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1. Summary

1.1 Abstract

Freezing phenomena including freezing of gait (FOG) highly disturb the quality of life in patients with
Parkinson’s disease (PD). Conventional therapy, like L-DOPA and deep brain stimulation of the
subthalamic nucleus (STN-DBS) cannot satisfactorily relieve these symptoms, although it ameliorates
most motor symptoms like rigidity and bradykinesia. These motor symptoms are primarily caused by
degeneration of dopaminergic cells in the substantia nigra, which induces pathologically increased
inhibitory output from the basal ganglia. STN-DBS may reduce the excessive basal ganglia output,
however the working mechanism of STN-DBS and the influence on the neuromuscular network
effects need further elucidation. In this context, we found that STN-DBS could lower pathologically
increased low-frequency intermuscular synchronization during continuous finger tapping.
Furthermore, STN-DBS 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 elucidate the pathophysiological
mechanism. We therefore introduced 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 increased in the 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 cortex during the freezing
episode. Furthermore, we observed that a higher number of ULF episodes was associated with an
increased cortico-cortical beta synchronization. These findings — increased alpha activity and
increased beta synchronization — could probably function as biomarker to predict freezing
phenomena. This will enable us to decipher pathophysiological mechanisms of freezing phenomena

further. Consequently, using this knowledge may improve therapy to meet the therapeutic need.



1.2 Zusammenfassung

‘Freezing’-Phanomene einschlieRlich Gang ‘Freezing’ (FOG) storen die Lebensqualitat erheblich bei
Patienten mit der Parkinson-Krankheit (PD). Mit konventionellen Therapien wie L-DOPA und die Tiefe
Hirnstimulation des Nucleus Subthalamicus (STN-DBS) sind ‘Freezing’-Phdnomene nur 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 verursacht, die eine pathologisch erh6hte Hemmung der Basalganglien
induziert. STN-DBS kann den exzessiven Basalganglienausstol verringern, jedoch sind der genaue
Wirkmechanismus von STN-DBS und der Einfluss auf die neuromuskuldren Netzwerkeffekte
unvollstdandig charakterisiert. In diesem Zusammenhang stellten wir fest, dass STN-DBS die
pathologisch verstarkte niederfrequente intermuskuldre Synchronisation wahrend kontinuierlichem
Finger-Tapping verringert. Darlber hinaus konnte STN-DBS die kortikospinale Synchronisation
wahrend kontinuierlichem Finger-Tapping starken. Dies war anhand einer erhéhten

kortikomuskularen Kohdrenz in der Tappingfrequenz ersichtlich.

Hinsichtlich der ‘Freezing’-Phdnomene ist es notwendig, den pathophysiologischen Mechanismus
aufzuklaren. Deswegen flihrten wir eine sogenannte Dual-Tasking-Aufgabe ein, um die Anzahl der
‘Freezing’-Phdnomene bei Bewegungen der obere Extremitat (ULF) zu steigern. Offline haben wir
Kriterien definiert, um die ULF aus der biomechanischen Aufzeichnung zu detektieren. Wir
beobachteten, dass wahrend der ULF die kortikale Aktivitdt im Alpha-Band gegeniiber dem
kontinuierlichen Finger-Tapping erhéht war. Diese erhdhte alpha-kortikale Aktivitdt nahm liber dem
kontralateralen sensomotorischen Kortex ihren Ausgang und breitete sich wahrend der ULF zum
kontralateralen frontalen Kortex und ipsilateralen parietalen Kortex aus. AuBerdem beobachteten
wir, dass eine hohere Anzahl von ULF-Episoden mit einer erhohten kortiko-kortikalen Beta-
Synchronisation einherging. Diese spektralen Marker — erhohte Alpha-Aktivitdat und erhdhte kortiko-
kortikale Beta-Synchronisation — konnten moglicherweise als Biomarker fungieren, um ULF

vorherzusagen. Dies ermdglicht es uns, pathophysiologische Mechanismen der ‘Freezing’-



Phanomene weiter zu entschliisseln. Folglich konnen wir mit diesem Wissen die Therapie verbessern,

um den therapeutischen Bedarf zu decken.



2. Synopsis

2.1. Parkinson’s disease

2.1.1 Overview

Parkinson’s disease (PD) is the second most common neurodegenerative disorder after Alzheimer’s
disease (de Lau and Breteler, 2006). It affects about 1% of the people above age 65 worldwide. In
Europe, the approximate incidence rate is 5/100,000 per year (Von Campenhausen et al., 2005).
However, PD becomes increasingly prevalent with age. In this respect, the prevalence rises from
113/100,000 with age 50-59 years to 2953/100,000 with age 80+ years with a slightly higher
prevalence of PD in men than in woman (Pringsheim et al., 2014; Taylor et al., 2007). Research to
improve both the pathophysiological understanding of PD and therapy is important, because the

aging world population increases the social and economic burden.

The etiology of PD remains largely unknown, however the genetic background is partly established.
Approximately 5-10 % of the cases can be explained by monogenic autosomal dominant or
autosomal recessive inheritance (Kalinderi et al., 2016; Sharma et al., 2012; Schiesling et al., 2008).
Monogenic disease is often characterized by an early onset (between 20 and 50 years) and a milder
progression, especially in autosomal recessive inheritance. Nevertheless, the majority of the PD
patients are sporadic, probably reflecting complex interaction of multiple genetic and environmental
factors. These sporadic PD patients yield high clinical heterogeneity represented by the multiple
genetic mutations discovered that may increase the susceptibility to PD (Schulte and Gasser, 2011).
The most robust and consistently replicated associations have been found for a-synuclein, MAPT,

LRRK2, and GBA (Kalinderi et al., 2016).

PD is characterized by four cardinal motor symptoms: tremor at rest (frequency 4-6 Hz), rigidity,
bradykinesia (or akinesia), and postural instability (Jankovic, 2008). 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
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fourth cardinal symptom, 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). Non-motor symptoms are more diverse among PD patients, although the most
common are autonomic dysfunction, neuropsychiatric disorders, and sensory and sleep

abnormalities (Chaudhuri and Schapira, 2009).

2.1.2 Pathophysiology and 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 basal ganglia, 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 cortex (Fitzgerald
et al., 2007a). The basal ganglia initiate movements and suppress unwanted movements via the
direct and indirect pathway within the basal ganglia, which are in net effect excitatory (bearing
dopamine-1 receptors) or inhibitory (bearing dopamine-2 receptors), respectively. In PD, the loss of
dopamine may lead to an imbalance of the direct and indirect pathway interplay, with a
preponderance of indirect pathway activation (Obeso et al., 2008). The tonically active substantia
nigra pars compacta loses activity and this 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.
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Figure 1 Model of the basal ganglia motor network in healthy subjects (A) and in PD (B) by degeneration of the
dopamine neurons in the SNc.

Abbreviations: GPe = Globus pallidus, external segment; STN = Subthalamic nucleus; GPi = Globus pallidus,
internal segment; SNr = Substantia nigra pars reticulata; SNc = Substantia nigra pars compacta; PPN =

pedunculopontine nucleus (Krack et al., 2010; Purves et al., 2008).

It is thought that PD originates from a progressive failure of dopaminergic transmission. It is
estimated that already 60% percent of the neurons in the substantia nigra pars compacta are lost
when the first motor symptoms appear (Dauer and Przedborski, 2003). Although the motor
symptoms of PD suggest a sole brain disease, there is evidence that pathological changes start in the
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 midbrain (Hawkes et al., 2007). This process has been
divided in six stages and the starting olfactory or enteric origin would elucidate the pre-symptomatic
non-motor symptoms, such as olfactory dysfunction and gastro-intestinal disorders (Braak et al.,
2003; Rey et al., 2016). Moreover, emerging evidence point to additional neurodegeneration of

various non-dopaminergic neurotransmitter systems (Stayte 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 effectively (Jankovic and Aguilar, 2008). L-DOPA is a precursor
of dopamine and can pass the blood-brain barrier, unlike dopamine itself. In addition, dopamine
agonist, catechol-o-methyl-transferase inhibitors and non-dopaminergic agents can relieve the
symptoms. At young age, dopamine agonists are often preferred, because a long-term use of L-DOPA
tends to increase the incidence of motor fluctuations including dyskinesia (Jankovic 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 dyskinesia

(Jankovic, 2005).

Therefore, in intermediate disease stages dominated by motor fluctuations, high frequency
stimulation of the STN can stabilize motor symptom control and quality of life (Deuschl et al., 2006;
Schuepbach et al., 2013). Deep brain stimulation (DBS) of the STN ameliorates bradykinesia, tremor,
and rigidity as well as motor fluctuations (Kleiner-Fisman et al., 2006) and, thus, enormously

improves the quality of life (Deuschl et al., 2006).

2.1.3 Mechanisms of subthalamic deep brain stimulation

DBS was first introduced in 1987 by implanting an electrode in the thalamic nucleus ventralis
intermedius to suppress tremor (Benabid et al., 1987). In 1993, a PD patient was implanted in the
STN for the first time (Pollak et 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 mimics the effects of functional ablation, the hypothesis put forward that DBS
inhibits the local neurons around the active contact(s) of the electrode (Agnesi et al., 2013).
However, some neurons show higher firing rates in direct surrounding of the electrode and the

output of the stimulated nucleus is not decreased (Okun, 2012). Indeed, high frequency stimulation
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of the STN activates the axonal output of the nucleus, such that the globus pallidus externus and
internus exhibit increased firing rates time-locked to the stimulation pulse train (Johnson et al.,
2008). Furthermore, DBS has not only a local effect, but it affects the whole basal ganglia-thalamo-
cortical network. The inhibition of the STN overactivity may strengthen the cortical control and

thereby improve motor function (Kiihn et al., 2008; Salenius et al., 2002; Weiss et al., 2012).

Overactivity of the STN involves motor impairment caused by inhibited motor cortical activation
(Devos et al., 2004). The local field potential of the STN exhibit pathophysiological increased beta
activity during overactivity, which can be reduced by movement, L-DOPA, or STN-DBS (Brown et al.,
2001; Giannicola et al., 2010; Kuhn et al., 2004). Furthermore, this reduction is associated with

clinical improvement (Kiihn et al., 2008).

Also, in the cortex we observed a decreased beta cortico-cortical synchronization with therapy and
this was associated with motor improvement (Findings can be found in chapter 5.2: Weiss et al.,
2015: Subthalamic stimulation modulates cortical motor network activity and synchronization in
Parkinson's disease). Cortico-cortical synchronization can be computed from a non-invasive
multichannel electroencephalography (EEG). EEG is characterized by its sinusoidal waveforms, which
can be divided in 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 the current of the extracellular

space (Fitzgerald et al., 2007b).

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

information that proved useful for neuronal processing and integration.

Using EEG and electromyographic recordings we observed pathophysiological neuromuscular
correlates modulated by STN-DBS in PD patients. Therefore, we measured PD patients with the STN-

DBS turned ‘On’ and ‘Off’, as well as age- and gender matched healthy controls 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., 2016: Neuromuscular correlates of subthalamic stimulation and upper limb freezing
in Parkinson’s disease). We observed pathologically increased low frequency intermuscular
synchronization between the agonist and antagonist muscle in PD patients ‘Off’ stimulation and this
was lowered by STN-DBS. A high intermuscular synchronization 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 subcortical inputs conveying pyramidal motor output, e.g. through the nigro-reticulo-
spinal pathway. This nigro-reticulo-spinal pathway can be influenced by dopaminergic medication
(Delwaide et al., 1993) and STN-DBS (Potter-Nerger et al., 2008), which may explain the decrease of

intermuscular coherence when the STN-DBS was turned on.

Another interesting finding was the depressed corticomuscular coherence around the individual
tapping frequency in PD patients as compared to healthy controls. Here, STN-DBS could enhance the
corticomuscular coherence towards the level observed in healthy controls. Increased
corticomuscular coherence indicates increased corticospinal contribution to spinal motor output, i.e.
STN-DBS strengthened motor integration upon the corticospinal pathway. This is plausible, because
STN-DBS inhibits the overactivity of the STN, thereby enhancing the activity in the STN-thalamo-

cortical pathway (Limousin et al., 1997).
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2.2. Freezing phenomena

Festination of gait, often a precursor of FOG, was described for the first time by James Parkinson in
1817 in his work ‘shaking palsy’: “...a propensity to bend the trunk forwards, and to pass from a
walking to a running pace...” (Parkinson, 2002). In 1877, Charcot is the first to describe festination at
gait initiation, although the description is very terse: “..this irresistible tendency to adopt a running
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 phenomena; they are even frequently enough
absent...” (Charcot, 1877). Already in 1954, it was recognized that freezing phenomena are not
restricted to gait: Schwab described the occurrence of what he termed ‘motor blocks’ in the upper
limb, especially when accompanied by a dual task (Schwab et al., 1954). In 1973, the freezing
phenomenon itself was described by Andrews, associating it with a form of dystonia including co-

contraction of the agonist and antagonist (Andrews, 1973).

Since then not many reports referred to 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 of a 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 movement, such as walking in the
so-called ‘trembling-in-place-like freezing’. They are not restricted to idiopathic PD, but can also be
recognized in atypical Parkinsonism like progressive supranuclear palsy and multisystem atrophy, or
in focal lesions of specific brain structures such as brainstem, basal ganglia, or the frontal lobe (Nutt

etal., 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 triggered by increased 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
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FOG (Bloem et al., 2004; Rubinstein et al., 2002). Due to its emergence in many common daily life
activities, FOG interferes massively with the patients’ mobility and therefore deteriorates the

patient’s quality of life (Moore et al., 2007).

Many PD patients experience freezing and about 38% suffer regularly from FOG (Perez-Lloret et al.,
2014). As PD progresses, FOG is experienced more often. This aligns to decreased quality of life in
patients suffering from FOG (Perez-Lloret et al., 2014). FOG is one of the main reasons 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 falls (Bloem et al., 2004).

In the literature, a clinical working definition was proposed to capture FOG: it refers to ‘an episodic
inability to generate effective stepping in the absence of any known cause other than Parkinsonism
or higher-level gait disorders. It 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 episode’ (Giladi and Nieuwboer, 2008; Nutt et al., 2011). Freezing
phenomena typically last for several seconds but rarely last longer than thirty seconds. Freezing is
generally categorized into at least three common phenomenologies: i) complete motor block also
called ‘akinesia’, ii) trembling movement of the leg on the place, and jii) trembling in place with

minimal forward progression (Schaafsma et al., 2003).

