2007) This may be accomplished by active inhibition of cortical regions irrelevant for
the execution of the tasklensen and Mazaheri, 201This may explain why we observed an

increased alpha actity during ULF as compared to regular tapping.

On the other hand, distractioas is present in dual tasking, triggers the occurrence of ULF episodes.
We observed the cortical signatures during a dual task as compared to finger tapping only (single
task) Findings can be found in chapter 5.4: Scholten et al., 20@8ical correlates of susceptibility

02 dzLJJISNJI f AYO FNB S wefacuskd/on cottidal|adtiyitg ahd/Iqange RoktigeS | & S
cortical synchronization. We found a significant irase of beta range cortiecortical

synchronization over the left prefrontal cortex during dual tasking compared to single tasking.
Furthermore, this increase was significantly correlated with the numbe&hidepisodes observed.

This means that patients thia higher corticecortical synchronization in the beta band express a
higher susceptibility for ULF episodes. Cortical beta synchronization may indicate an inhibition of the
motor output, which can be caused by turning off the SIBEWeisset al,, 2015. In addition,

increased beta synchronization was observed at the level of the STN and cortex and could be
associated with impaired motor symptor{isiihnet al, 2008) The beta synchronization could be
decreased withIDOPA or STRBS. We observed the neased beta synchronization over the left
prefrontal cortex and this may suggest a link to executive dysfunction, expressed by impaired
movement automaticityTayloret al., 1986) Furthermore, atrophy of the prefrontal cortex was

linked to FOGKosticet al., 2012)
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2.2.5 Treating FOG
Although many studies were performed in relation to FOG, the treatment remains challenging.
Medical treatment and DBS are not always effective, especially in the advanced disease stage and

present an unmet therapeutic need.

However, different stimulation configuration options to improve axial disability and FOG have been

NBLZ2NISR® 'y StSYSyidl NB O2y7¥A 3 dadndstd Geyreagedhe i KS W
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amplitude voltage of the nodisease dominant side. As motor symptoms of PD are generally

presented asymmetric, optimization of movement symmetry may improve gait. Therefore, it is

favored to increase stimulation amplitude for the more smly affected leg and reduce the

stimulation amplitude for the less severely affected (Egsancet al., 2011) This strengthens the

hypothesis that FOG is related with gait asymmetry, as higher gait asymmetry was found in PD

patients with FOG compared D patients without FO@lotniket al., 2005)

.S4ARSa OKIy3aAy3a (GKS @2t GF3Ss 204KSNJ aiGdzZRASa SYLIK
stimulation. Although shofterm effects are promising on FOG, the segmental symptoms worsened

and thus will not bepplicable for long term stimulation in a relevant proportion of patigiM®reau

et al, 2008) Moreover, tolerance of the effect on FOG was observed around six weeks from

reprogrammingRicchit al., 2012)

Further, the PPN within the dorsolateral mesephalic tegmentum has been proposed as a

relatively new target to treat gait disturbances including HBfitet al., 2006; Rauchbt al., 2010)

In PD patients, a more severe loss of cholinergic neurons within the PPN have been be associated
with gait dsturbances and more frequent fallifgohnenet al., 2013; Bohnen and Albin, 2011,
Karachet al, 2010) In animal models, electrical stimulation of the PPN induces a rhythmic stepping
behavior(Karachet al., 2010) Low frequency stimulation of the PR\thought to increase the

neuronal activity and has been tested in PD patients with gait disturbances. However, the results are
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controversial and PPN stimulation not consistently improve parkinsonian symgiemnsyeet al,,
2010; Moroet al,, 2010; Wdkr et al., 2015) although a subjective improvement on FOG have been
reported (Ferrayeet al, 2010; Thevathasaet al,, 2011; Weltert al,, 2015) Consequently, the

patients eligible for this target as well as the clinical endpoints have to be refined.

Another entry point to access the brainstem locomotor area is the substantia nigra pars reticulata
(SNr). In PD, the overactivity of the SNr may decrease the neuronal activity of ti{g&Rbthet al,,
2010; Pahapill and Lozano, 2000pnsequently, tkimight impede the control of the locomotor
pattern modulated by the PPN. However, the SNr not only projects to the locomotor region and
spinal cord, but also has ascending projections within the thalaartical network. In our recent

study, we observedie effect of concomitant STN and SNr stimulation. With this combined
stimulation we cestimulate segregate functional motor loops (Findings can be found in chapter 5.1:
Weiss et al., 2013: Nigral stimulation for resistant axial motor impairment in Paykitish RA & S| & SK
randomized controlled trial). With a frequency of 130 Hz, the SNr will be inhibited, and this may
result in disinhibition of the PPN. This concomitant stimulation of the two nuclei may be
advantageous since the primarily effective STN st can be held constant, which implies a
constant control of segmental symptoms. We observed that concomitant nigral stimulation did not
improve overall axial disability as primary endpoint. However, it might benefit resistan{\WeiSs

et al, 2013) as was suggested from the secondary endpoint analyses. A fopadoubleblind
multi-center randomized controlled trial is under way to evaluate this preliminary finding

(https://clinicaltrials.mv/show/NCT@588144 Combined Stimulation of STN and SNr for Resistant

Freezing of Gait in Parkinson's Disease (STN+SNr)

From animal experiments among mouse and monkeys we obtained that SNr is integrated in different
network loops(Kitanoet al., 1998;Shermaret al,, 2015) In humanthe network connections of SNr

are hardly studied. One recentork in PD patients describéise differential effects of STN and SNr
stimulation, where SNr improved the axial symptof@bastaret al., 2009) Therefore, we an to

differentiate the effects of STN (stimulation of upper contact) respectively SNr stimulation
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(stimulation of lower contact) on gait and the associated parameters. In this experiment, we used

three small wearable inertial sensors attached to the ankted the lumbar region. These sensors

comprise a three axial accelerometer, gyroscope, and magnetometer, which enabled us to compute
accurately different gait parameters as stride length, stride time, and stride velocity. Nogemdyal
spatiotemporal prameterscan be determined, also gait asymmetry can be investigated. After

analysis, we observed that STN stimulation significantly improved the &ridéhand the variability

of the stridelength (Findngs can be found in chapter 5.5cholten et alin prep Effects of

ddz0 G KFfFYAO FyYR YyAINI t &dA Y Bath STNABdSNr&stmul@ionA G Ay t |
improved gait asymmetry. Said so, SNr stimulation may yield synergistic effect on STN stimulation,
however, this will not exclude additiahmodulation of nigregpontine locomotor contributions. This

is subject to ongoing followp studies.
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2.3. Outlook