2.2.1 Physiology of gait

Most of the knowledge about the hierarchical networks involved in the physiological control of gait
was obtained from animal studies, 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 initiated locomotion by projecting via

descending pathways to the spinal cord in order to control posture appropriately (Takakusaki et al.,
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2008). Animal studies showed that neural networks in the spinal cord can generate rhythmic limb
movements when externally stimulated (Mori, 1987). These central pattern generators consist of
organized groups of interneurons (Hagglund et al., 2010). Human beings exhibit also central pattern
generators, as shown by complete paraplegic patients. They demonstrate a patterned, locomotor-
like activity when stimulating the lumbosacral spinal cord (Dimitrijevic et al., 1998). The
mesencephalic locomotor region (MLR) located in the midbrain of the brainstem projects via the
medial reticular formation to the spinal locomotor system (Shumway-Cook 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 ganglia (Takakusaki, 2013). Predictive modulation of the step cycle is
controlled by the cerebellum, which receives proprioceptive information via the spinocerebellar tract

from peripheral nerves, muscles, joints, and skin.

2.2.2 Gait in Parkinson’s disease

In contrast to other cardinal symptoms of PD, gait problems and postural instability respond poorly
to dopaminergic medication, particularly in advanced disease stages. In the early disease stage
dopaminergic medication can improve gait by increasing the stride length and stride velocity (Blin et
al., 1991). However, as disease progresses, dopaminergic medication often fails to improve gait
(Grabli et 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 increased output 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 muscle tone (Takakusaki et al., 2003, 2011).
Furthermore, a cholinergic lesion in the PPN of healthy monkeys caused a reduction of the step
length and step velocity during locomotion. In PD, PPN cholinergic neurons degenerate over time

(Hirsch et al., 1987; Zweig et al., 1989). This emphasizes that PPN cholinergic 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 humans (Pahapill
and Lozano, 2000). The effect of STN-DBS on gait is controversial. Overall, it may have a positive
effect on gait speed (Roper et al., 2016). Nevertheless, FOG lacks therapeutic benefit from STN-DBS

in a substantial proportion of patients (Collomb-Clerc and Welter, 2015; Vercruysse et al., 2014).

Biomechanical measures can improve the methodology of a study by providing objective and
sensitive measures to observe gait improvement. They show us that STN-DBS can substantially
improve the spatial parameters, such as stride length and stride velocity, but often not the temporal
parameters, such as stride time (Faist, 2001; Ferrarin et al., 2005). Furthermore, STN-DBS decreases
the gait variability and gait asymmetry (Johnsen et al., 2009), which have been associated with the
occurrence of FOG (Fasano et al., 2011; Plotnik et al., 2008; Plotnik and Hausdorff, 2008). On the
other hand, STN-DBS surgery may worsen the dynamic postural control (St George et al., 2014),

which is an important 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 improve the stride length and the variability of
the stride length, as well as gait asymmetry (Findings can be found in chapter 5.5: Scholten et al., in

prep: Effects of subthalamic and nigral stimulation on gait in Parkinson’s disease).

Enlarging the understanding of the pathophysiological working mechanisms of locomotion is
unfortunately growing slowly, also due to the ambulatory character of gait, which impedes imaging
of the brain. Therefore, previous imaging studies used virtual reality paradigms in the functional
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
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networks (Stinear et al., 2006). These fMRI studies revealed that besides decreased perfusion of the
MLR, gait disturbances in PD are associated with decreased posterior parietal perfusion (Karachi et
al., 2012; Snijders et al., 2011). The posterior parietal cortex enables motor adaptation by modifying
the walking pattern based on the visual input (Crémers et al., 2012; Drew et al., 2008). However,
more work is needed to disentangle the pathophysiological mechanisms of gait in PD in order to

optimize current therapies.

2.2.3 Detecting 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 transducer. We defined 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 experienced neurologist. 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 between 0-3 Hz. In FOG episodes, the frequency spectrum
increases to 3-8 Hz. Although it is unclear whether FOG and upper limb freezing (ULF) share the same
neuropathological correlates (Barbe et al., 2014; Nieuwboer et al., 2009), ULF and FOG share the
same clinical characteristics, i.e. an increased frequency and decreased amplitude. Therefore, we
defined in our work criteria to detect ULF based on these characteristics: i) the amplitude deflection
of the finger tap decreased over 50%, ii) the frequency of motor output increased above 3 Hz, and iii)
the duration exceeded one second (Figure 1 in chapter 5.3: Scholten et al., 2016: Neuromuscular

correlates of subthalamic stimulation and upper limb freezing in Parkinson’s disease).

2.2.4 Understanding freezing of upper limb
We detected episodes 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 (7-11 Hz) increased over the contralateral frontal, motor and parietal
17



cortex. Time-frequency 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 inhibition of unwanted movement, appearing mainly over the
bilateral sensorimotor cortices during suppression of a self-paced finger movement (Sauseng et al.,
2013). Moreover, increased alpha activity over the sensorimotor cortex was associated with reduced
corticospinal excitability, as was suggested from TMS studies (Sauseng et al., 2009). In addition, alpha
activity indicates increased focused attention on motor related processes (Cooper et al., 2003;
Klimesch et al., 2007). This may be accomplished by active inhibition of cortical regions irrelevant for
the execution of the task (Jensen and Mazaheri, 2010). This may explain why we observed an

increased alpha activity during ULF as compared to regular tapping.

On the other hand, distraction as 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., 2016: Cortical correlates of susceptibility
to upper limb freezing in Parkinson’s disease). We focused on cortical activity and long-range cortico-
cortical synchronization. We found a significant increase of beta range cortico-cortical
synchronization over the left prefrontal cortex during dual tasking compared to single tasking.
Furthermore, this increase was significantly correlated with the number of ULF episodes observed.
This means that patients with a higher cortico-cortical 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 STN-DBS (Weiss et al., 2015). In addition,
increased beta synchronization was observed at the level of the STN and cortex and could be
associated with impaired motor symptoms (Kiihn et al., 2008). The beta synchronization could be
decreased with L-DOPA or STN-DBS. We observed the increased beta synchronization over the left
prefrontal cortex and this may suggest a link to executive dysfunction, expressed by impaired
movement automaticity (Taylor et al., 1986). Furthermore, atrophy of the prefrontal cortex was

linked to FOG (Kostic et 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
reported. An elementary configuration is the ‘better side reduction’, which intends to decrease the
amplitude voltage of the non-disease 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 severely affected leg and reduce the
stimulation amplitude for the less severely affected leg (Fasano et 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 to PD patients without FOG (Plotnik et al., 2005).

Besides changing the voltage, other studies emphasized the effect of ‘low frequency’ 60 Hz
stimulation. Although short-term effects are promising on FOG, the segmental symptoms worsened
and thus will not be applicable for long term stimulation in a relevant proportion of patients (Moreau
et al., 2008). Moreover, tolerance of the effect on FOG was observed around six weeks from

reprogramming (Ricchi et al., 2012).

Further, the PPN within the dorsolateral mesencephalic tegmentum has been proposed as a
relatively new target to treat gait disturbances including FOG (Breit et al., 2006; Rauch et al., 2010).
In PD patients, a more severe loss of cholinergic neurons within the PPN have been be associated
with gait disturbances and more frequent falling (Bohnen et al., 2013; Bohnen and Albin, 2011;
Karachi et al., 2010). In animal models, electrical stimulation of the PPN induces a rhythmic stepping
behavior (Karachi et al., 2010). Low frequency stimulation of the PPN is 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 symptoms (Ferraye et al.,
2010; Moro et al., 2010; Welter et al., 2015), although a subjective improvement on FOG have been
reported (Ferraye et al., 2010; Thevathasan et al., 2011; Welter et 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 the PPN (Karachi et al.,
2010; Pahapill and Lozano, 2000). Consequently, this might 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 thalamo-cortical network. In our recent
study, we observed the effect of concomitant STN and SNr stimulation. With this combined
stimulation we co-stimulate segregate functional motor loops (Findings can be found in chapter 5.1:
Weiss et al., 2013: Nigral stimulation for resistant axial motor impairment in Parkinson’s disease? A
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 stimulation 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 resistant FOG (Weiss
et al., 2013), as was suggested from the secondary endpoint analyses. A follow-up double-blind
multi-center randomized controlled trial is under way to evaluate this preliminary finding

(https://clinicaltrials.gov/show/NCT02588144, 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 (Kitano et al., 1998; Sherman et al., 2015). In human, the network connections of SNr
are hardly studied. One recent work in PD patients describes the differential effects of STN and SNr
stimulation, where SNr improved the axial symptoms (Chastan et al., 2009). Therefore, we aim 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 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. Not only general
spatio-temporal parameters can be determined, also gait asymmetry can be investigated. After
analysis, we observed that STN stimulation significantly improved the stride length and the variability
of the stride length (Findings can be found in chapter 5.5: Scholten et al., in prep: Effects of
subthalamic and nigral stimulation on gait in Parkinson’s disease). Both STN and SNr stimulation
improved gait asymmetry. Said so, SNr stimulation may yield synergistic effect on STN stimulation,
however, this will not exclude additional modulation of nigro-pontine locomotor contributions. This

is subject to ongoing follow-up 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 accompanied by an increment in the alpha band on both the cortex and
the antagonist muscle. On cortical level, this increase was observed over the contralateral
sensorimotor, left frontal, and right parietal regions. This well-defined 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 attention-dependent cognitive
processes. Directly before the occurrence of FOG an increase of theta activity (4-8 Hz) over the SMA
region was observed (Shine et al., 2014). Another possible biomarker we observed is an increase in
cortico-cortical synchronization in 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 occurring. A 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 time to intervene therapeutically in order to ‘reset’ the accumulating network
imbalance finally ending up in a freezing phenomenon. Currently, machine learning algorithms can
already detect FOG with sensitivity and specificity of more than 95 % using biomechanical data
(Mazilu et 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 surrogates, stimulation pulses might ‘reset’ the
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 features may be necessary to account for specificity and signal-to-noise-
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 used the beta power of
the local field potential to trigger STN stimulation. Stimulation was only administered when the beta
power exceeded a certain threshold (Little et al., 2013). This adaptive stimulation was 30% more
effective than conventional open loop stimulation. These results are promising that once the optimal

feedback has be found, STN-DBS 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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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

45

(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
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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
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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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Subthalamic stimulation modulates cortical
motor network activity and synchronization
in Parkinson’s disease
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Dynamic modulations of large-scale network activity and synchronization are inherent to a broad spectrum of cognitive processes
and are disturbed in neuropsychiatric conditions including Parkinson’s disease. Here, we set out to address the motor network
activity and synchronization in Parkinson’s disease and its modulation with subthalamic stimulation. To this end, 20 patients with
idiopathic Parkinson’s disease with subthalamic nucleus stimulation were analysed on externally cued right hand finger movements
with 1.5-s interstimulus interval. Simultaneous recordings were obtained from electromyography on antagonistic muscles (right
flexor digitorum and extensor digitorum) together with 64-channel electroencephalography. Time-frequency event-related spectral
perturbations were assessed to determine cortical and muscular activity. Next, cross-spectra in the time-frequency domain were
analysed to explore the cortico-cortical synchronization. The time-frequency modulations enabled us to select a time-frequency
range relevant for motor processing. On these time-frequency windows, we developed an extension of the phase synchronization
index to quantify the global cortico-cortical synchronization and to obtain topographic differentiations of distinct electrode sites
with respect to their contributions to the global phase synchronization index. The spectral measures were used to predict clinical
and reaction time outcome using regression analysis. We found that movement-related desynchronization of cortical activity in the
upper alpha and beta range was significantly facilitated with ‘stimulation on’ compared to ‘stimulation off’ on electrodes over the
bilateral parietal, sensorimotor, premotor, supplementary-motor, and prefrontal areas, including the bilateral inferior prefrontal
areas. These spectral modulations enabled us to predict both clinical and reaction time improvement from subthalamic stimulation.
With ‘stimulation on’, interhemispheric cortico-cortical coherence in the beta band was significantly attenuated over the bilateral
sensorimotor areas. Similarly, the global cortico-cortical phase synchronization was attenuated, and the topographic differentiation
revealed stronger desynchronization over the (ipsilateral) right-hemispheric prefrontal, premotor and sensorimotor areas compared
to ‘stimulation off’. We further demonstrated that the cortico-cortical phase synchronization was largely dominated by genuine
neuronal coupling. The clinical improvement with ‘stimulation on’ compared to ‘stimulation off’ could be predicted from this
cortical decoupling with multiple regressions, and the reduction of synchronization over the right prefrontal area showed a linear
univariate correlation with clinical improvement. Our study demonstrates wide-spread activity and synchronization modulations of
the cortical motor network, and highlights subthalamic stimulation as a network-modulating therapy. Accordingly, subthalamic
stimulation may release bilateral cortical computational resources by facilitating movement-related desynchronization. Moreover,
the subthalamic nucleus is critical to balance inhibitory and facilitatory cortical players within the motor program.
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Introduction

Dynamic modulations of large-scale network activity and
synchronization are inherent to a broad spectrum of cog-
nitive processes (Fell and Axmacher, 2011; Engel et al.,
2013). Dysregulation of the concerted interplay in such
networks parallels several neuropsychiatric disease states
(Uhlhaas and Singer, 2006), and this includes the patho-
logical motor ‘off state’ in Parkinson’s disease (Salenius
et al., 2002; Timmermann et al., 2003; Kuhn et al.,
2006; Weiss et al., 2012; Hirschmann et al., 2013).
Although a comprehensive understanding of neuronal acti-
vation and synchronization on the multiple levels of the
motor network is still enigmatic (i.e. topography, time,
and frequency domain interactions), ‘intrinsic coupling
modes’ were expected to modulate in a context-dependent
manner (Engel et al., 2013). Generally speaking, such
multilevel organization enables patterning and integration
of several consecutive steps and features of processes such
as motor integration, including inhibition, relay or execu-
tion, and feedback processing to optimize motor perform-
ance and behavioural success.

In particular, pathological motor states such as
Parkinson’s disease are paralleled by excessive synchroniza-
tion of the basal ganglia—cortical motor network in the
beta band, and this may critically interfere with efficient
motor integration (Kuhn et al., 2006; Eusebio et al.,
2011; Little et al., 2013; Kahan et al., 2014). Consistent
with this notion dopaminergic neurodegeneration impacts
significant maladaptive activity and connectivity at widely-
distributed levels including both subthalamic and motor
cortical activity, as well as corticospinal synchronization
(Salenius et al., 2002; Kumru et al., 2004; Potter-Nerger
et al., 2008; Weiss et al., 2012; Herz et al., 2013). Given
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that daily life motor function needs rapid and ongoing ad-
justments of the motor program, it is plausible and sup-
ported by experimental evidence that cortical activity and
synchronization require short-latency dynamic adjustments.
Similarly, a disturbance of these dynamic processes may be
of critical relevance for Parkinson’s disease motor symp-
toms as was shown in cortical event-related desynchron-
ization of internally generated movement in Parkinson’s
disease (Brown and Marsden, 1999; Magnani et al.,
2002; Devos et al., 2004).