We identified electrophysiological biomarkers of freezing phenomena on both muscular and cortical
level. We found that ULF was accompartigdan increment in the alpha band on both the cortex and
the antagonisimuscle On cortical level, this increase was observed over the contralateral
sensorimotor, left frontal, and right parietal regions. This wielfined spatial increase of alpha

activity could aid to detect freezing episodes during finger tapping and gait. However, increasing
alpha activity is not specific to freezing phenomena, as it is also observed in event related
desynchronization and synchronization processes as well as in attedgpendent cognitive
processesDirectly before the occurrence of F@@8 increase of theta activitid-8 Hz) over the SMA
region was bserved(Shineet al,, 2014) Another possible biomarker we observed is an increase in
cortico-cortical synchronizatioin the beta band during finger tapping, since this was associated with
increased freezing susceptibility. The episodic nature of freezing requires a clinical application that
ideally takes effect just before the freezing episode, to prevent it from ocayrA combination of
biomarkers on the individual level, could promote diagnostic accuracy and might aid to detect
transition states, i.e. time window along ongoing time series that are predicting an upcoming freezing
event, while still giving timeto inId Sy S GKSNIJ LISdziAOFffte& Ay 2NRSNI (2
imbalance finally ending up afreezing phenomenarCurrently, machine learning algorithms can
already detect FOG witbensitivityand specificityof more than95 % using biomechanicdbta

(Maziluet al,, 2012) In order to develop an effective therapy, future work is required to investigate

the mechanisms of the freezing pathophysiology.

In the future, freezing detection may enable personalized patterns of DBS delivery, i.e. adaptive

stimulation pulses might be delivered upon upcoming locomotor network imbalance and increased
susceptibility for freezing behavior. Exemplarily, if a transition from regular walking to FOG is

predicted from electrophysiological or biomechanical surrogatéshsy dzf G A2y Lzt aSa YA 3
locomotor network imbalance in an ideal scenario. To date, the optimal feedback signal for closed

loop DBS is unclear. However, signatures may differ across distinct PD motor symptoms, and
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integration of multimodal feattes may be necessary to account for specificity and signadise

ratio issues on single trial detection. Exemplarily, beta oscillations on both the level of the STN and
the cortex have been associated with worsening of rigidity. A recent study usdxtthgower of

the local field potential to trigger STN stimulation. Stimulation was only administered when the beta
power exceeded a certain threshdldittle et al., 2013) This adaptive stimulation was 30% more
effective than conventional open loop stifation. These results are promising that once the optimal

feedback has be found, STNBS can be personalized to meet the therapeutic need.
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Gait and balance disturbances typically emerge in advanced Parkinson’s disease with generally limited response to dopaminergic
medication and subthalamic nucleus deep brain stimulation. Therefore, advanced programming with interleaved pulses was put
forward to introduce concomittant nigral stimulation on caudal contacts of a subthalamic lead. Here, we hypothesized that the
combined stimulation of subthalamic nucleus and substantia nigra pars reticulata improves axial symptoms compared with
standard subthalamic nucleus stimulation. Twelve patients were enrolled in this 2 x 2 cross-over double-blind randomized
controlled clinical trial and both the safety and efficacy of combined subthalamic nucleus and substantia nigra pars reticulata
stimulation were evaluated compared with standard subthalamic nucleus stimulation. The primary outcome measure was the
change of a broad-scaled cumulative axial Unified Parkinson's Disease Rating Scale score (Scale Il items 13-15, Scale Ill items
27-31) at ‘3-week follow-up'. Secondary outcome measures specifically addressed freezing of gait, balance, quality of life, non-
motor symptoms and neuropsychiatric symptoms. For the primary outcome measure no statistically significant improvement was
observed for combined subthalamic nucleus and substantia nigra pars reticulata stimulation at the ‘3-week follow-up’. The
secondary endpoints, however, revealed that the combined stimulation of subthalamic nucleus and substantia nigra pars
reticulata might specifically improve freezing of gait, whereas balance impairment remained unchanged. The combined stimu-
lation of subthalamic nucleus and substantia nigra pars reticulata was safe, and of note, no clinically relevant neuropsychiatric
adverse effect was observed. Patients treated with subthalamic nucleus and substantia nigra pars reticulata stimulation revealed
no ‘global’ effect on axial motor domains. However, this study opens the perspective that concomittant stimulation of the
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Nigral stimulation for axial symptoms
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substantia nigra pars reticulata possibly improves otherwise resistant freezing of gait and, therefore, highly warrants a subse-

quent phase Ill randomized controlled trial.

Keywords: Parkinson's disease; DBS; gait; freezing; subthalamic nucleus
Abbreviations: STN-DBS = subthalamic nucleus deep brain stimulation; SNr = substantia nigra pars reticulata; UPDRS = Unified

Parkinson's Disease Rating Scale

Introduction

Deep brain stimulation of the subthalamic nucleus (STN-DBS) in
Parkinson's disease is an established treatment for segmental
motor symptoms and motor fluctuations (Deuschl et al., 2006;
Kleiner-Fisman et al., 2006; Weaver et al., 2009) including early
disease stages with beginning motor fluctuations (Schuepbach
et al., 2013). However, debilitating axial motor symptoms are fre-
quently observed during disease progression (Nutt et al., 2011)
and contribute to a disproportional decline of the therapeutic re-
sponse to standard dopaminergic treatment and to STN-DBS
(Krack et al.,, 2003; St George et al., 2010; Castrioto et al.,
2011). We postulate that these different therapeutic outcomes
of segmental and axial motor domains may mirror differential
functional sub-loops of pathological motor network processing.
Whereas standard STN-DBS may primarily facilitate the thalamo-
cortico-spinal motor control improving segmental symptoms
(Salenius et al., 2002; Potter-Nerger et al., 2008; Kuriakose
et al., 2010; Weiss et al., 2012a), gait disturbances in advanced
disease stages may be associated with defective motor processing
of mesencephalic locomotor pathways (Ferraye et al., 2010; Moro
et al.,, 2010) including descending nigropontine projections to
spinal motor neurons (Potter et al., 2008; Chastan et al., 2009;
Tsang et al., 2010; Thevathasan et al., 2011b; Weiss et al.,
2012a). An attractive approach to modulate nigropontine loco-
motor integration is to introduce co-stimulation of the substantia
nigra pars reticulata (SNr) on a caudal electrode contact of a lead
with rostral contacts located in the STN (Weiss et al., 2011a).
Advanced programming with so-called ‘interleaved pulses’ allows
independent stimulation of contacts with different amplitudes and
pulse widths at a common frequency (Weiss et al., 2011a;
Woijtecki et al., 2011; Kovacs et al., 2012) and therefore enables
us to co-stimulate segregate functional motor loops at the level of
the STN and SNr (Weiss et al., 2011a).