Here, we set out to study the dynamic large-scale cortical
activity and cortico-cortical  synchronizations  during
externally-paced motor processing in patients with
Parkinson’s disease treated with subthalamic nucleus deep
brain stimulation (STN-DBS). We hypothesize that subtha-
lamic stimulation facilitates the movement-related desyn-
chronization (MRD) of cortical activity. With this spectral
measure we probe to predict the clinical outcome and
reaction time performance from STN-DBS using multiple
regression models. Moreover, we apply the time-frequency
cross-coherence as a time- and frequency-sensitive measure
to characterize the dynamic modulations of cortico-cortical
coherence across motor execution. To comprehensively
characterize the complex multilevel organization of cor-
tico-cortical synchronization, we use the global synchron-
ization index which quantifies the overall cortico-cortical
synchronization. Applying this novel approach we differen-
tiate the complex cortico-cortical synchronization map into
2D topographic representations and demonstrate that our
findings were explained by genuine neuronal coupling.
Furthermore, we characterize the modulations of cortical
motor network synchronization induced by subthalamic
stimulation.
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Table | Clinical characteristics

Patient Age Gender Duration Duration Hoehn LED
of of DBS and (mg)

disease  (years)  Yahr
(years)
PDI sl M il 2 25 400
PD2 64 F 16 1 25 1210
PD3 52 M 15 3 2 520
PD4 58 M I 4 2 350
PD5 60 M 15 4 2 150
PD6 55 M 10 I 2 300
PD7 5 M 17 2 i 630
PD8 77 M 7 2 1.5 300
PD9 71 F 26 | 4 200
PDIO 53 M 13 4 2 700
PDII 62 E 18 2 4 300
PDI2 52 M 16 4 2 300
PDI3 52 M I | 3 870
PDI4 58 M 20 6 4 530
PDI5 ZUSNE 22 4 4 750
PDI6 51 M 14 5 2 500
PDI7 40 M 7 2 2 450
PDI8 50 F 21 3 4 680
PDI9 75 F 22 6 2 150
PD20 60 M 22 2 4 910

M = male; F = female; LED = -DOPA equivalent dosage in mg.

Materials and methods

Patients

Twenty-four patients with idiopathic Parkinson’s disease and
STN-DBS were recorded, and 20 patients were referred for
final data analysis (15 male, age 58.6 & 9.4 years, disease dur-
ation 15.7 =+ 5.3 years, time with STN-DBS 3.0 =+ 1.6 years, all
right-handed according to the Edinburgh Handedness
Inventory; Table 1). Four patients were excluded from final
data analyses: two of them because of reduced EMG quality;
one patient did not sufficiently adhere to the experimental
paradigm, and one patient did not tolerate the DBS repro-
gramming and discontinuation of stimulation. All patients
were implanted with a quadripolar electrode with iridium con-
tacts (type 3389, Medtronic). Patients were excluded if the
Mini-Mental State Examination scored <25 points or if
there were other neurological, medical or psychiatric condi-
tions interfering with interpretability of the data. All patients
participated with written informed consent and permission of
the local ethics committee of the University of Tiibingen.
Study experiments were performed after overnight with-
drawal of dopaminergic medication. Patients were tested
with both ‘stimulation off’ (StimOff) and bilateral ‘stimulation
on’ (StimOn) in randomized order. Generally, a reliable wash-
out of the clinical DBS effect can be achieved within 30 min
after ‘switching off DBS’ in advanced disease stages as in our
cohort (Cooper et al., 2013; Weiss et al., 2013). Motor Unified
Parkinson’s Disease Rating Scale (UPDRS) IIT assessments were
obtained in each therapeutic condition, and a ‘segmental
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UPDRS I subscore’ (items 20-26) was additionally built.
Before testing, stimulation parameters were reprogrammed to
bipolar settings in case of chronic monopolar stimulation to
reduce the DBS artefact in EEG recordings. Therefore, the
negative active contact was held constant and polarized against
a more dorsal contact. To obtain equivalent clinical efficacy of
stimulation, stimulation amplitudes (constant voltage) were
increased by 30% after bipolarization as suggested elsewhere
(Silberstein et al., 2005; Weiss et al., 2011). Clinical outcome
and individual stimulation parameters are given (Table 2).

Paradigm

Patients performed externally paced finger movements of fin-
gers II-V of the right hand that were visually cued in random
order with a fixed 1.5-s interstimulus interval. Four red circles
were arranged horizontally, and illumination of one of the
circles indicated the ‘Go’ signal for the corresponding finger.
Patients were instructed to respond as fast and accurate as
possible by button press. Patients were carefully instructed to
keep their fingers in permanent contact with the buttons
before, during and after a motor response. Adherence to this
requirement was monitored online by the investigator. A
small-amplitude finger press of ~2mm was sufficient to elicit
the motor response at full depression of the button, and this
time-point was registered and referred to as time point ‘0 for
data segmentation. This paradigm was chosen to stabilize the
movement characteristics in StimOff and StimOn conditions. A
trial was timed-out after 1s if there was no response. Each
patient performed four blocks of 84 random stimuli. In this
study, we were interested to study motor integration on exter-
nally paced movements with relatively brief interstimulus inter-
vals to be more sensitive for the cortical activation patterns
that relate to the direct motor execution process. Similar stu-
dies were conducted with interstimulus intervals as short as
500ms (Gerloff et al., 1998; Herz et al., 2014), and included
spectral time-frequency analyses (Hege et al., 2014) using
wavelets to avoid standard Fourier transform window length
limitation to study low frequencies. We determined reaction
time and per cent of correct responses as behavioural motor
performance measures.

Electrophysiological recordings

Sixty-four-channel surface EEG was recorded using linked ear-
lobe references and a frontal ground (BrainAmp,
Brainproducts). EMG of the right flexor digitorum superficialis
and extensor digitorum communis muscles was recorded sim-
ultaneously using bipolar, pre-gelled Ag/AgCl surface elec-
trodes (Norotrode, Myotronics-Noromed Inc.). Triggers from
‘Go’ signals and the subsequent motor responses were regis-
tered synchronously to the electrophysiological recording and
used for offline data segmentation. EEG and EMG were
sampled at 1000 Hz.

Data processing

Before the spectral analyses EEG data were band-pass filtered
from 0.5 to 200Hz and EMG data from 10 to 300Hz.
Afterwards, EMG was full-wave rectified. Both EEG and
EMG data were visually inspected and corrected for episodic
muscle and movement artefacts. EEG data principal
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Table 2 Clinical outcome and individual stimulation parameters

Patient Segmental UPDRS Il (items 20-26) Left STN Right STN

StimOff StimOn
PDI 26 6 3-2+,45V, 60pus, 130Hz 7-6+, 40V, 60 ps, 130 Hz
PD2 14 11 2-3+,35V, 60ps, 130Hz 6-7+,42V, 60ps, 130Hz
PD3 25 8 1-2+, 43V, 90ups, 130Hz 6-7+,32V, %0ps, 130Hz
PD4 1 2 3-2+,48V, 60pus, 130Hz 7-6+,42V, 60ps, 130Hz
PD5 24 10 2-3+,50V, 90us, 130Hz 5-6+, 3.5V, 60ps, 130Hz
PD6 12 0 2-1+,35V, 60us, 130Hz 6-5+,45V, 0ps, 130Hz
PD7 17 7 1-2+, 4.6V, 60pus, 120Hz 5-6+, 46V, 60ps, 120Hz
PD8 15 9 2-1+,60V, 60us, I180Hz 65+, 3.0V, 60ps, 180Hz
PD9 29 8 2-3+, 6.5V, 90us, 130Hz 4-5+,45V, 60ps, 130Hz
PDI0 18 2 1-3+, 35V, 60ps, 130Hz 6-7+,25V, 60ps, 130Hz
PDI | 22 7 2-3+,50V,90us, 120Hz 6-7+,45V, 0ps, 120Hz
PDI2 17 8 2-3-1+,46V, 120ps, I180Hz 65+, 40V, 90ps, 180 Hz
PDI3 7 5 2-3+,42V, 120ps, 130Hz 6-7+,39V, 120ps, 130Hz
PDI14 24 8 2-3+,25V, 60ps, 130Hz 6-5+7+,26V, 120us, 130Hz
PDIS 17 9 3-2+,20V, 120ps, 125Hz 7-6+,28V, 0ps, 125Hz
PDI6 32 18 1-3+, 49V, 0ps, 130Hz 6-7+,52V, 9ps, 130Hz
PDI17 24 5 0-3+, 56V, 60us, 130Hz 5-7+,35V, 120ps, 130Hz
PDI8 25 16 2-3-1+,27 YV, 60ps,130Hz 6-7+,39V, 0ps, 130Hz
PDI9 18 7 2-3+,33V, 120yus, 125Hz 6-7+,33V, 120ps, 125Hz
PD20 29 16 3-2+,42V, 60yus, 130Hz 6-7+,35V, 60ps, 130Hz

components were extracted using EEGlab and components
corresponding to eye blinks, eye movements, frontal or tem-
poral muscle artefacts, or cardiovascular artefacts were
removed. Then, the components were transformed back to
the channel-by-time series. Finally, reference-free EEG data
were obtained using a short Laplacian spatial filter. This step
was considered to reduce cortical volume conduction and to
improve the spatial resolution of the cortical representations.
In this sense, we report our findings by indicating electrode
positions that overly neuroanatomic areas of interest or
maxima/minima of the spectral topographic distributions. We
refer to these representations by indicating cortical areas
underlying the electrodes. Data were segmented from
—800ms to +400ms relative to the registration of the
button press at time ‘0’.

Spectral analyses

Time-frequency measures of cortical activity

To determine the movement-related cortical and muscular ac-
tivity on the segmented data we computed the event-related
spectral perturbation as implemented in EEGlab newtimef
function. To obtain better frequency resolution, we used a
Hanning-tapered sinusoidal wavelet transform beginning with
a three-cycle wavelet that continued to expand slowly and
reached half of the cycles on the highest frequency as suggested
elsewhere (Delorme and Makeig, 2004). Our approach re-
sulted in a frequency resolution of 2 Hz. We considered a
frequency range from 10 to 100 Hz for the muscular spectra
(time range: —632 to +232ms relative to the registration of
the finger tap at time ‘0’), and from 8-100 Hz for the cortical
spectra (time range: —591 to + 192 ms). Time-frequency sam-
ples were normalized on the mean spectral power of the entire
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epoch at each specific frequency. Statistical procedures on the
time-frequency representations are described below.

Time-frequency analysis of
cortico-cortical coherence

The event-related cortico-cortical cross-coherence spectra were
computed from 10-30Hz (time range: —632 to +232ms).
The magnitude of cross-coherence varies between 0 and 1
with a value of 0 indicating complete absence of correlation
and 1 indicating perfect correlation. We calculated the cortico-
cortical cross-coherence between cortical regions of interest,
i.e. on electrodes over the bilateral sensorimotor areas (‘C3’,
‘C4’), supplementary motor area (‘FCz’) and bilateral dorso-
lateral prefrontal region (‘F3’, ‘F4’). Here, we selected regions
of interest to analyse the interhemispheric time-frequency
cross-coherence (‘C3C4" and ‘F3F4’), as well as the cross-co-
herence over the bilateral sensorimotor areas and both supple-
mentary-motor area (‘C3FCz’, ‘C4FCz’) and dorsolateral
prefrontal areas (‘C3F3’, ‘C4F4’).

Global phase synchronization index
and its topographic differentiation

To study the multidimensional cortico-cortical synchronization
processes in a more comprehensive way, we introduced the
global synchronization index measure. We calculated the pair-
wise phase synchronization index (¥) for each pair of elec-
trodes and represented this in a matrix form as an
‘association matrix’. We eigenvalue decomposed the associ-
ation matrix and defined the global synchronization index
(y) as the ratio of the sum of the eigenvalues greater than a
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defined tolerance value with respect to the sum of all the eigen-
values. With this definition, y would take on a value of one in case
of perfect synchrony between all possible channels and a value of
zero for complete asynchrony between the channels. We ob-
tained the tolerance value using a bootstrap approach (detailed
mathematical procedure in the online Supplementary material).
To obtain the topographic distribution of the global cortico-
cortical synchronization, we identified the electrode sites that
contributed significantly to y based on their eigenvectors (de-
tailed mathematical procedure in the Supplementary material).
This was obtained for both the StmOff and StimOn condi-
tions separately. The global synchronization index and its
topographic differentiation were applied on the EEG time
series of interest after Laplace transform and band-pass filter-
ing for the frequency range of interest. If the global synchron-
ization index was non-zero for a subject on both conditions,
we considered these data for further analysis.

We selected three movement-related time windows of inter-
est driven by the results from the spectral time-frequency ana-
lyses. The selection of the respective time-series was derived
from the muscular activity and cortico-cortical cross-coherence
time-frequency analyses, and will be defined along with the
result presentation. Together, the procedure allows us to moni-
tor coupling and uncoupling of distinct areas within the global
cortical movement-related processing stream on the basis of
the phase synchronization index. The detailed mathematical-
methodological algorithm is provided in the Supplementary
material.

Additionally, we analysed whether phase synchronization in
our study represented genuine neuronal synchronization as
opposed to the spurious synchronization from non-interacting
sources as present in volume conduction. This problem has
been discussed as immanent to EEG research and highly non-
trivial, and accordingly no general consensus, but several valu-
able approaches have been put forward in this sense. Of note,
most approaches were conceptualized under the premise that
volume conduction occurs with zero-phase delay (Nolte et al.,
2004; Hipp et al., 2012; Haufe et al., 2013). Therefore, to analyse
if the global synchronization index and its topographic differen-
tiation in our study reflected genuine neuronal synchronization,
we analysed the phase differences of significant cortico-cortical
synchronizations. Briefly, to test this, we assumed that there were
three different categories of phase delays in our sequence x,
namely (i) values close to zero (<0.1); (ii) values close to pi (pi
—pi/10to pi + pi/ 10); and (iii) all other values, where Category
(iii) is compatible with genuine neuronal synchronization as
opposed to Categories (i) and (ii) that were expected to reflect
instantaneous coupling from non-interacting sources. A detailed
mathematical background and statistical consideration on the
comparison of the three categories is provided in the
Supplementary material.

Statistical analyses

Muscular activity was in part affected by tonic background
activity in some patients, i.e. from incomplete relaxation or
rigidity, as can be expected in advanced Parkinson’s disease
stages. To this end, we improved the signal-to-noise ratio by
masking the muscular time-frequency samples on the 95%
bootstrap significance level with reference to the entire trial
epoch, i.e. non-significant muscular activation samples were
zeroed out on the individual subject level. This included a
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correction for multiple comparisons on the multiple time-fre-
quency samples with the false discovery rate. Afterwards, the
muscular activation onset was determined from the time-fre-
quency event-related spectral perturbation. We defined the
time point of muscular activation onset when activity first ex-
ceeded the bootstrap significance level. These onset times were
used to compare muscular activation onset of right flexor digi-
torum superficialis and right extensor digitorum communis
muscles between conditions (StimOff versus StimOn) with
paired samples t-tests. Group level data of muscular activation
were obtained as grand averages from these thresholded indi-
vidual spectra. Clinical and performance measures were com-
pared between conditions using paired samples #-tests.

Spectral time-frequency measures of cortical MRD and
cortico-cortical ~ cross-coherence were compared between
StimOff and StimOn using a non-parametric framework. We
determined the Monte-Carlo estimates from the permutation
distribution. Permutation statistics were computed for each
sample in the time-frequency space as implemented in the
Fieldtrip open source toolbox (Oostenveld et al., 2011). We
used 1000 random permutations on a dependent samples #-test
and an adjusted alpha level of P < 0.025 per tail. As these
sample-wise statistics produce a massive number of compari-
sons [i.e. the product of the number of channels (64) by times
(200) by frequencies (46)], the cluster-based correction method
was demonstrated to treat the multiplicity problem effectively
without losing sensitivity for spectral modulations (Maris and
Oostenveld, 2007).

We used separate multiple regressions to explore whether (i)
clinical improvement on the segmental UPDRS motor score; or
(ii) reaction time improvement as dependent variables (StimOff
minus StimOn) were associated with a change in cortical MRD
(StimOff minus StimOn). Therefore, we took the difference in
MRD averaged over the time-frequency window of interest
(StmOff minus StimOn) as derived from the event-related spec-
tral perturbation analyses. We optimized our model by inserting
electrodes placed over the left prefrontal, premotor, supplemen-
tal motor, and sensorimotor areas. As MRD may yield similar
patterns across neighbouring electrodes, we removed electrodes
from the model if there was statistical evidence for collinearity.

The global synchronization index was compared between the
StimOff and StimOn conditions using a paired #-test with the
directed hypothesis that StimOff condition will show higher
global phase synchronization than the StmOn condition. A
one-tailed P < 0.05 was considered statistically significant. To
compare the topographic differentiation between StimOff and
StimOn, we performed one-tailed paired #-tests (P < 0.05) on
the eigenvector of each cortical channel between the StmOff
and StimOn conditions hypothesizing on higher phase synchron-
ization in StimOff than StimOn. We controlled the false positives
with the false discovery rate (Benjamini and Hochberg, 1995).

Results

Clinical outcome, performance and
muscular activation
StimOn led to a significant improvement of motor symp-

toms compared to StmOff on the total UPDRS III
[22.3 £ 9.7 versus 57.0 £ 13.6; #(19) = 14.184, P < 0.001]
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Figure | Grand averages of the time-frequency spectra of muscular movement-related spectral pertubations (individual
spectra were bootstrap thresholded). No significant differences of M. flexor digitorum (agonist; FD) or M. extensor digitorum (antagonist;
ED) activation patterns were found between StimOff and StimOn, i.e. no differences in activation onset, activation strength and frequency
response were present, respectively. x-axis: Time (ms), where time ‘0’ denotes registration of the finger tap; y-axis: Frequency (Hz); activity is
coded in colour with warm colours indicating stronger activity (colour bar).

and on the segmental UPDRS III subscore [8.1 & 4.6 versus
20.3 £ 6.7; #19)=10.532, P < 0.001], as expected. Each
patient exhibited an improvement on the total UPDRS III
motor score of at least 30% (individual data not shown),
and individual improvement of the segmental UPDRS sub-
score (Table 2). Reaction time was significantly shorter
with StimOn compared to StimOff (649.7 £ 137.9 ms
versus 7122+ 117.0ms; P=0.032) and the per cent
correct responses increased with StimOn compared with
StmOff (85.4% + 14.9 versus 74.8% + 19.0; P =0.016).
The time course of muscular activation was similar with
both StimOff and StimOn (Fig. 1). Right flexor digitorum
superficialis muscle activation onset did not differ between
therapy conditions [StimOff: —123.5 + 53 ms, StimOn:
—134.7 £ 51ms; £(18) = 1.025, P = 0.319]. Right extensor
digitorum communis muscle activation onset was similar
with —11.0 £ 72ms with StimOff and —35.3 +92ms
with StimOn [#(17) = 1.017, P = 0.324]. Activation strength
and frequency response according to the event-related
spectral perturbation of both right flexor digitorum superfi-
cialis and right extensor digitorum communis muscles did not
differ between StimOff and StimOn conditions both on the
raw and the bootstrap-thresholded spectral perturbations.

Movement-related spectral
perturbation of cortical activity

In the StimOff condition, alpha (8-12Hz) and beta band
(14-30Hz) MRD was pronounced on the C3 and C4
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electrodes overlying the bilateral sensorimotor areas. This
also involved the central and (to a lesser degree) the bilat-
cral frontal clectrodes. In the C3 electrode alpha and beta
MRD onset occurred at approximately —350 ms relative to
fingertap registration at time ‘0” and outlasted the fingertap
for approximately +40ms. A slight movement-related in-
crease of low and high gamma band activity was observed
in the frequency range from 40-80Hz and from —50 to
+70ms. In StimOn, MRD in the alpha and beta range was
significantly stronger compared to StimOff most pro-
nounced over left frontal FC3 and sensorimotor C3 elec-
trodes. Morcover, MRD covered a wider cortical area
including the electrodes overlying the bilateral both pre-
frontal areas (F1, F3, Fz, F2, F9, F10), premotor (FC3,
FC4), supplementary-motor (FCz), sensorimotor (C3, C4),
and parietal areas (P3, P4). At the left C3 clectrode, MRD
onset occurred at approximately —350ms similar to
StimOff, however it outlasted the fingertap for +160ms,
and was thereby significantly longer compared with
StimOff. There was no difference in gamma activity be-
tween conditions. The comprehensive cortical movement-
related spectral perturbations are given in Fig. 2.

We conducted several subanalyses to ensure that MRD
was significantly modulated by StimOn. First, we ensured
that there was no constant suppression of the cortical alpha
and beta rhythms throughout the 1.5-s interval. We found
that over the C3 electrode of interest, MRD showed sig-
nificant activity decrease from the epoch mean in both
StimOff and StimOn conditions (permutation statistics
with P <0.05 including correction for multiple
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Figure 2 Time-frequency spectra of the cortical movement-related spectral pertubations (multiplots). At each of the 64 elec-
trode positions, a time-frequency plot is given. Grand average spectra of the cortical electrodes are given in StimOff (A) and StimOn (B), and
StimOn minus StimOff (C) including the statistical comparison and correction for multiple comparisons using a cluster-based correction method
(Maris and Oostenveld, 2007). Non-significant time-frequency samples are ‘zeroed out’ and given in green. The time-frequency representations of
the left sensorimotor region of interest (‘C3’) are given for StimOff (D), StimOn (E), and StimOn minus StimOff (F). x-axis: Time (ms), where

time ‘0’ denotes registration of the finger tap; y-axis: Frequency (Hz).

comparisons with the false discovery rate). This demon-
strates that there was significant movement-related activity
modulation and that the task rate did not lead to a con-
tinuous and general suppression of the alpha and beta
rhythms (not shown). Next, one might argue that StimOn
could have introduced a constant decrease of activity be-
tween 8-30Hz. Therefore, we analysed the cortical power
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spectrum on the entire epoch from —800 to +400ms and
found no significant differences of cortical activity in any of
the electrodes (Supplementary Fig. 1). A further important
aspect we consider, that higher MRD deflections might
arise from higher prestimulus amplitudes (Lemm et al.,
2009). Although our experimental paradigm differed from
this previous work, we found that cortical activity from
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—800 to —400ms (before MRD onset) and between 8-
30Hz did not show significant differences between
StmOff and StimOn in any of the channels (not shown).

We designed the multiple regression model from elec-
trodes over the cortical areas of interest involved in
motor integration. We modelled the clinical outcome and
reaction time improvement from stimulation from MRD
differences between StimOff and StimOn in these cortical
areas. For the MRD difference between StimOff and
StimOn, we took the mean power of each cortical electrode
at the time-frequency window of interest with maximum
MRD (frequency range: 14-24 Hz, time range of interest:
—198 to —1ms). We achieved the highest coefficient of
determination in predicting UPDRS improvement when
applying the five electrodes of interest ‘F1°, ‘FC1°, ‘FCz’,
‘C1’, ‘C5° (R*=0.61, F=4.293, P=0.014). Similarly, the
reaction time improvement could be modelled with elec-
trodes F1°, ‘FC3’, “Cz’, ‘C1’, ‘CS’; (R*=0.66, F = 5.306,
P =0.006).

Cortico-cortical coherence and phase
synchronization
The analysis of cortico-cortical time-frequency cross-coher-

ence from 10-30 Hz was considered to explore the charac-
teristics of movement-related coherence. We found
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movement-related coherence decrease mainly between
‘C3FCz’, ‘C4FCz’ and between ‘C3F3’ pair without signifi-
cant differences between StimOff and StimOn. This pattern
was different in the interhemispheric electrode pairs: both
‘F3F4’ and ‘C3C4’ showed a more constant coherence de-
crease over the whole time range. This was most pro-
nounced in StimOn and reached statistical significance
compared to StimOff in the ‘C3C4’ pair in the premove-
ment phase from —632 to approximately —400ms
(Fig. 3).

For the phase synchronization analysis we selected the
frequency range of 14-24 Hz as derived from the significant
coherence decrease in ‘C3C4”. We selected three time
epochs of interest, i.e. the ‘premovement period’ from
—600 to —401ms which was before cortical MRD and
EMG onset; the ‘movement period” from —200 to
—1ms, which covered the maximum of cortical MRD,
cortico-cortical coherence decrease, and agonist EMG acti-
vation; and the early ‘postmovement period’ from 0ms to
+199 ms. Phase synchronization analysis was considered (i)
to analyse neuronal synchronization; and (ii) to analyse the
global cortical synchronization as well as distinct cortical
contributions to the global cortical synchronization.

The global synchronization index was larger in StmOff
compared to StimOn (‘premovement period’: significant in
12 patients, StimOff > StimOn; P =0.0096; ‘movement
period™ significant in 10 patients, StimOff > StimOn,
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Figure 4 Topographic differentiation of the cortico-cortical phase synchronization in StimOff and StimOn, and difference of
StimOn minus StimOff. In the latter column significant desynchronizations between conditions are indicated by asterisks. Colour bars indicate
the magnitude of cortico-cortical phase-synchronization with warmer colors indicating stronger phase synchronization.

P =0.009; early ‘postmovement period’: significant in 10
patients, StimOff > StimOn, P =0.021). The topographic
differentiation of cortico-cortical phase synchronization re-
vealed desynchronization over the left fronto-central area in
StimOff in both ‘premovement period’ and ‘movement
period’ (Fig. 4). This was similar in StimOn. As significant
difference, we observed a stronger desynchronization over
the right prefrontal, premotor, and sensorimotor areas in
all three time segments in StimOn compared to StimOff
(Fig. 4).

Next, we analysed whether our findings reflected genuine
neuronal synchronization. Using Chi-square test, we found
that the three categories of phase differences [i.e. (i) values
close to zero (<0.1); (ii) values close to pi (pi — pi/ 10 to
pi + pi / 10); and (iii) all other phase differences] occurred
with  significantly different proportions (P < 0.0001).
McNemar’s test was used to determine whether the fre-
quencies of occurrences of the categories were equal for
each pair of categories. This pairwise test showed that
events in Category (iii) were significantly different from
Categories (i) or (ii) across all the subjects after adjusting
for multiple comparisons (P < 0.001). Phase differences in
Category (iii) occurred in at least 98% in each single pa-
tient with significant phase synchronization. Therefore, the
observed phase synchronizations dominantly reflected genu-
ine neuronal synchronization.
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The desynchronization over the right prefrontal, pre-
motor, sensorimotor area (electrodes ‘F10°, ‘FC6” and
‘C2’ predicted clinical improvement on the UPDRS I
with a high coefficient of determination in the ‘premove-
ment period’ (R?=0.84, F=13.875, P=0.002), whercas
no significant prediction was achieved during the ‘move-
ment period’ (R*=0.55, F=2.488, P=0.158). A linear
correlation between UPDRS improvement and the decrease
in phase synchronization of the ‘F10° electrode was
achieved in the ‘premovement period’ (Pearson’s r=0.91,
P < 0.001; Fig. 5), indicating that clinical improvement
correlated with reduced phase synchronization on the
right inferior prefrontal area. No significant predictions
on the reaction time outcome were obtained from the mul-
tiple regressions, however there was a significant correla-
tion of reaction time decrease and synchronization decrease
with StimOn compared to StimOff on the ‘F10° electrode
(Pearson’s r=0.67, P =0.016).

Discussion

Here, we demonstrate that subthalamic stimulation modu-
lates both large-scale cortical motor-network activity and
synchronization in Parkinson’s disease. Our study brought
to light several cortical network mechanisms of Parkinson’s
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Figure 5 Linear correlation of the topographic differentiation of the global phase synchronization index. Indices are shown for
the right inferior prefrontal cortex (‘FI0’ electrode; difference StimOn minus StimOff) and clinical improvement (left) in the UPDRS Il (StimOn
minus StimOff) and reaction time difference (right; StimOn minus StimOff) in the 12 patients with significant global phase synchronization in both
StimOff and StimOn conditions. The correlations were performed on data from the ‘premovement period’ in which 12 patients had significant

phase synchronization.

disecase motor impairment and therapeutic neuromodula-
tion on the level of STN. First, StimOn strengthened the
cortical processing by facilitating the MRD in the alpha
and beta frequency ranges. With this MRD difference be-
tween StimOff and SemOn, we were able to predict both
the clinical outcome on the segmental UPDRS III and reac-
tion time improvement in StmOn. The most accurate pre-
dictions were achieved when using electrodes over the left
sensorimotor, premotor, prefrontal, and midline areas. As
further core finding, the cortico-cortical long-range syn-
chronization was significantly decreased with StimOn.
This included a reduction of interhemispheric cross-coher-
ence between the bilateral sensorimotor areas, and
decreased global phase synchronization in a frequency
range between 14-24 Hz. The topographic differentiation
pointed to similar desynchronization and resynchronization
patterns of phase synchronization on the left (contralateral)
hemisphere in both StimOff and StimOn. In contrast, phase
synchronization was significantly reduced on electrodes
over the right (ipsilateral) prefrontal, premotor, and sen-
sorimotor areas in StimOn compared to StimOff.