Materials and methods

This investigator-initiated phase Il double-blind randomized controlled
trial was registered at ClinicalTrials.gov (NCT01355835) and a detailed
study protocol was published elsewhere (Weiss et al., 2011b). The trial
was approved by the local Ethics committee in accordance with the
Declaration of Helsinki. All patients provided written informed consent.

Patients

Patients with advanced Parkinson's disease and gait and balance im-
pairment resistant to optimized dopaminergic and STN-DBS treatment
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(Weiss et al., 2011b) were enrolled if they met the following inclusion
criteria: age 18-80 years, disease duration >5 years, idiopathic
Parkinson's disease including genetic forms of typical Parkinson's dis-
ease, therapy with STN-DBS and Activa® impulse generator
(Medtronic), axial UPDRS =12 [sum score of Unified Parkinson's dis-
ease Rating Scale (UPDRS) I, items 13-15 and UPDRS llI, items
27-31], one of the two rostral electrode contacts located in the STN
area and the lowermost electrode contacts located in the caudal STN-
SNr border zone, dopaminergic medication unchanged for 4 weeks
before study enrolment, and implantation of STN-DBS electrodes for
at least 6 months. Exclusion criteria were cognitive impairment (Mini-
Mental State Examination <25 points), participation in other clinical
trials during the past 3 months or during study enrolment, acute sui-
cidal tendency or psychosis, other chronic pathological conditions
interfering with the study protocol or interpretability of the data,
and pregnancy. Comprehensive data on patient screening and patient
enrolment are given in the CONSORT flow diagram (Fig. 1). Patients
were screened for mutations in the most frequent Parkinson's disease
associated genes. One patient (Patient PD11) was identified with a
Parkin gene mutation (Supplementary material).

Study design

This study is a randomized double-blinded 2 x 2 cross-over single
centre clinical trial. After trial commencement, there were no changes
to methods or outcome assessments. We tested the hypothesis that
combined STN+SNr stimulation is superior to improve axial motor
symptoms compared with active subthalamic standard therapy after
3-week active treatment.

Patients underwent a detailed 'baseline’ assessment after overnight
withdrawal of dopaminergic medication (OFF medication, OFF stimu-
lation). In the same session, ‘immediate testings' of standard STN
stimulation versus combined STN+SNr stimulation treatment were
performed. These three treatment conditions [i.e. (Baseline) in OFF
medication OFF stimulation; standard STN stimulation in OFF medi-
cation; and combined STN +SNr stimulation in OFF medication] were
introduced 30min before the clinical ratings in randomized order.
This session performed in an OFF medication state was considered
to assess short-term efficacy and to ensure that parameters on sub-
thalamic contacts were optimally adjusted. At the end of the imme-
diate testing patients entered the ‘3-week follow-up’ stage with both
standard STN stimulation and combined STN+SNr stimulation active
treatment in randomized order, prepared by the Institute for Clinical
Epidemiology and Applied Biometry, Tibingen, Germany using a
computer generated randomization. Endpoint assessments were ob-
tained at the end of the ‘3-week follow-up' period and included
both clinical and anamnestic measures as detailed below. In this
cross-over trial we did not consider a second baseline assessment
after the first '3-week follow-up' period (before entering the
second ‘3-week' period). Based on current literature it is highly im-
probable, that carry-over effects from either combined STN+SNr

€10Z ‘0T 1quaoa( uo /erfojomay] 1p oymnsy e /310 sewmnolpioyxo-ureiq//:dny woiy poaprojumog



2100 | Brain 2013: 136; 2098-2108

D. Weiss et al.

CONSORT 2010 Flow Diagram

Assessed for eligibility (n=28)

Excluded (n=16)

+ Not meeting inclusion criteria (n=15),
i.e. cognitive impairment, electrode
localisation, competing disease, age

+ Declined to participate (n=1)

v

| Randomized (n=12) |

!

standard STN

Allocated to intervention (n=12) L
+ Received allocated intervention (n=12)

' Allocation

(cross-over)

STN+SNr

Allocated to intervention (n=12)
+ Received allocated intervention (n=12)

+ Did not receive allocated intervention (n=0)

L

¥ Follow-Up |

+ Did not receive allocated intervention (n=0)

Lost to follow-up (n=0)

Discontinued intervention (gait impairment)
(n=4)

3 Analysis

J
Lost to follow-up (n=0)

Discontinued intervention (n=0)

>

Analyzed (n=12)
+ Excluded from analysis (n=0)

Analyzed (n=12)
+ Excluded from analysis (n=0)

Figure 1 CONSORT chart. [STN + SNr] = combined STN + SNr stimulation.

stimulation or standard STN stimulation treatment might outlast a
‘3-week follow-up' given: (i) the immediate recurrence of motor
symptoms when the stimulator is switched OFF; and (ii) clearly dis-
criminable motor effects of subthalamic and nigral stimulation were
demonstrated within short time intervals (Chastan et al., 2009; Weiss
et al., 2011a). This was recently confirmed by an independent study
that described fast clinical wash-out after turning off the DBS that
was most pronounced in advanced disease stages (Cooper et al.,
2013). Therefore, and for ethical reasons, we did not implement
a second baseline assessment that would have necessitated
another L.-DOPA and stimulation withdrawal after the first ‘3-week
follow-up'.

Because both standard STN stimulation and combined STN +SNr
stimulation similarly controlled for segmental symptoms and did not
induce acute adverse events or other sensations using the study par-
ameters applied, there was no indication that the patients were able to
distinguish between the two stimulation programs. However, patients
and the endpoint assessor may have noticed when stimulators were
switched OFF in the baseline condition due to the recurrence of seg-
mental Parkinson's disease symptoms. For ethical reasons patients
were informed that the two programs of standard STN and combined
STN+ SNr stimulation were designed to study the differential thera-
peutic efficacy on gait measures.