Modulation of cortical activity

We found a wide-spread facilitation of cortical MRD with
subthalamic nucleus stimulation over the bilateral pre-
frontal, premotor, supplementary motor, and sensorimotor
areas, and this topography complied well with the known
cortical connectivity of the STN (Albin et al., 1989; Nambu
et al., 1997, 2002). Interestingly, this finding enabled us to
predict both clinical and reaction time improvements.
Intriguingly, the subthalamic nucleus may facilitate, relay,
or inhibit motor cortical processing according to its remote
cortical connectivity and, in Parkinson’s disease, an over-
inhibitory subthalamic tone in the beta frequency range
was associated with abnormal motor cortical inhibition
and defective corticospinal motor control (Salenius et al.,

65

2002; Kuriakose et al., 2010; Weiss et al., 2012). Our
findings are in line with these previous observations. As
local subthalamic beta band activity has been shown to
be decreased with DBS (Kuhn et al., 2008; Eusebio et al.,
2011), and beta band coupling of STN and cortex has been
demonstrated particularly in the resting state and during
akinesia (Sharott et al., 2005; Weiss et al., 2012), network
effects on cortical beta band activity could be assumed
during STN-DBS. Accordingly, beta band rhythm modula-
tions may constitute a network-wide mechanism to balance
motor execution and inhibition which is considered a core
function of the subthalamo-cortical relay (Aron and
Poldrack, 2006; Frank, 2006; Weiss et al., 2014).
Similarly, the prefrontal cortices are involved in executive
motor functions and include response selection in attention-
demanding motor skills particularly in motor programs
that are not well rehearsed (Jahanshahi, 2013).
Accordingly, increase of subthalamic beta band activity
was found when conflict responses were inhibited success-
fully, and the frontal cortex was proposed as the core pro-
cessor to mediate this motor inhibition presumably via
hyperdirect cortico-subthalamic projections (Brittain et al.,
2012). Similar evidence for prefrontal contributions came
from a PET study on motor timing in Parkinson’s disease
that found impaired striatal-prefrontal connectivity
(Jahanshahi et al., 2010) which improved with dopamin-
ergic therapy (Jahanshahi et al., 2010; Kwak et al., 2010).
This impairment to regulate the degree of prefrontal acti-
vation in Parkinson’s disease (Postuma and Dagher, 2006)
probably parallels several executive dysfunctions (Hallett,
2008). It has been postulated that this impairment relates
rather to an overinhibitory basal ganglia control on pre-
frontal activity than to an intrinsic prefrontal dysfunction
per se (Dirnberger et al., 2005). In line with this consider-
ation, pallidotomy increased prefrontal and supplementary
motor activation (Samuel ez al., 1997). Our findings add to
this view. Given that subthalamic stimulation promotes
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movement-related activity decrease of the prefrontal area,
this implies remote activity control of the prefrontal cortex
and STN. This effect may rather reflect network modula-
tion on remote subthalamic and cortical control than
modulation of a single distinct basal ganglia pathway
such as the hyperdirect pathway per se. The consideration
of remote subthalamo-cortical interplay is corroborated by
previous findings. It was put forward that STN-cortical
modulation by subthalamic neurostimulation occurs on
separate pathways in parallel, and that these distributed
modulations result in a prokinetic net effect. The most im-
portant and reproduced explanations considered a desensi-
tization of STN afferents (including those from the
hyperdirect cortico-subthalamic  pathway) (Gradinaru
et al., 2009; Kahan et al., 2014), and as a paralleling mech-
anism remote antidromic motor cortex modulation from
subthalamic stimulation was revealed (Li et al., 2012;
Gradinaru et al.,, 2009). Additionally, cortical activity
modulation may occur on the direct pathway, i.e. by facil-
itating cortical processing on the thalamo-cortical route. In
line with our findings it was moreover noted that increases
of MRD may reflect a facilitation of thalamo-cortical acti-
vation (Steriade and Llinas, 1988; Lemm et al., 2009).
Together, if an exaggerated inhibitory subthalamic tone
(as present in the ‘off state’) is attenuated with DBS,
motor output from the basal ganglia on thalamo-cortical
pathways may be facilitated, and conversely, attenuation of
cortical beta band activity during motor processing may
result in less inhibitory cortical afferents to the STN (e.g.
via the hyperdirect pathway with the well-known frontal
and central-motor contributions).

Subthalamic stimulation decreases
large-scale cortico-cortical coherence
and phase synchronization

This study addressed the movement-related modulations of
cortico-cortical cross-coherence in Parkinson’s disease and
its modulation with subthalamic stimulation. Both StimOff
and StimOn showed similar movement-related coherence
decrease from 14-24 Hz most pronounced on the left hemi-
sphere. This involved the interhemispheric connections, as
well as connectivity of the bilateral sensorimotor areas and
supplementary motor area. As significant difference,
StimOn yielded a stronger and permanent decrease of the
interhemispheric coherence between the bilateral sensori-
motor areas in the premovement phase. For the phase syn-
chronization analysis we selected a frequency range from
14-24 Hz and three time periods of interest. As core find-
ing, we identified a global reduction of cortico-cortical
phase synchronization with StimOn compared to StimOff
in all time segments. Next, we provided a comprehensive
topographic  distribution  of  cortico-cortical  phase-
synchronization of distinct cortical regions with respect to
their contributions to the global cortical motor network
synchronization. ~ Major  contributions to  cortical
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desynchronization came from the right (ipsilateral) hemi-
sphere, presumably from the prefrontal, premotor, and sen-
sorimotor areas, and interestingly, this allowed us to model
the therapeutic improvement from DBS.

In healthy subjects, interhemispheric (ordinary) coherence
between the bilateral sensorimotor areas seems to be tightly
associated with motor cortical excitability, as inhibitory
1Hz repetitive transcranial magnetic stimulation applied
to the left hand primary motor representation in healthy
subjects resulted in increased interhemispheric coherence
between the bilateral motor areas (Strens et al., 2002).
Similarly, active motor inhibition led to a phasic increase
of cortical activity and was paralleled by increased interhe-
mispheric coherence between the bilateral sensorimotor and
bifrontal areas (Shibata et al., 1998). Adding to these find-
ings in healthy subjects, there is ample evidence on defect-
ive interhemispheric inhibition in Parkinson’s disease.
Cortico-cortical functional connectivity in the alpha and
beta bands was pathologically enhanced in early stage
Parkinson’s disease compared to healthy controls (Olde
Dubbelink et al., 2013), whereas extensive beta band cor-
tico-cortical coherence characterized the later disease stage
(Stoffers et al., 2008a, b). Probably the most intriguing
evidence for impaired interhemispheric inhibition in
Parkinson’s disease comes from pathological mirror move-
ment (Poisson et al., 2013; Spagnolo et al., 2013). It was
discussed that reduced transcallosal inhibition or increased
transcallosal facilitation may lead to a less lateralized brain
activation, which, in turn could favour the occurrence of
mirror movements (Li et al., 2007; Poisson et al., 2013).
Consistent with this, smaller and shorter ipsilateral silent
periods indicated impaired interhemispheric inhibition
(Spagnolo et al., 2013). In the later disease stages, interhe-
mispheric beta band coherence is pathologically increased
particularly in the resting state. Interestingly, higher inter-
hemispheric coherence correlated with more advanced
motor impairment (Silberstein et al., 2005), and this was
reduced with both L-DOPA and STN-DBS. Our study adds
to this framework by demonstrating that interhemispheric
coherence between the bilateral sensorimotor areas was
more effectively decreased by STN-DBS in the premove-
ment phase. Finally, this demonstrates the importance of
the subthalamic nucleus in regulating the interhemispheric
interplay during movement preparation.

Cortico-cortical phase synchronization was substantially
desynchronized in StimOn compared to StimOff over the
right (ipsilateral) prefrontal, premotor, and sensorimotor
areas. Most importantly, this desynchronization predicted
the motor improvement on the segmental UPDRS III items
most accurately in the ‘premovement period’, and the re-
duction in phase synchronization over the right inferior
prefrontal area in StimOn compared to StimOff was
highly correlated with clinical motor improvement. This
indicates that the right prefrontal area may play a critical
role in Parkinson’s discase motor impairment. Following
our findings, an entrainment of the right inferior prefrontal
area to motor inhibition can be assumed and was most
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pronounced in the ‘premovement period’. Further corrob-
orative findings lend support to this view and help to
delineate the functionality behind this finding.
Cortico-cortical phase synchronization is considered to
reflect neuronal mechanisms to synchronize neurons to a
common (cognitive) program, i.e. to ‘bind’ or to ‘hold to-
gether’ distinct features of a program. Thereby, neuronal
synchronization may strengthen information exchange be-
tween distributed players during well-defined transient win-
dows in the multidimensional time-frequency-topography
space (Fell and Axmacher, 2011). Therefore, we propose
that the observed right-hemispheric decrease of phase de-
synchronization reflects the decoupling of potentially in-
hibitory cortical processors from the motor program.
Inhibitory contributions from these areas can be assumed,
as a particular role of the right prefrontal cortex was
demonstrated in executive motor control, particularly in
‘motor inhibition” (Rubia et al., 2001; Aron et al., 2003;
Aron and Poldrack, 2006; Zhang et al., 2012; Hege et al.,
2014). Similarly, concordant activation of both STN and
the right inferior frontal gyrus were demonstrated during
motor response suppression and this pointed to the func-
tional inhibitory synergism of both structures (Aron and
Poldrack, 2006). More specific to Parkinson’s disease, ac-
tivity of the right prefrontal area was modulated in
Parkinson’s disease during repetitive bimanual finger move-
ment in a functional MRI study, i.e. activity decreased in
unimpaired movement but increased during involuntary
motor blocks. Interestingly, these activity modulations fur-
ther entrained the right primary motor cortex, dorsal pre-
motor cortex, and the supplementary motor area
(Vercruysse et al., 2014), which closely relates to the dis-
tributions of the right-hemispheric decrease in phase syn-
chronization in our study.

Methodological considerations

We primarily aimed to study the time period around move-
ment execution instead of a longer premovement planning
phase as would have been available during internally gen-
erated movement. Therefore, we decided to study exter-
nally-paced movement on relatively narrow interstimulus
intervals of 1.5s. This paradigm and the settings of our
wavelet analysis led to the limitation that we were not
able to study the (post-movement) event-related resynchro-
nization. However, we were able to characterize MRD in
narrow-interval externally-paced movement and its modu-
lation with subthalamic stimulation. Studying externally-
paced movement is similarly important, as this paradigm
closely adheres to the everyday motor demands and re-
quires rapid repetitive motor responses to external trigger-
ing. Cortical negativity and connectivity measures were
studied on externally paced movements with even much
shorter interstimulus intervals of 0.5s (Gerloff et al.,
1998; Herz et al., 2014). Nevertheless, we ensured that
the alpha and beta band MRD modulations were signifi-
cant from epoch mean, which stands against a general
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suppression of these rhythms in parallel to the relatively
rapid task rate. Moreover, we confirmed that StimOn did
not lead to a general suppression of the alpha and beta
rhythms. Importantly, we also excluded differences in cor-
tical activity before MRD onset as a confounder of our
findings as discussed elsewhere (Lemm et al, 2009).
Together, these additional analyses substantiate that
MRD was facilitated in StimOn.

Our pattern of cortical MRD is in good accordance with
previous findings and therefore supports the validity of our
analyses including those on cortico-cortical phase synchron-
ization: internally-generated movement MRD occurs over
the sensorimotor area contralateral to the intended limb
movement during the premovement phase, but becomes
largely bilateral and symmetric during the movement exe-
cution phase. In Parkinson’s disease, internally-generated
movements presented with a general impairment of the pre-
movement desynchronization (Magnani et al., 2002), and
the mu-rhythm MRD was delayed in Parkinson’s discase
(Defebvre et al., 1998; Magnani et al., 2002). ‘MRD im-
pairment’ may emerge and worsen along disease progres-
sion (Devos and Defebvre, 2006). Consistent with our
findings, one previous study found that the prefrontal
MRD mainly occurs in the movement phase and less in
the premovement phase of internally-paced movements
with both STN-DBS and 1-DOPA, but could spread to
the premovement phase ‘off’ therapy (Devos et al., 2004).
This corroborates our findings that the prefrontal MRD
relates to initiation or delay of the motor command per
se, i.e. inhibitory versus executive control.

Another important aspect of this study was to ensure that
the observed modulations of cortico-cortical phase syn-
chronization indeed reflected genuine neuronal synchron-
ization as opposed to volume conduction from non-
interacting sources (Nolte et al., 2004; Hipp et al., 2012;
Haufe et al., 2013). We demonstrated that the phase dif-
ferences in our study were largely dominated by genuine
synchronization but significantly different from volume
conductions characteristics.

Stimulation artefacts were limited although not absent by
using bipolar DBS configurations. We found that DBS
caused a sharp artefact at the stimulation frequency itself
and on harmonic frequencies. Importantly, however, we
verified that the individual power spectra were not affected
in the major frequency range of interest below 30Hz.
Morcover, the statistical comparisons of StimOff and
StimOn confirmed that cortical activity was not affected
by DBS (spectra in StimOff and StmOn presented as
Supplementary Fig. 1).

Taken together, our study identifies important mechan-
isms of subthalamic stimulation on cortical network pro-
cesses. Two major mechanisms were demonstrated, in that
subthalamic stimulation facilitates MRD, and decouples
potentially motor inhibitory cortical processors from the
global motor network processing stream during motor
preparation and motor execution. The present findings con-
tribute to a more comprehensive understanding of the

5102 ‘6 Aenuged uo senb Aq woy pepeojumoq



large-scale motor network effects of subthalamic neurosti-
mulation and raise attractive novel candidate regions and
biomarkers for future neuromodulation strategies.
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Subthalamic stimulation reduces exaggerated low-frequency intermuscular coherence during con-
tinuous fingertapping in iPD.

We implemented criteria to detect and segment freezing events of upper limb movement for electro-
Keywords: physiological data analyses.

Parkinson's disease Freezing of upper limb movement presents with increased low-frequency muscular and cortical
EEG activation, likely reflecting increased cortical motor inhibition.

Subthalamic nucleus
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Upper limb freezing ABSTRACT

Freezing of gait

Objective: The pathophysiology of deep brain stimulation mechanisms and resistant freezing phenomena
in idiopathic Parkinson's disease (iPD) remains incompletely understood. Further studies on the neuro-
muscular substrates are needed.

Methods: We analyzed 16 patients with advanced iPD and bilateral subthalamic nucleus stimulation, and
13 age- and gender-matched healthy controls. Patients were tested after overnight withdrawal of med-
ication with ‘stimulation off (StimOff) and ‘stimulation on’ (StimOn). Subjects performed continuous
tapping of the right index finger with simultaneous recordings of biomechanical registration, EMG of fin-
ger flexors and extensors, and EEG. First, we analyzed EEG and EMG spectral measures comparing StimOff
with healthy controls and StimOff with StimOn (irrespective of freezing). Second, we contrasted
‘regular (unimpaired) tapping’ and ‘freezing’ resistant to subthalamic neurostimulation as obtained in
StimOn.

Results: iPD showed increased intermuscular coherence around 8 Hz in StimOff that was reduced in
StimOn. This 8 Hz muscular activity was not coherent to cortical activity. ‘Freezing’ episodes showed
increased muscle activity of finger flexors and extensors at 6-9 Hz, and increased cortical activity at
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7-11 Hz. During transition from regular tapping to ‘freezing’ the cortical activity first increased over the
left sensorimotor area followed by a spread to the left frontal and right parietal areas.

Conclusions: We identified neuromuscular motor network features of subthalamic neurostimulation
therapy and resistant upper limb freezing that point to increased low-frequency muscular and cortical

activity.

Significance: Together, our findings demonstrate several motor network abnormalities associated with
upper limb freezing that may translate into future research on freezing of gait in iPD.
© 2015 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights

reserved.

1. Introduction

Symptomatic treatment of idiopathic Parkinson’s disease (iPD)
includes deep brain stimulation of the subthalamic nucleus (STN-
DBS) to control segmental motor symptoms and motor fluctuations
(Deuschl et al., 2006; Schuepbach et al., 2013). However, freezing
shows a less favorable therapeutic response (Vercruysse et al.,
2014; Weiss et al., 2013) and a closer pathophysiological under-
standing is highly warranted. Functional imaging pointed to both
cortical and subcortical network abnormalities in freezers, and
implicated the subthalamic nucleus, as well as the mesencephalic
locomotor region and higher-order cortical areas in freezing patho-
physiology (Herman et al., 2013; Shine et al., 2013b). Much less is
known about the electrophysiological neuromuscular mechanisms
behind freezing (Nutt et al., 2011).

Here, we studied the motor network mechanisms of two major
clinical issues: first, we explored the effect of subthalamic neu-
rostimulation on the motor network characteristics during finger-
tapping (irrespective of freezing). This is of interest, as several
studies pointed to large-scale motor network effects of DBS. As
such, subthalamic neurostimulation modulated cortical activity
in terms of movement-related desynchronization (Devos et al.,
2004; Weiss et al., 2015). Moreover, STN-DBS increased motor cor-
tex excitability (Kuriakose et al., 2010). Similarly, there is evidence
for both defective corticospinal interactions and muscle activation
at abnormally low frequencies <10 Hz in the clinical ‘off state
(Salenius et al., 2002; Weiss et al., 2012). As spinal antagonistic
motor neurons have segregated motor neuron pools (Jessell et al.,
2011), antagonistic motor control can be studied with surface
EMG. A distinct impairment of antagonistic spinal reciprocal inhi-
bition via inhibitory 1a-interneurons was demonstrated (Meunier
et al., 2000). Moreover, both cortical (Bertolasi et al., 1998) and
subcortical modulatory influences (Raoul et al., 2012) on antago-
nistic motor control were revealed.

Second, we captured freezing events of continuous fingertap-
ping (referred to as ‘upper-limb freezing’, ULF) and compared
freezing to regular movement. Freezing phenomena are not
restricted to gait, but may entrain fingertapping as well. ULF and
freezing of gait occur with high clinical co-incidence (Nieuwboer
et al., 2009; Vercruysse et al., 2013), although there is an ongoing
controversy whether both phenomena share common network
mechanisms (Barbe et al., 2014). As common characteristic, both
ULF and freezing of gait showed increased motor output in the fre-
quency range from 4 to 8 Hz, whereas regular fingertapping
occurred from 1 to 3 Hz (Vercruysse et al., 2012). Previous func-
tional imaging research pointed to a specific role of the sub-
thalamic nucleus in gait freezers (Fling et al., 2013; Shine et al.,
2013a; Vercruysse et al., 2013). Similar evidence came from clini-
cal studies that pointed to basal ganglia outputs in terms of STN
(Vercruysse et al, 2014) and the substantia nigra pars reticulata
(Weiss et al., 2013) as important modulators of gait freezing.
Moreover, cortical processing as well as subcortico-cortical
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interactions seem to be relevant. In this sense, patients with gait
freezing showed higher functional connectivity between the sup-
plementary motor area and the mesencephalic locomotor region
(Fling et al., 2013). Moreover, ULF was paralleled by increased cor-
tical BOLD activity in the left dorsolateral prefrontal cortex, motor
cortex, supplementary motor area, and dorsal premotor area
(Vercruysse et al., 2013). A recent EEG study found increased cor-
tical theta band activity during both transition from normal move-
ment to freezing and freezing itself (Shine et al., 2014). Together,
these findings substantiate the view that freezing phenomena are
paralleled by maladaptive processing on both cortical and sub-
cortical levels.

We recorded iPD patients with STN-DBS and healthy controls
with biomechanical registration, EEG, and EMG of antagonistic
muscles during continuous fingertapping. We studied the electro-
physiological neuromuscular mechanisms, i.e., (i) activation pat-
terns of cortex and antagonistic muscles, (ii) synchronization
between antagonistic muscles (intermuscular coherence), and
(iii) synchronization between cortex and muscles (corticomuscular
coherence) on two major clinical issues. First, we studied iPD
patients both in ‘stimulation off (StimOff) and ‘stimulation on’
(StimOn) conditions, and compared StimOff to age- and gender-
matched healthy controls. We hypothesized that iPD show
increased intermuscular coherence in StimOff, and we postulated
that subthalamic stimulation would decrease it. Second, we intro-
duced additional dual task interference in the StimOn condition in
order to provoke freezing phenomena, i.e., ULF (Spildooren et al.,
2010). We selected StimOn in order to capture freezing episodes
resistant to STN-DBS therapy. We hypothesized that ULF shows
increased cortical activity since iPD motor impairment demon-
strated with impaired cortical activity desynchronization (Devos
et al., 2004; Weiss et al.,, 2015), and since inhibition of preplanned
movement was associated with transient cortical activity increase
(Sauseng et al., 2012). Moreover, we expected increased muscular
low-frequency activation and increased intermuscular coherence
during freezing, the latter as a consequence of impaired antagonis-
tic motor control.

2. Methods
2.1. Subject characteristics

Seventeen iPD patients treated with STN-DBS and fourteen age-
and gender matched healthy controls (HC) were recruited from the
Department for Neurodegenerative Diseases, University of
Tuebingen, Germany. Two subjects were excluded from the analy-
ses (one iPD patient did not tolerate the discontinuation of the DBS
therapy, and one HC did not adhere to the task requirements).
Therefore, data are presented from sixteen iPD patients (iPD1-
iPD16, eleven male, age 61.2 + 11.1 years) and thirteen age- and
gender-matched HC (HC1-HC13, eight male, age 62.6 + 10.6 years).
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The disease duration of iPD patients was 13.6 + 6.8 years. Inclusion
criteria were: patients diagnosed with iPD and akinetic-rigid
symptom dominance (determined by neurologist and patient his-
tory), treatment with STN-DBS for at least 3 months, and age
>18 years. The akinetic-rigid symptom dominance was further
supported as patients were examined in ‘stimulation off
(StimOff) during the study (UPDRS III: item 20 ‘tremor’ of head,
upper- and lower limbs summed; median [IQR] 0.0 [0.0 1.5]; item
22 ‘rigidity’ of head and upper limbs summed: 5.5 [5.0 8.0]; items
23-26 ‘diadochokinesia’: 20.0 [14.8 23.3]). Exclusion criteria were:
resting tremor, cognitive impairment (Mini Mental State
Examination <25 (Folstein et al, 1975)) and other competing
neurological or neuromuscular disease conditions. The study was
approved by the local Ethics committee of the University of
Tuebingen in accordance to the Declaration of Helsinki. All subjects
provided written informed consent prior to study inclusion. All
subjects were right-handed as documented with the Edinburgh
Handedness Scale. All patients were identified as ‘freezers’
(score > 1) according to the Freezing of Gait Questionnaire (FOG-
Q; Giladi et al., 2000), however gait ‘freezing’ was not treated as
formal inclusion criterion. The iPD patient characteristics are dis-
played in Table 1.

2.2. Experimental set up and paradigm

Anamnestic scores (FOG-Q, MMST, and Edinburgh handedness
score) were determined on the day before the recordings. All
recordings took place in the morning after overnight withdrawal
of dopaminergic medication. UPDRS III was determined in both
StimOff and StimOn. Subjects were seated comfortably with the
right arm supported by an arm rest. They were instructed to per-
form continuous tapping with the right index finger as quickly
and precisely as possible, whilst the index finger was in permanent
contact with the force transducer. The subjects were instructed to
precisely push the force transducer with a predefined strength of
2 N, and were provided with ongoing visual real-time feedback of
the exerted pressure on a computer-screen placed 1 m in front.
Due to the weak contraction strength and the permanent contact
of finger and force transducer, the performance of this motor task
required only minimum spatial displacement of a few millimeters
of the index finger when exerting the pressure. This experimental
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setup was chosen to stabilize the tapping and movement charac-
teristics across patients and subjects. Since modulation and rescal-
ing of the contraction strength are known to modulate the
magnitude of corticomuscular coherence, we aimed to standardize
the contraction strength by visual feedback (Kilner et al., 2000;
Mima and Hallett, 1999). Importantly, no external cues or rhythms
were presented that could have prevented freezing episodes
(Giladi and Hausdorff, 2006; Rahman et al., 2008). All subjects
and patients were instructed to tap continuously and - if present
- to try immediately to overcome movement arrests. Subjects per-
formed continuous fingertapping in ten blocks of 20 s. Between
blocks a pause of ten seconds was given to prevent fatigue.

2.3. Electrophysiological recordings

During the fingertapping, bipolar surface EMG of the flexor dig-
itorum superficialis (FD) and extensor digitorum communis (ED)
muscles using Ag/AgCl electrodes (Myotronics, Kent, USA) and a
36-channel EEG were recorded simultaneously to the biomechani-
cal signal measured by the force transducer. For the EEG-record-
ings, linked earlobes were used as reference and FPz was used as
ground electrode. All signals were sampled at 1000 Hz and moni-
tored online using a BrainVision Recorder (Brain Products version
1.20, MES Electronics, Gilching, Germany). Impedances were kept
below 5 kOhm.

2.4. Differences between HC and iPD StimOff, and effect of subthalamic
stimulation

First, HC and iPD patients were recorded with ‘fingertapping
only’. We aimed to compare iPD patients in the StimOff condition
with HC. Next, we studied the influence of STN-DBS and compared
the StimOff and StimOn conditions. Therefore, the iPD patients per-
formed ‘fingertapping only’ in both StimOff and StimOn in ran-
domized order. In order to limit the potential influence of clinical
carry-over effects, each treatment condition was active for at least
20 min prior to the recordings. This is considered sufficient to limit
potential carry-over effects in advanced disease stages (Cooper
et al., 2013). Bipolar stimulation settings were used in StimOn to
minimize DBS artifacts in the EEG recordings. If pre-existing, the
best individual bipolar parameters were maintained. In case of

Table 1
Baseline characteristics of the iPD patients.
Number Age (yrs) Gender Disease duration (yrs) FOG-Q UPDRS 1lI (‘18-26") ‘Diadochokinesia’
StimOff StimOn StimOff StimOn

1 61 M 7 2 18 11 10 7
2 53 M 10 5 56 39 30 20
3 58 M 15 2 22 14 7 2
4 74 M 8 7 32 12 17 9
5 67 M 25 10 25 18 16 1
6 41 M 10 10 16 8 9 4
7 63 M 14 3 27 19 19 12
8 67 F 16 15 36 33 24 21
9 65 F 24 15 29 22 15 12
10 68 F 15 13 24 15 14 10
11 64 E 12 15 31 27 22 20
12 63 F 19 14 32 25 21 20
13 32 M 2 6 42 30 28 20
14 74 M 8 8 34 25 23 18
15 66 M 8 4 35 23 22 19
16 63 M 24 15 45 34 28 21

Abbreviations: FOG-Q = Freezing of Gait Questionnaire (max score = 24). UPDRS = Unified Parkinson Disease Rating Scale, item 18-26, item 22 included only review of head
and arms (max score = 80), diadochokinesia subscore of UPDRS item 23-26 (max score = 32), M = male, F = female, StimOff = deep brain stimulation turned off, StimOn = deep

brain stimulation turned on.
* Patients with freezing of upper limb.
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chronic treatment with monopolar stimulation, a bipolar program
similar to the effective monopolar setting was established: there-
fore, we held the negative active contact constant and polarized
against the most dorsal neighboring contact. In this situation,
amplitudes were increased by 30% in order to achieve similar clini-
cal efficacy (Silberstein et al., 2005). All patients received high fre-
quency stimulation (twelve patients at 130 Hz, three at 125 Hz,
and one at 180 Hz). The mean stimulation amplitudes were
3.7+1.0V (left STN) and 3.4+ 1.1V (right STN), and the mean
pulse widths were 73.1+18.9 ps (left STN) and 67.5+13.4 us
(right STN). The clinical motor state in StimOff and StimOn was
documented (UPDRS III). Ratings were restricted to the UPDRS III
items 18-26, and ‘rigidity’ item 22 was obtained from head and
upper extremities only, as subjects were largely immobile in sitting
positions owing to EEG and EMG installed. A ‘diadochokinesia’ sub-
score was summed from the UPDRS items 23-26.

2.5. Comparison of ‘regular tapping’ and ‘upper limb freezing’

After the recordings with ‘fingertapping only’, iPD patients per-
formed the fingertapping in StimOn during dual task interference
(StimOn interference). We introduced dual task interference, in
order to reliably obtain freezing episodes under research lab-
oratory conditions (Camicioli et al, 1998; O'Shea et al., 2002;
Spildooren et al., 2010). StimOn was considered as therapeutic
condition, as we aimed to capture ULF resistant to subthalamic
stimulation therapy as a widely recognized limitation of PD
state-of-the-art therapy in advanced disease stages (Krack et al.,
2003; Vercruysse et al., 2014; Weiss et al., 2013). We only analyzed
the ULF episodes during StimOn interference in order to study
freezing resistant to subthalamic stimulation. Although ULF epi-
sodes also occurred ‘spontaneously’ in StimOff (23 episodes in six
patients) and to lesser extent in StimOn (five episodes in three
patients), we did not concatenate ULF episodes across different
clinical conditions. In the StimOn interference condition, we
obtained clear-cut transitions from ‘regular tapping’ to ‘freezing’
(which is important for the time-frequency analysis as explained
below) (Fig. 1). HC also performed the fingertapping during dual
task interference. We chose a phonemic verbal fluency task in
which the subjects generated as many words as possible from a
given initial letter. All subjects received the same set of letters that
consisted of the ten most-used German consonants (one consonant
per block of 20 s). The order of the presented letters was random-
ized across subjects. The subjects were instructed to equally share
their attention between the index fingertapping and the verbal flu-
ency task (Bloem et al., 2006). The performance on the verbal flu-
ency task (number of words generated) was audio-recorded and
evaluated offline. All subjects could generate words at each letter.
The total number of words generated was 53.2 + 14.2 in HC and
52.9+15.3 in iPD patients. A one-way ANOVA was conducted to
examine the difference between iPD patients and HC on the total
number of words generated treating the years of education as
covariate. Hence, there was no difference between HC and iPD in
number of words generated (F; 54 =0.445; P=0.511).