The initial titration of subthalamic and nigral stimulation parameters
was performed by the principal investigator (D.W.) who also stored
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the allocation code and held it closed until all endpoint assessments
and final statistical analyses were performed. In order to keep both
patients and endpoint assessors blinded to the treatment condition,
parameters were changed several times between standard STN and
combined STN + SNr stimulation before maintaining the intended pro-
gram. Double-blind clinical endpoint assessments were performed by a
specialized expert neurologist trained in Parkinson's disease and DBS
treatment (T.W.). Patients were able to discontinue study treatment in
accordance with the accepted ethical standard.

Electrode localization

Localization of the active STN and SNr contacts were determined by
coregistration analyses of preoperative 3D T;-weighted MPRAGE and
postoperative 3D Tq-weighted FLASH sequences. Coregistration ana-
lyses were performed with Matlab 7.0 and the open-source toolbox
SPM5 and indicated electrode localization of active contacts in the
dorsolateral portions of STN and SNr, respectively (Fig. 2).

Therapy and stimulation parameters

At the time of study enrolment, all patients were implanted with
Activa® pulse generators (enabling advanced interleaved program-
ming). Some individual patients with longer follow-up periods of
DBS therapy (up to 79 months) initially received Kinetra® pulse
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Figure 2 Localization of active electrode contacts of (A) dorsolateral STN and (B) dorsolateral SNr. Coordinates relative to the mid-

commisural point (MCP) were: left STN —11.4 0.8, —0.9 £2.0, —3.0 +1.7; right STN 13.5+ 1.1, —0.5 +£ 1.7, —2.2 £ 1.5; left SNr
—10.0+0.9, —3.4+2.1, —6.4 +1.8; right SNr 12.1 £ 1.3, —3.3 £1.7, —5.8 +£ 1.5 (x, y, z; x = medio-lateral, y = anterio-posterior,
z =rostro-caudal). Electrode coordinates (mean =+ standard deviation in x- and y-direction) are visualized in coronal view on the Atlas of
the Human Brain with permission (Mai et al., 2007). (C) An additional illustrative image of electrode localization including a simulation on
volume of tissue activated was kindly provided by Medtronic based on work by Yelnik et al. (2007) (atlas) and D'Haese et al. (2012) (atlas

and algorithms).

generators; however these were changed to Activa® pulse generators
after battery depletion during regular clinical follow-up. Activa® pulse
generators were available at our study site from 2009.

The stimulation parameters applied during the study phase were
established according to our stringent predefined study protocol
(Weiss et al., 2011b) to achieve the best individual parameters for
active subthalamic contacts in patients with emerging gait disturb-
ances. This protocol provides a standardized procedure including the
concept of ‘better side reduction’ (Fasano et al., 2011) in order to
ensure best individual STN stimulation parameters before entering
the study. Here, in general the rostral contacts 2 (second upper left
STN of the quadripolar electrode) and 10 (second upper right STN)
were chosen, that also prevented current spreading from the subtha-
lamic active contacts to SNr. This programming was performed before
patients entered the study.

Importantly, when entering the study protocol, we again ascertained
that segmental motor symptoms were optimally controlled from stand-
ard STN stimulation. Therefore, the medication OFF session was con-
sidered to verify optimal stimulation parameters as gold standard (i.e.
for tremor, bradykinesia and rigidity) before entering the ‘immediate
testing'. Nigral stimulation was standardized on a common pulse width
of 60ps and all subthalamic and nigral contacts were stimulated at a
common frequency (125Hz). Detailed information on the stimulation
parameters is provided (Supplementary Tables 1 and 2).

Throughout the study the stimulation parameters of the active sub-
thalamic contacts as well as medication were held constant, including
‘immediate testing’ and both ‘3-week follow-up’ assessments. Of
note, owing to the delayed onset of dyskinesia after introduction of
combined STN + SNr stimulation, medication in one patient and nigral
stimulation parameters in two patients had to be adjusted during the
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'3-week follow-up'" according to the intention-to-treat principle (de-
tailed below).

Outcome measures

In this phase Il study we primarily aimed to investigate a broad spec-
trum of axial motor symptoms. Therefore, a broad-scaled primary end-
point was defined as ‘axial score' built from eight items of the
anamnestic UPDRS Il (items 13-15: falling unrelated to freezing, freez-
ing when walking, walking) and the clinical UPRDS III (items 27-31:
arising from chair, posture, gait, postural stability, body bradykinesia
and hypokinesia), all 5-point rated. For the statistical evaluation the
five rating points are represented by the numbers O to 4, which rep-
resent increasing levels of impairment on different axial motor domains
including freezing of gait, independence of gait, balance and posture.
This 'axial score’ was summed of the ratings across the eight items
(range 0-32). Secondary clinical endpoint assessments tested axial
motor function (UPDRS Ill, items 27-31), balance (Berg Balance
Scale; Berg et al., 1992), gait [timed walking test from Core
Assessment Program for Surgical Interventional Therapies in
Parkinson's Disease (CAPSIT-PD)], and freezing of gait (Freezing of
Gait Assessment Course) (Ziegler et al., 2010). The Freezing of Gait
Assessment Course reliably detects freezing of gait given its episodic
nature and dependence on environmental factors and includes elem-
ents like ‘walking through a narrow door’, ‘turning in tight space' and
‘dual tasking’ that are well-known to provoke freezing of gait. These
clinical ratings were obtained at baseline, upon ‘immediate testing' and
at '3-week follow-up' in all treatment conditions. Further anamnestic
measures were assessed at baseline and at ‘3-week follow-up’ on:
(i) gait impairment related to freezing (Giladi Freezing of Gait
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Questionnaire) (Giladi et al., 2009); (i) quality of life (PDQ-39);
(iii) neuropsychiatric symptoms (Beck's Depression Index, Barrett
Impulsiveness Scale); and (iv) non-motor symptoms (Non-motor
Symptoms Scale) (Storch et al., 2010). Note that the anamnestic
scores and the primary endpoint (including anamnestic items) were
not considered for ‘immediate testing' as treatment conditions were
separated by only 30 min.

Statistical analysis

The primary endpoint for the confirmatory statistical analysis was the
difference in the 'axial score’ between standard STN and combined
STN + SNr stimulation at '3-week follow-up’. A sample size of 10 pa-
tients was estimated to be sufficient to detect a difference of 4 points
on the primary outcome measure with 80% power, assuming a stand-
ard deviation of 4.0 (effect size: 1.0; NQuery Advisor 7.0). Assuming
normal distribution a two-sided paired t-test with & = 0.05 on the null
hypothesis of equality of the two therapies was applied. The normality
assumption on the primary endpoint was confirmed using the Shapiro-
Wilk test. To adjust for a maximum of two dropouts n =12 patients
were enrolled.

Assuming normal distributions, the statistical analysis of the primary
and all secondary outcomes includes a control for period effects.
Therefore, unpaired t-tests were used to compare the sum of the
scores in the two periods, i.e. the group of six patients who were
randomized to standard STN stimulation followed by combined
STN + SNr stimulation versus the group of six patients who were ran-
domized to combined STN + SNr stimulation followed by standard STN
stimulation (Wellek and Blettner, 2012). In the second step we ana-
lyzed the difference between the scores for combined STN+SNr
stimulation and for standard STN stimulation. First we confirmed the
normal distribution and if no evidence against the normality assump-
tion was found (P > 0.05 on the Shapiro-Wilk tests) we compared the
differences with paired t-tests. In case of evidence against the normal-
ity assumption we used sign tests.

The primary endpoint was statistically analyzed with the paired
t-test. The outcome on the primary endpoint was decided on a two-
sided significance level of 0.05. All secondary endpoints were analyzed
with an exploratory intention and no confirmatory interpretation was
drawn. As in this situation the ‘use of multiple test procedures will not
solve the problem of making valid statistical inference for hypotheses

Table 1 Patient characteristics

D. Weiss et al.

that were generated by the data’ (Bender and Lange, 2001) findings
from the exploratory analyses are subject to testing in confirmatory
follow-up trials and accordingly not corrected for multiple comparisons
here.

Moreover, given some clinical heterogeneity of our cohort concern-
ing disease duration and time from DBS implantation (as typically
observed along the variable endophenotypic spectrum of idiopathic
Parkinson's disease) we additionally performed non-parametric testing
on the primary endpoint and further on secondary endpoints without
normal distribution (Non-motor Symptoms Scale, CAPSIT-PD, Berg
Balance Scale) using a sign test. All measurements are presented
with mean =+ standard deviation for parametric tests and median
(range) for non-parametric tests. The results presented were two-
sided P-values without adjustments.

Results

Of 28 patients assessed for eligibility in our study centre 12 pa-
tients with advanced Parkinson's disease (nine male, age
65.0 & 8.9 years) were enrolled between January 2011 and June
2012 at the Department for Neurodegenerative Diseases
(Table 1). Reasons that precluded study participation were cogni-
tive impairment (Mini-Mental State Examination < 25; n=5),
caudal electrode contact located outside STN-SNr border zone
(n = 4), other disease that interfered with gait (n =5), age > 80
years (n=1), retracted consent (n = 1) (Fig. 1). The study cohort
had age at Parkinson's disease onset of 47.0 + 8.3 years, disease
duration 17.6 +5.2 years, and time since DBS implantation
31.3 =24.4 (range: 6-79) months. The mean Mini-Mental State
Examination score was 28.7 = 1.3 (no patient <25). Four patients
wished to discontinue standard STN stimulation treatment prema-
turely (Patients PD3, PD7, PD10 and PD11) owing to more pro-
nounced gait impairment (Patients PD10 and PD11), immobility
(Patients PD3 and PD7) or falls (Patient PD7). Three of these
patients had been treated with combined STN +SNr stimulation
first. A detailed overview on immediate (Table 2) and ‘3-week
follow-up’ results (Table 3) is given.

ID Age, years Gender Age at onset, Disease duration, Time with DBS, LED, mg Axial score at
years years months enrolment
PD1 63 F 42 21 18 490 20
PD2 72 M 58 14 20 890 20
PD3 74 F 48 26 61 275 15
PD4 68 M 51 16 8 934 14
PD5 61 M 44 16 53 150 14
PD6 71 B 53 7 30 575 {74
PD7 71 M 57 13 6 807 23
PD8 61 M 37 23 51 785 18
PD9 61 M 47 14 7 1098 12
PD10 67 M 41 26 79 440 14
PD11 41 M 31 10 10 350 14
PD12 70 M 55 15 33 1000 12

F =female, M = male; LED = .-DOPA equivalent dosage.
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Table 2 Results from ‘immediate testing’
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Baseline ‘Immediate Testing’
OFF medication Standard STN Combined STN + SNr P-value
OFF stimulation stimulation stimulation
Secondary endpoints
Axial UPDRS Il (items 27-31) 11.17 £3.56 9.25 +4.67 8.17 £4.09 0.041*
Segmental UPDRS Il (items 20-26) 38.0+5.10 29.17 £ 6.62 2758 +7.96 0.1347%
FOG-AC 2217 £11.74 16.25 + 12.78 8.67 + 10.92 0.0056"
CAPSIT [steps] 18.5 (13-82)§ 14.5 (8-51.5)§ 145 (8.5-36)§ 0.5488"
CAPSIT [time] 12 (6.5-105)§ 7.5 (5.5-67.5)8 8.5 (5-28)§ 0.7539°
CAPSIT [freezing] 0.5 (0-3)8 0.5 (0-3)8 0 (0-0.5)8 >0.99°
Berg Balance Scale 41.5 (11-56)8 47 (15-56)8§ 50 (9-56)8 0.7266°
FOG-AC = Freezing of Gait Assessment Course.
t-Test.
"Sign Test.
§Median (Min-Max).
Table 3 Results from the ‘3-week follow-up’
Baseline ‘3-week follow-up’
OFF medication Standard STN Combined STN +SNr P-value