2.6. Analyses

Motor performance was analyzed as ‘tapping frequency’ and
‘tapping regularity’. The tapping frequency was expressed as num-
ber of peaks over time (Hz). The regularity of tapping was defined
as coefficient of the peak-to-peak interval variability and given as
the standard deviation of the interpeak interval normalized by
the mean interpeak interval. EEG, EMG, and force transducer sig-
nals were analyzed with Matlab (R2012b, The Mathworks,
Nattick, MA, USA) based on the open-source toolboxes EEGlab
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(v13.1.1b) (Delorme and Makeig, 2004) and Fieldtrip (Oostenveld
et al.,, 2011).

For offline preprocessing (prior to any spectral analyses), EMG
signals were band-pass filtered from 10 to 300 Hz, notch filtered
for the 50 Hz line artifact, and full-wave rectified. EMG can be con-
sidered as a broad-band oscillatory activity (carrier activity) whose
amplitude is modulated by a low frequency signal (<25 Hz)
(Farmer et al., 1993). In the spectrum, such modulation signals
result in the broadening of the carrier band, yet, are not reflected
by an individual peak in the low frequency range. Rectifying the
band-pass filtered EMG signal is a simple but efficient approach
to demodulate the EMG activity and to extract the low-frequency
modulation signal (Ward et al., 2013). EEG signals were filtered
from 1 to 200 Hz and notch filtered at 50 Hz. For both EMG and
EEG signals, a finite impulse response filter was used. EEG signals
were visually inspected and a block of 20 s was rejected if it was
affected by muscle artifacts. Similarly, time series were rejected
if affected by tremor. EEG Principal Component Analysis was per-
formed. Components were rejected if corresponding to eye blinks
or to transient muscle artifacts (from facial or temporal muscles).
Then, the remaining components were transformed back to the
time domain. Reference-free EEG data were obtained using the
Hjorth transform as spatial filter (Hjorth, 1980). From each of the
performance blocks, the first two seconds and the last second
were removed in order to achieve blocks with stable motor
performance.

2.6.1. Operationalized offline detection of upper limb freezing (ULF)
episodes

ULF episodes were selected and segmented semi-automatically
to ensure reproducibility of our offline data-analyses. For this pur-
pose, we used an operationalized algorithm that was recently
developed to evaluate the clinical and biomechanical characteris-
tics of freezing in upper limb movement (Nieuwboer et al.,
2009). A time-series in the biomechanical signal was categorized
as ULF episode, if (i) the amplitude deflection of the finger tap
decreased below 1N (i.e., below 50% of the requested force mod-
ulation of 2 N), (ii) the duration exceeded one second, and (iii)
the frequency of motor output increased above 3 Hz based on the
biomechanical registration. (Fig. 1). We automatically selected all
episodes satisfying criteria one and two, i.e., 50% amplitude
decrease lasting more than one second. Then, we visually deter-
mined if there was motor output at frequencies >3 Hz. The data
length of ‘regular tapping’ was adjusted to the data length of ULF
and balanced for the contribution of a single subject to the total
data pool.

2.6.2. Frequency domain analyses of cortical and muscular activity

For ‘fingertapping only’, cortical and muscular activity and
corticomuscular coherence were analyzed in the frequency domain
using spectral analyses. EEG and EMG signals were divided into
half-overlapping segments with a duration of two seconds. The
choice of two seconds was made in order to achieve a frequency
resolution of 0.5 Hz. For data in each window, power (the squared
absolute of the Fourier transform) and cross-spectrum, which is
the product of the Fourier transform of one signal and the complex
conjugate of the Fourier transform of the other signal, were
calculated. These spectral quantities were averaged over all
windows.

Coherence of the signals x and y is defined as the ratio of the
estimate of the cross-spectrum, Py, at frequency f, to the product
of the autospectra, Py and P, at frequency f:

ny(f)z

oy () = 5 5P, 5
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Fig. 1. Biomechanical signal of exemplary upper limb freezing episodes from different patients (iPD1, iPD2, and iPD16). The dashed vertical line represents the peak
maximum of the last regular tap before freezing at time-point ‘0". X-axis: time (s); Y-axis: pressure force (N).

Coherence is a normalized measure and takes on a value of one
if there is an ideal correlation between the two signals and takes on
a value of zero if there is no correlation between the two signals
(Mima and Hallett, 1999). We calculated the intermuscular coher-
ence between EMG signals in FD and ED, and the corticomuscular
coherence between all EEG channels and EMG of FD and ED,
respectively. Significance of the coherence estimates was decided
on the 95% confidence limit (Rosenberg et al., 1989).

For ‘freezing’ vs. ‘regular tapping’, muscular and cortical activity
were analyzed for each ULF trial. Regular tapping trials were
adjusted to the length of the ULF trials. Here, the power was calcu-
lated with a window-length of one second (because some trials
were shorter than two seconds) and the window moved forward
in steps of 0.1 s, achieving a frequency resolution of 1 Hz. The spec-
tra were averaged over all windows and over all trials of the
subject.

For both ‘fingertapping only' and freezing vs. regular tapping
both muscular and cortical activity are expressed as relative power
by dividing the power amplitude at a distinct frequency bin by the
mean power of the whole spectrum (1-100 Hz).

2.6.3. Event-locked time-frequency analysis

To characterize the cortical processing when regular movement
turned into an ULF episode, time-frequency analysis was per-
formed. Time-point ‘0’ was set as the peak maximum of the last
regular tap of the biomechanical signal before entering the ULF
episode. We segmented the data from —1000 to +2000 ms relative
to time point ‘0". For each epoch, EEG signals were decomposed
using a complex Morlet wavelet for frequencies from 3 to 25 Hz
with a resolution of 1 Hz (Schneider et al., 2008). The whole epoch
was normalized to account for the variability between the ULF epi-
sodes. This normalization is done by subtracting from all power
values the time-averaged power at a distinct frequency bin, and
subsequently by dividing all power values by the time-averaged
standard deviation of the epoch (Roach and Mathalon, 2008).

2.7. Statistical analyses

Descriptive findings are reported as mean + standard deviation
when tested with parametric tests and as median [interquartile
range] in case of non-parametrical test procedures. We applied
one-sided parametric tests for clinical effects and motor perfor-
mance. Two-sided non-parametric tests were applied for spectral
measures as they were mostly not normally distributed. First, we
studied the differences between iPD in StimOff and HC using
independent samples t-tests or a Mann-Whitney U tests. Next,
we studied the influence of subthalamic stimulation by comparing
StimOff vs. StimOn in iPD with paired samples t-tests or Wilcoxon
tests.

‘Freezing’ was compared with ‘regular tapping’ (both selected
from StimOn interference) using the paired samples t-test or
Wilcoxon test. Correlation between the total duration of the ULF
in each subject and question 3 of the FOG-Q was calculated using
the non-parametric Spearman-Rho test. Cortical power, cortico-
muscular coherence, and time-frequency spectra were tested
using a non-parametric cluster-based permutation test (Maris
and Oostenveld, 2007). This approach addresses the need to correct
for multiple comparisons by building clusters without losing
sensitivity of spectral changes. First, a t-value is calculated for each
sample with the predefined test-statistic (for example an indepen-
dent samples t-test). Then the samples with t-values higher than
threshold are clustered based on spatial adjacency (and addition-
ally temporal adjacency in time-frequency series). For each cluster
the sum of the t-values is taken. Then the significance probability is
calculated by the Monte Carlo method, which approximated the
permutation distribution of the test-statistic (maximum of the
cluster-level summed t-values) by drawing 5000 random parti-
tions. The Monte-Carlo significance probability was considered sig-
nificant for two-tailed P < 0.05.

Time-frequency spectra were analyzed for statistical signifi-
cance by comparing distinct time intervals in the time range from
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0.5 to 1.5 s after the last regular finger tap with the time period one
second before the last regular finger tap (-1 to 0 s) using the clus-
ter-based permutation test explained above. For all tests, P values
< 0.05 were considered significant. Statistics were performed using
IBM SPSS statistics, version 22 (IBM Deutschland GmbH, Ehningen,
Germany) and the Fieldtrip toolbox (Oostenveld et al., 2011).

3. Results

3.1. Differences between iPD StimOff and HC, and effects of
subthalamic stimulation

3.1.1. Finger tapping performance and clinical outcome

During ‘fingertapping only’, stimulation improved bradykinesia
according to the diadochokinesia UPDRS Il subscore (Table 1,
StimOff 19.1 £7.0; StimOn 14.1 £6.5; t;5=7.93, P<0.001). The
tapping frequency was slower in iPD StimOff compared to HC.
StimOn increased the tapping frequency (Table 2).

3.1.2. Antagonistic muscular activity, cortical activity and
corticomuscular coherence

Muscular activity spectra showed distinct peaks both at tapping
frequency and at 8 Hz (Fig. 2). For statistical comparison, we used
the individual tapping frequencies, and ‘activity at 8 Hz' was built
as mean value from 7.5 to 8.5 Hz.

At individual tapping frequency, agonistic FD muscle activity
was similar in HC, iPD StimOff and StimOn (Table 2, Fig. 2A). The
antagonistic ED muscle showed decreased activity in iPD StimOff
compared with HC (P=0.012, Fig. 2B), and this was unchanged in
the StimOn condition (Fig. 2E). Intermuscular coherence showed
neither a difference between StimOff and HC, nor between
StimOff and StimOn.

Corticomuscular coherence over the left sensorimotor area
(SM1) was taken at the individual tapping frequency as prominent
coherence peak from either the C3, C1, CP1, or CP3 electrode.
Corticomuscular coherence exceeded the 95% confidence limit
with both FD and ED in HC, StimOff, and StimOn.
Corticomuscular coherence with the FD was not different in
StimOff vs. HC, but increased with StimOn compared to StimOff
(P=0.039). HC showed higher corticomuscular coherence with
ED compared to StimOff (P=0.001), and this was unchanged in
StimOn. All findings are summarized in Table 2.

Together, at tapping frequency, the corticomuscular coherence
findings indicated that synchronization between SM1 area and
agonistic FD spinal motor neurons increased with STN-DBS. In
StimOff iPD patients had reduced synchronization between SM1
and ED spinal motor neurons compared to HC, but this was
unchanged with STN-DBS.

Table 2
Motor performance and spectral measures at individual tapping frequency.
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Around 8 Hz, FD activity was similar in HC, StimOff, and StimOn
(Fig. 2A, D). ED showed increased activity in StimOff compared to
HC (P=0.039, Fig. 2B), and this was unchanged with StimOn
(Fig. 2E). Intermuscular coherence of antagonistic muscles was
stronger in StimOff than in StimOn (P =0.026, Fig. 2F), indicating
that higher synchronization between antagonistic spinal motor
neurons was reduced by STN-DBS. One may argue that particularly
StimOff contained some ULF episodes and this may have con-
founded our findings. Therefore, we ensured that both FD and ED
muscular activity, as well as intermuscular coherence did not differ
significantly after removing freezing episodes from the StimOff
condition (Section B in the Supplementary material). Cortical activ-
ity in StimOff revealed increased activity around 8 Hz compared to
HC (P=0.002) and this activity peak was most pronounced in the
bilateral central and parietal regions. This increased cortical
activity around 8 Hz was similar in StimOn with similar topo-
graphic distribution (n.s.). Cortical activity was not coherent with
FD or ED activity around 8 Hz. All findings are summarized in
Table 3.

3.2. Comparison of ‘regular tapping’ and ‘upper limb freezing’ (ULF)

The verbal fluency task led to more irregular tapping (tapping
regularity in StimOn interference 0.67 + 0.36; ‘fingertapping only’
in StimOn 0.24 + 0.15; P=0.001; paired samples t-test). Spectral
measures were compared between ‘regular tapping’ and ULF in
iPD patients in StimOn interference. Two patients were excluded
from this analysis owing to tremor in iPD8 (which occurred only
in StimOn interference) and inability to adhere to the interference
paradigm in iPD10, respectively. According to criteria one (ampli-
tude decrease < 50%) and two (length > 1 s), 93 episodes were iden-
tified. After applying criterion three (>3 Hz), 21 episodes were
excluded, which might have been related to ‘simple movement
stopping’. ULF episodes were detected in 9 of 14 iPD patients.
The median number of ULF episodes per subject was 7 [5.5 11]
(median [IQR]) with a duration of 2.3 [2.0 3.5] seconds. There
was no correlation between the duration of ULF (normalized to
the whole data length of dual task interference) and the Freezing
of Gait Questionnaire item 3 (n.s.).

3.2.1. Muscular activity and intermuscular coherence during upper
limb freezing (ULF)

The frequency ranges of interest for the statistical analysis of
muscular activity were drawn from the grand average plots of
muscular activity (Fig. 3). During ULF, both FD and ED showed
increased activity around 6 to 9 Hz (FD, P=0.021; ED, P=0.011,
Fig. 3A, B). During ULF, ED showed reduced activity in the fre-
quency range from 22 to 34 Hz (P=0.038, Fig. 3B), and no such

HC StimOff StimOn StimOff vs. HC StimOff vs. StimOn

Motor performance of fingertapping

Frequency 2.16+.93 1.40 +.69 1.56 +.71 0.009 0.04

Regularity .16 +.07 .31+.16 24+.15 0.027 0.187
Power

FD .14 .08 .17] .10 [.03 21] .09 [.04 .17] 599 569

ED .15 .08 .25] .05 [.03 .13] .05 [.03.14] .012 717
Coherence

Intermuscular coherence 0.67 [0.24 0.82] 0.33 [0.10 0.57] 0.31 [0.04 0.60] 0.056 0.959

Corticomuscular FD 28[.12 .32] 1103 .21] 14 [.06 .31] .066 039

Corticomuscular ED 27 (.15 .39] .04 .03 13] 09 [.05 .25] .001 070

Statistical comparisons of motor performance and spectral measures at individual tapping frequency of (i) HC vs. iPD StimOff, and (ii) iPD StimOff vs. StimOn. Corticomuscular
coherence is calculated over the sensorimotor cortex. Motor performance is given as mean + standard deviation, spectral measures are expressed as median [interquartile
range]. Abbreviations: HC = healthy controls, StimOff = deep brain stimulation turned off, StimOn = deep brain stimulation turned on, FD = flexor digitorum superficialis,

ED = extensor digitorum communis.
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Fig. 2. Activity of the agonist FD and antagonist ED muscles and intermuscular coherence during ‘fingertapping only’. The horizontal bold bars display significant differences
(P <0.05) at the individual tapping frequency or around 8 Hz. A-C compare iPD StimOff vs. HC with respect to A FD power, B ED power, and C intermuscular coherence. D-F
compare iPD StimOff vs. StimOn with respect to D FD power, E ED power, and F intermuscular coherence. The shaded area represents the standard error of the mean (A-F)
and the dotted line represent the 95% confidence limit of intermuscular coherence (C and F). X-axis: frequency (Hz); Y-axis: relative power (a.u.) or coherence.