OFF stimulation stimulation stimulation
Primary endpoint (axial UPDRS Il + III) 17.25 +£4.31 14.25 £5.75 13.42 + 6.47 0.470%, 0.5078°
Secondary endpoints
Segmental UPDRS Il (items 20-26) 38.0 +5.10 28.75 + 6.03 29.75 + 5.53 0.5180"
Axial UPDRS Il (items 27-31) 11.17 £3.56 8.08 + 4.01 8.08 +4.38 >0.99*
FOG-AC 2217 +£11.74 14.42 +13.19 8.33 +£ 10.91 0.0468%
CAPSIT [steps] 18.5 (13-82)§ 14.25 (8-115)8 13 (8.5-285)8 0.2266°
CAPSIT [time] 12 (6.5-105)8 7.5 (4.5-71)8 7 (5-22.5)8 0.3438°
CAPSIT [freezing] 0.5 (0-3)8 0.25 (0-3.5)§ 0 (0-0.5)8 0.0625"
Berg Balance Scale 41.5 (11-56)8 51.5 (19-56)8 51.5 (17-56)8 >0.99°
FOG-Q 14.67 +4.70 16.17 +3.83 1450 + 4.89 0.1013%
PDQ-39
Mobility 53.96 + 23.78 54.32 + 27.23 49.38 + 25.30 0.2925%
Activities of daily living 42.01 2045 45.08 + 23.04 45.14 + 22.46 0.4825%
Emotional well-being 26.74 +15.02 25.38 +21.45 23.96 + 17.87 0.5697%
Stigma 21.88 £27.24 22.73 £25.35 20.31 +£21.01 0.4592%
Social support 18.06 + 23.26 18.94 + 23.89 11.81 +10.93 0.2767%
Cognition 31.25 +£24.28 23.30 +22.89 24.48 + 21.89 0.4933*
Communication 40.97 +18.62 31.82 +21.99 36.81 + 22.88 0.6250*
Bodily discomfort 35.42 +£21.06 34.85 £+ 22.61 36.81 + 16.84 0.7623%
BDI 8.67 £3.37 7911394 9.25 +5.55 0.3497%
NMSS
Cardiovascular 1 (0-9)8 0 (0-6)8 0 (0-9)8 0.3750°
Sleep 9 (0-20)§ 8 (0-24)§ 11.5 (0-28)§ 0.1797°
Mood 5.5 (2-18)§ 8 (0-28)8 7 (0-49)8 0.7539"
Cognition 0 (0-12)§ 0 (0-4)§ 0 (0-13)§ >0.99°
Concentration 6 (0-27)8 4 (0-24)§ 5 (0-32)§ 0.2891°
Gastrointestinal 8 (0-25)8 8 (0-20)§ 6.5 (0-20)§ 0.7266°
Micturition 7 (0-30)§ 8 (0-28)§ 8.5 (0-18)§ >0.99"
Sexual function 4 (0-18)§ 0 (0-12)8 1 (0-12)8 >0.99°
Sundries 7 (0-24)8 4 (0-26)§ 9 (0-18)§ 0.7266°
Barrett Impulsiveness Scale 62.6 +5.91 63.55 +4.3 61.67 +£5.18 0.2894%
UPDRS IV 5.75 + 1.96 6.27 +2.45 5.17 £ 3.04 0.2335*

FOG-AC = Freezing of Gait Assessment Course; FOG-Q = Freezing of Gait Questionnaire; CAPSIT = timed walking test from the Core Assessment Program;
PDQ-39 = Parkinson's disease questionnaire (Quality of life, 39 items); BDI = Beck's Depression Scale Index; NMSS = Non-motor Symptoms Scale; UPDRS = Unified
Parkinson’s Disease Rating Scale. Two-sided P-values are given.

t-Test.

bSign Test, § Median (Min-Max).
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Primary outcome parameter on axial
motor impairment

At baseline (medication OFF, stimulation off) patients demon-
strated severe impairment on the axial score as primary endpoint
(17.25 £ 4.31). At '3-week follow-up’, no statistically significant
difference was found on the axial score between conditions [com-
bined STN + SNr stimulation: 13.42 + 6.47; standard STN stimula-
tion: 14.25 + 5.75; effect = 0.83 + 3.86; 95% confidence interval
(Cl)—1.62-3.82; P =0.470; Fig. 3]. An additional non-parametric
testing with the sign test revealed similar results. Four patients
wished to discontinue standard STN stimulation treatment prema-
turely (Patient PD3: 3h, Patient PD7: 19 days, Patient PD10: 2
days, Patient PD11: 9 days) but completed the entire combined
STN + SNr stimulation follow-up. In these patients, the individual
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Figure 3 Primary endpoint at ‘3-week follow-up’. Results are
given as box plots. x-axis: therapeutic condition; y-axis: axial
score. [STN+SNr] = combined STN + SNr stimulation.
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axial UPDRS scores improved in the combined STN + SNr stimula-
tion condition compared with standard STN stimulation (Patient
PD3: 16 versus 19; Patient PD7: 25 versus 27; Patient PD10: 9
versus 13; Patient PD11: 4 versus 9) with endpoint assessments
performed according to the intention-to-treat principle. Three
were randomized to combined STN+SNr stimulation first
(Patients PD3, PD10 and PD11).

Secondary outcome measures:
differentiation of distinct axial
motor domains

For all secondary endpoints, no significant period effects were
detected. In the ‘immediate testing’ and at ‘3-week follow-up"
the segmental UPDRS Il (items 20-26) was improved with both
standard STN stimulation and combined STN+SNr stimulation
compared with medication OFF stimulation OFF (baseline), as ex-
pected (Tables 2 and 3). At baseline, patients presented with
severe axial motor symptoms according to the axial UPDRSIII
(items 27-31) (11.17 £ 3.56). Greater improvement was observed
in the ‘immediate testing' with combined STN+SNr stimulation
compared with standard STN stimulation on only active subthala-
mic contacts (8.17 £ 4.09 versus 9.25 + 4.67; P =0.041), how-
ever, no difference was found at the ‘3-week follow-up’
(8.08 +£4.38 versus 8.08 +4.01; P> 0.99). Similarly, patients
presented with severe freezing of gait at baseline according to
the Freezing of Gait Assessment Course (22.17 £ 11.74). This im-
proved more with combined STN + SNr stimulation compared with
standard STN stimulation in the ‘immediate testing' (8.67 & 10.92
versus 16.25 -+ 12.78; P =0.006) and at the '3-week follow-up’
(8.33 £ 10.91 versus 14.42 + 13.19; P = 0.047). Of note, freezing
of gait presented with similar severity both at ‘immediate testing’
and at ‘3-week follow-up' in both treatment conditions, although
at ‘3-week follow-up’ patients were ON their regular dopamin-
ergic medication unlike ‘immediate testing’ (Fig. 4). In the CAPSIT-
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Figure 4 Secondary endpoint: results at (A) ‘immediate testing’ and at (B) ‘3-week follow-up' are given for the Freezing of Gait
Assessment Course. Results are given as box plots. x-axis: therapeutic condition; y-axis: score of the Freezing of Gait Assessment Course.

[STN + SNr] = combined STN + SNr stimulation.
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PD timed walking test no relevant differences were observed be-
tween combined STN + SNr stimulation and standard STN stimula-
tion in the number of steps and time. Freezing episodes occurred
more frequently with standard STN stimulation compared with
combined ~ STN +SNr
(P=0.063; Supplementary material) but not at ‘immediate
testing’. In the Giladi Freezing of Gait Questionnaire, freezing of
gait improved with combined STN+SNr stimulation compared
with standard STN stimulation, although not significantly
(14.50 £ 4.89 versus 16.17 £3.83; P=0.1). No differences
were observed in the Berg Balance Scale.

Ten of 12 patients wished to continue combined STN +SNr
stimulation treatment at the end of the study.

stimulation at ‘3-week follow-up’

Quality of life and non-motor issues

The PDQ-39 summary index was unchanged in both treatment
arms. At baseline, patients presented with highest impairment
of quality of life in the ‘mobility’ domain, as expected
(53.96 + 23.78). A slightly greater improvement was observed
with combined STN+SNr stimulation compared with standard
STN  stimulation on  ‘mobility’ (49.38 £25.30  versus
54.32 +27.23; not statistically significant) and ‘social support’
(11.81 £ 10.93 versus 18.94 + 23.89; not statistically significant).
No differences were identified in the distinct non-motor symptom
domains.

Adverse events

In both treatment arms no serious adverse events were observed.
Four patients wished to discontinue standard STN stimulation
treatment prematurely. During combined STN+SNr stimulation
active treatment, no acute side effects were observed, however,
four adverse events were reported during the ‘3-week follow-up'.
Two patients (Patients PD2 and PD9) reported delayed onset of
dyskinesias within the first few days after introduction of com-
bined STN + SNr stimulation, which completely resolved after ther-
apy adjustment: in Patient PD2, stimulation amplitudes were
lowered on the caudal contacts (—0.4V, both electrodes).
Patient PD9 had already self-administered a reduction of the
daily .-DOPA dosage by 125mg when the patient informed the
study site; this had already ameliorated the dyskinesias. The pa-
tient was rescheduled and as slight dyskinesias persisted, the SNr
amplitudes were lowered by —0.1 V on both sides. After therapy
adjustment both patients were followed for the complete ‘3-week
follow-up’ period according to the intention-to-treat principle.
One patient (Patient PD8) reported at the ‘3-week follow-up’
visit that a few intermittent episodes of double vision during com-
bined STN + SNr stimulation treatment, each lasting for a few se-
conds, had occurred. Patient PD7 reported increased immobility
and recurrent falls during the last week of follow-up under com-
bined STN +SNr stimulation, whereas patient and caregiver con-
sistently reported initial improvement of freezing of gait during the
first 2 weeks.
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Safety measures

No suicidality was reported. No change was found on the Beck's
Depression Scale Index on group level; Patient PD1 presented with
increased Beck's Depression Scale Index scores during combined
STN +SNr stimulation compared to standard STN stimulation (18
versus 7). Patient PD7 reported visual ‘benign hallucinations with
insight retained’ (UPDRS |, item 2) during combined STN+SNr
stimulation consistent with a former personal history of hallucin-
ations as documented in the preoperative records. UPDRS I, item
2 was unchanged at the group level between therapeutic condi-
tions. No patient presented with psychosis. The comparison of
standard STN stimulation and combined STN +SNr stimulation
showed no differences between treatments on the Barrett
Impulsivity Scale, on segmental motor symptoms (UPDRS Il
items 20-26) and on motor fluctuations (UPDRS IV).

Discussion

In this randomized controlled phase Il trial, intractable gait impair-
ment as one of the major unmet needs in the treatment of
advanced Parkinson's disease was treated with interleaved pulses
of STN and SNr for the first time. This trial particularly addressed
the therapeutic response of a broad spectrum of axial motor
symptoms and secondarily disentangled the efficacy on distinct
axial subdomains. The broad-scaled primary endpoint revealed
no significant improvement of axial motor functioning with com-
bined STN+SNr stimulation compared with stimulation on only
active subthalamic contacts. Similarly, as a secondary endpoint
analysis, there was only a slight improvement of the clinical axial
motor items (UPDRS lII, items ‘27-31') in the ‘immediate testing'
from combined STN+SNr stimulation compared with standard
STN stimulation that did not present at the '3-week follow-up'.
More specifically, we observed an improvement of freezing of gait
on combined STN+SNr stimulation in the Freezing of Gait
Assessment Course as secondary exploratory endpoint analysis,
whereas postural control according to the Berg Balance Scale re-
mained unchanged. This was in line with a (not statistically sig-
nificant) five-point improvement in the mobility domain of the
PDQ-39 with combined STN+SNr stimulation compared with
standard STN stimulation. Although, no final conclusion can be
drawn owing to the small sample size and exploratory nature of
the secondary endpoints in this phase Il trial, a difference of 3.2
points on the PDQ-39 'mobility’ subdomain was identified as
meaningful to improve the patients’ subjective clinical impression
in large Parkinson's disease cohorts (Peto et al., 2001) and this
may be verified in a larger follow-up trial. Of note, 4 of 12 pa-
tients discontinued standard STN stimulation treatment, three of
them after switching from combined STN + SNr stimulation to the
standard STN stimulation condition. Consistently, in all of these
patients, the individual primary endpoint scores were superior
with combined STN + SNr stimulation and 10 of 12 patients pre-
ferred to continue combined STN +SNr stimulation after comple-
tion of the study. Group-level data of the primary endpoint and
anamnestic secondary outcome measures have to be interpreted
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with caution given the premature drop-outs in only the standard
stimulation on only active subthalamic contacts treatment arm.

Generally, it should be noted that the variability within the
endophenotypic spectrum of idiopathic Parkinson's disease was
also reflected by this study cohort and cannot be excluded. Even
with genetic classifications, e.g. a spread in 'age at disease onset’
and a variable disease progression was reported in LRRK2 muta-
tion carriers (Schiesling et al., 2008). The clinical heterogeneity
includes variable disease progression after STN-DBS with emerging
axial symptoms resistant to standard therapy. However, regarding
axial symptoms and cognitive decline, genetic biomarkers like the
most common genetic susceptibility factor for Parkinson's disease,
i.e. heterozygous mutations in the glucocerebrosidase (GBA) gene,
might help to predict the individual profile of disease progression
more accurately in the future (Weiss et al., 2012b; Winder-Rhodes
et al., 2013). In this context, another strength of this study was to
identify patients with Parkinson's disease with predominant freez-
ing of gait as a future subgroup of interest for neuromodulation
trials on the level of SNr. This is also important for related neuro-
stimulation strategies on axial motor symptoms, as a heteroge-
neous spectrum of treatment response was observed in previous
trials on pedunculopontine stimulation modulating balance or
freezing of gait to a variable degree (Ferraye et al., 2010;
Hamani et al., 2011). Therefore, the detailed phenotypic classifi-
cation of patients with Parkinson's disease according to the clinical
criteria identified here may help to reduce the heterogeneity of
study cohorts in future trials on gait impairment.

Concomittant stimulation of the SNr was safe and well-
tolerated. Mild side-effects were delayed by a few days and
were resolved completely. The motor response of segmental
symptoms remained unchanged and, similarly, motor fluctuations
remained well controlled. Therefore, as a major advantage of the
concomittant nigral stimulation, the best individual subthalamic
stimulation parameters can be maintained for reprogramming.
Most importantly, SNr stimulation was safe on non-motor issues
and major neuropsychiatric domains including depressive symp-
toms, impulsivity, suicidality and psychotic symptoms. Previously,
acute depressive (Bejjani et al., 1999; Blomstedt et al., 2008) or
hypomanic clinical states (Ulla et al., 2011) were described in few
selected cases with high-frequency stimulation on SNr contacts,
and similarly, mood changes were described to emerge basically
on ‘ventral subthalamic’ contacts in the COMPARE trial (Okun
et al., 2009). However, the incidence of neuropsychiatric interfer-
ence from SNr stimulation in unselected DBS cohorts remains
undetermined. Recognizing these previous findings, we carefully
monitored for neuropsychiatric symptoms and found that nigral
stimulation may be applied safely. Nevertheless, patients with sub-
thalamic and nigral stimulation should be followed with caution
for neuropsychiatric symptoms. Larger cohorts and longer follow-
up ranges are needed to draw a final conclusion.

To interpret the results of this and related studies on freezing of
gait in advanced Parkinson's disease (Moreau et al., 2008, 2012;
Chastan et al., 2009) and to strategize future directions of DBS for
axial motor symptoms other aspects have to be considered: STN-
DBS reprogramming (e.g. by modulating parameters to lower fre-
quencies) was limited by recurrence of segmental symptoms
(Moreau et al., 2008; Ricchi et al., 2012). This also applies
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when considering stimulation on a single SNr contact, which did
not sufficiently control segmental motor symptoms (Chastan et al.,
2009) and, therefore, was not considered in this trial. Similarly,
one might argue that the intermediate ventral subthalamic contact
might have been more efficacious; however, several previous find-
ings argue against this: the progressive amplitude increase on a
dorsolateral subthalamic contact is likely to activate the ventral
portion of the subthalamic nucleus, although, this was associated
with a disproportional decline of gait impairment including freez-
ing of gait (Moreau et al., 2008). Consistently, no differential
therapeutic response of gait or balance impairments was found
with dorsal versus ventral subthalamic nucleus stimulation
(McNeely et al., 2011). The present study characterized a novel
target of interest for future neuromodulation trials. The dorsolat-
eral part of the SNr (Fig. 2) with mainly GABAergic and cholinergic
projection neurons mediated our findings. Whereas, at the level of
the pedunculopontine nucleus stimulation at lower frequencies
below 35Hz (Stefani et al., 2007; Ferraye et al., 2010; Moro
et al., 2010; Thevathasan et al., 2011a) and at 70 Hz in unilateral
stimulation (Moro et al., 2010) was put forward for gait therapy,
stimulation on high frequencies might be superior on the level of
SNr in the light of previous converging experimental evidence: SNr
demonstrated pathological overactivity in Parkinson's disease (Breit
et al., 2006) and high frequency stimulation may suppress SNr
activity (Lafreniere-Roula et al., 2010). Similarly, pharmacological
inhibition of SNr activity presented with ‘prokinetic’ effects and
elicited dyskinesias (Dybdal et al., 2013) as similarly observed in
two of our patients. Consistently, high-frequency SNr stimulation
at 130 Hz (unlike 50 Hz) improved forelimb akinesia in a rat model
of Parkinson's disease (Sutton et al., 2013). GABAergic inhibitory
output from the SNr to the pedunculopontine nucleus was
demonstrated in animal research including experiments in rats
(Childs and Gale, 1983; Grofova and Zhou, 1998), cat (Noda
and Oka, 1986; Nakamura et al., 1989), and non-human primates
(Carpenter et al., 1981). Given the efferent monosynaptic
GABAergic transmission from SNr to the pedunculopontine nu-
cleus (Nandi et al., 2008), high-frequency stimulation at the
level of SNr might attenuate an overinhibitory drive.

A large body of clinical trials provides compelling evidence that
axial impairment emerges along disease progression after primarily
effective STN-DBS (Krack et al., 2003; St George et al., 2010;
Castrioto et al., 2011; Nutt et al, 2011), however evidence-
based data on how to treat these resistant symptoms is still lim-
ited. It has to be kept in mind that clinical trials generally select for
cognitively competent Parkinson's disease patients given that axial
and cognitive impairments may demonstrate with coincidence.
Whether the potential benefit from nigral stimulation applies to
a larger proportion of patients with advanced Parkinson's disease
remains to be determined and this consideration may include
patients with predominant preoperative freezing of gait that are
often precluded from DBS treatments. Genetic predictors and
endophenotypes might be defined to indicate optimal target
selection (Weiss et al., 2012b).

This phase Il trial opens the perspective that concomittant SNr
stimulation might improve intractable freezing of gait. Field steer-
ing applications like interleaved programming can be utilized as a
reprogramming option if patients develop resistant freezing of gait
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along disease progression. A larger randomized controlled phase 11l
clinical trial to assess the efficacy of concomittant nigral stimula-
tion on ‘freezing of gait' and 'quality of life' is highly warranted.
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5.2 Subthalamic stimulatiormodulates cortical motor network activity and

synchronization in Parkinson's disease
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