Table 3
Spectral measures around 8 Hz.
HC StimOff StimOn StimOff vs. HC StimOff vs. StimOn
Power
FD 02 [.02 .03] 02 (.02 .05] 02 (.02 .03] .539 255
ED 02 [.02 .02] 03 [.02.04] 02 [.02.03] 039 088
Cortical .02 [.01.02] .03 [.02 .03] .02 [.02 .03] .002 ns.
Coherence
Intermuscular .03 [.02 .04] .07 [.03.12] .03 .01 .07] 219 .026
Corticomuscular FD 0.02 [0.01 0.02] 0.01 [0.01 0.01] 0.01 [0.01 0.02] na. na.
Corticomuscular ED 0.02 [0.01 0.02| 0.01 [0.01 0.02] 0.01 [0.01 0.02| na. n.a.

Statistical comparisons of spectral measures around 8 Hz of (i) HC vs. iPD StimOff, and (ii) iPD StimOff vs. StimOn. The average of cortical power is given over the cluster of
significant channels for the comparison StimOff-HC. The comparison StimOff-StimOn did not show significant clusters. Corticomuscular coherence did not exceed the 95%
confidence limit, and therefore no statistical comparison is applicable as indicated (n.a.). Data is expressed as median [interquartile range]. Abbreviations: HC = healthy
controls, StimOff = deep brain stimulation turned off, StimOn = deep brain stimulation turned on, FD = flexor digitorum superficialis, ED = extensor digitorum communis.

0.1 3
A —Freezing | B —Freezing .06} C —Freezing
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© o
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e —_— I
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frequency (Hz) frequency (Hz) frequency (Hz)

Fig. 3. Activity of the agonist FD and antagonist ED muscles and intermuscular coherence during ‘upper limb freezing' (red) and ‘regular tapping’ (black). The horizontal bars
display significant differences (P < 0.05) around 6-9 Hz or around 22-34 Hz. A power FD, B power ED, C intermuscular coherence. The shaded area represents the standard
error of the mean (A-B). The dotted line represent the 95% confidence limit of the intermuscular coherence (C). X-axis: frequency (Hz); Y-axis: relative power (a.u.) or
coherence. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

difference was found in FD activity (Fig. 3). There was no signifi- 3.2.2. Cortical activity during upper limb freezing (ULF)

cant intermuscular coherence from 6 to 9Hz during ULF Cortical activity in the 7-11 Hz range increased during ULF
(Fig. 3C), and the 6 to 9 Hz muscular activity was not coherent to compared to ‘regular tapping’ over the left frontal cortex, supple-
cortical activity in either FD or ED. All data are summarized in mentary motor area, left SM1, and left parietal areas (P < 0.001,
Table 4. Fig. 4). The time-frequency representations of cortical power from
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Table 4
Spectral measures of muscular activity from 6 to 9 Hz and from 22 to 34 Hz.
Measure 6-9 Hz 22-34Hz
‘Regular’ ‘Freezing’ P-value ‘Regular’ ‘Freezing’ P-value
Power
FD .00 [.00 .02] 03 .02 .04] 021 .05 .02 .05] 02 [.02.02] 066
ED .00 [.00 .03] .04 .02 .05] 011 .03 [.02.05] 02 [.01.02] 038

Statistical comparisons of spectral measures (i) 6-9 Hz, and (ii) 22-34 Hz in iPD patients. ‘Regular tapping’ and ‘freezing’ under dual tasking
conditions in StimOn are compared. Data is shown as median [interquartile range]. Abbreviations: FD = flexor digitorum superficialis muscle,

ED = extensor digitorum communis muscle.

Average of the significant channels

0.1

0.05

relative power

10 15
frequency (Hz)

20 25

Fig. 4. Cortical activity (relative power) during ‘upper limb freezing’ (red) and ‘regular tapping’ (black). Upper limb freezing is associated with increased cortical activity in the
7-11 Hz range, grey boxes mark the significant cluster of channels overlying the left frontal cortex, supplementary motor area, left sensorimotor area, and left parietal cortex
(P <0.001). X-axis: frequency (Hz) scaled from 0 to 25 Hz in both multi-plot and single-plot, Y-axis: relative power ranging from 0 to 0.1 (a.u.). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

7 to 11 Hz event-locked to the onset of the ULF episode showed
pronounced activation over the left SM1 area 0.7 s after the last
regular finger tap. There was activation spread to the left frontal
cortex and to the right parietal area from 0.85 to 1.2 s (Fig. 5).

4. Discussion

During ‘fingertapping only’, we found that - at individual tap-
ping frequency — STN-DBS increased the corticomuscular coher-
ence with the agonist FD muscle. Additionally, STN-DBS reduced
the intermuscular coherence around 8 Hz, whereas STN-DBS did
not change the muscular activity. Muscular activity around 8 Hz
was not coherent to cortical activity. ULF compared to ‘regular tap-
ping’ showed increased muscular activity in the low-frequency
range from 6 to 9 Hz, and reduced antagonist activity in the fre-
quency range from 22 to 34 Hz. Cortical activity was increased in
the frequency range from 7 to 11 Hz during ULF, and the time-fre-
quency decompositions of cortical activity showed emergence of
left-hemispheric SM1 activity and spread to the left frontal and
right parietal areas event-locked to ULF.

4.1. Subthalamic stimulation reduces low-frequency agonist—
antagonist synchronization during repetitive movement

EMG activity in healthy persons occurs predominantly in the
beta band (15-30 Hz) or Piper rhythm (35-60 Hz) (Brown, 2000).
In untreated iPD patients, however, muscle discharge can occur
at abnormally low frequencies below 10 Hz, which can be modu-
lated by dopaminergic treatment and STN-DBS (Brown, 1997;
Salenius et al., 2002; Weiss et al.,, 2012). Here, we found pro-
nounced muscular activity around 8Hz in iPD patients.
Antagonist ED activity was significantly increased in StimOff as
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compared to HC, but was not modulated by subthalamic stim-
ulation (Fig. 2B, E). Interestingly, however, activity around 8 Hz
showed synchronization between agonists and antagonists in iPD
in the StimOff condition, and this was significantly reduced with
STN-DBS (Fig. 2F). iPD patients have defective agonist-antagonist
activation patterns, which was expressed as lack of inhibition to
extensor coupled interneurons during flexion compared to healthy
persons (Meunier et al., 2000). This defective 1a-inhibition in iPD
seems to be modulated at both cortical (Bertolasi et al., 1998)
and subcortical level (Meunier et al., 2000), in particular in the sub-
thalamic nucleus (Raoul et al, 2012). Accordingly, common
supraspinal input was described to synchronize the antagonistic
spinal motor neuron pools to a common frequency. Previous work
demonstrated a loss of beta band synchronization between antago-
nistic muscles in PD ‘off state’ which was restored with sub-
thalamic stimulation. This was referred to as facilitation of
common corticospinal inputs at the physiological corticomuscular
beta frequency (Brown et al., 2001; Marsden et al., 2001). In our
study, we found a different and inverse pattern with enhanced ago-
nist-antagonist synchronization in the low-frequency range at
around 8 Hz in the StimOff condition, and attenuation in StimOn.
Interestingly, no cortical oscillator was linearly synchronized to
this 8 Hz activity. Mainly, two potential explanations might
account for the lack of corticomuscular coherence at 8 Hz.
Coupling between cortex and muscle is generally bidirectional
with afferent and efferent interactions. A relevant contribution of
the afferent component was recently demonstrated in corticokine-
matic coherence, particularly at frequencies below 10Hz
(Bourguignon et al., 2015). Accordingly, a jitter in conduction times
of afferent and efferent contributions (as is present in non-linear
coupling) might result in annihilation of corticomuscular coher-
ence if mathematically expressed as ordinary linear coherence.
Alternatively, the lack of corticomuscular coherence at 8 Hz gives
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Fig. 5. Time-frequency representation of significant differences between ‘upper limb freezing’ (after the last regular finger tap) and the pre-freezing period (one-second
period prior to the last regular finger tap at time ‘0’) from 7 to 11 Hz. Time ‘0’ indicates the last regular finger tap, before entering a freezing episode. Significant activity
increases were found from +0.7 to +1.20 s after the last regular finger tap. Asterisks indicate a higher activity in a cluster over the left SM1, and subsequent spread to left

frontal and right parietal cortex (P=0.012). The color bar represents statistical units.

rise to discuss potential motor inputs to the spinal motor neuron
pool apart from the corticospinal tract. Motor output from the
basal ganglia was demonstrated for the nigro-ponto-reticulo-
spinal pathway and is well known to occur in the startle response.
Interestingly, this ‘subcortical’ descending pathway is character-
ized by unselective drives to the antagonistic spinal motor neuron
pool and can be modulated by both L-Dopa (Delwaide et al., 1993)
and subthalamic stimulation (Potter-Nerger et al, 2008).
Accordingly, a task-related increase of the ‘efferent’ subthalamo-
muscular motor command was identified during isometric fine-
motor performance compared to rest in iPD (Weiss et al., 2012).
The relevance of such pathways for pathological agonist-antago-
nist synchronization can be addressed in future with combined
subthalamic local field potential and EMG recordings.

Another interesting aspect is the long-range synchronization of
cortex and muscle at the individual tapping frequency itself. Our
data show that cortical synchronization with the spinal agonist
motor neurons is increased at tapping frequency with StimOn
compared to StimOff and this adds to previous findings on
increased corticospinal contributions resulting from subthalamic
stimulation (Brown et al., 2001; Kuriakose et al., 2010; Salenius
et al,, 2002; Weiss et al., 2012). To summarize, we identified two
distinct network processes that parallel motor impairment in the
PD ‘off state’: (i) decrease of corticomuscular synchrony at individ-
ual tapping frequency, and (ii) emergence of intermuscular syn-
chronization around 8 Hz without coupling to the cortex.

4.2. Is transient suppression of cortical motor processing a mechanism
of upper limb freezing?

During ULF, we found enhanced cortical activity from 7 to 11 Hz
in the left SM1, left frontal and left parietal areas (Fig. 4). Similarly,

we found in the time-frequency analyses that activity from 7 to
11 Hz increased during ULF, emerging 0.7 s after the last regular
finger tap. This increased cortical activity showed a temporal-topo-
graphic evolution from the left SM1 (i.e., contralateral to the mov-
ing hand) to the left frontal and right parietal areas (Fig. 5).

Here, we discuss our findings in the context of previous models
on freezing of gait (Nieuwboer and Giladi, 2013): Our paradigm
was designed according to the interference hypotheses (inducing
a cortical processing conflict by a second cognitive task).
Nevertheless, ULF in our study was rather complemented by fur-
ther mechanisms. In this sense, the so-called ‘threshold model’
(accumulation of motor deficits until the threshold for freezing is
reached) could be considered relevant to our findings, because
the tapping was more irregular during StimOn interference com-
pared to StimOn. The ‘decoupling model’ considers disruption of
the pre-planned/automatic movement and emergence of an alter-
nate rhythm in freezing leading to ineffective movement (‘block’).
A role of the ‘decoupling’ mechanism to freezing in our study is
supported by the findings: the original tapping rhythm and associ-
ated corticomuscular coherence at individual tapping frequency
collapsed during ULF. Instead, abnormal low-frequency muscle
activation from 6 to 9Hz was observed as alternate rhythm.
Again, this low-frequency muscular activity was not coherent to
cortical activity. Similarly, altered cortical activity from 7 to
11 Hz emerged.

In general, enhanced alpha activity is increasingly recognized as
an electrophysiological correlate of cortical motor suppression
(Klimesch et al., 2007) and a spatial distribution similar to our
study was found during active inhibition of preplanned movement
(Sauseng et al., 2012). Interestingly, activity modulations around
10 Hz are not limited to cortical motor suppression, but also occur
at the level of the pedunculopontine nucleus. A transient reduction
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of the pedunculopontine alpha-band power was observed in paral-
lel to freezing of gait (Thevathasan et al., 2012) and coherence
modulation between the pedunculopontine nucleus and cortex in
the alpha band was identified in phasic wrist movement (Tsang
et al., 2010). Whether alpha rhythm modulation might constitute
a ‘binding mechanism’ to balance the contribution of cortico-spinal
and nigro-ponto-reticular transmission to the spinal motor neuron
might be addressed in future with combined electrophysiological
recordings from the midbrain and brainstem nuclei together with
MEG/EEG and EMG. Together, we consider the abnormal increase
in cortical activity in the alpha frequency range in ULF most likely
as an inhibitory mechanism in the active sensorimotor cortex. The
disruption of corticomuscular synchronization in ULF at the freez-
ing rhythm itself further argues into this direction and attracts
interest on alternate (presumably subcortical) drivers.

4.3. Methodological considerations

Several methodological considerations have to be taken into
account when interpreting our findings on ULF. We aimed to
operationalize detection and data segmentation of the ULF epi-
sodes. Hitherto, there is no ‘gold standard’ in identifying ULF epi-
sodes and in defining an accurate onset. This is inherent to
research on freezing phenomena that develop with variable time
delay after a regular movement and may be preceded by a short
period of movement slowing and amplitude decrease before ‘trem-
bling-in-place-like-freezing’ emerges (Nutt et al., 2011). Therefore,
the most reproducible and reliable way to standardize the seg-
mentation of our time-frequency analyses was to time-lock to
the last regular finger tap before ULF emerged. We aimed to stabi-
lize this natural variability by combining several earlier constraints
on freezing pathophysiology. By selecting only ULF episodes with
frequency > 3 Hz, we assumed that freezing behavior has a generic
pathophysiological mechanism, because this criterion was demon-
strated as common spatiotemporal characteristic in ULF
(Vercruysse et al., 2012) and freezing of gait (Delval et al., 2010).
Following this constraint, we rejected 21 out of 93 episodes ULF
episodes in StimOn interference that might have related to ‘simple
movement stopping’.

Moreover, ULF episodes were only selected during StimOn
interference, although ULF episodes also occurred in StimOff and
to a lesser extent in StimOn. However, the concatenation of freez-
ing episodes of all therapeutic conditions would have yielded less
consistent results from a clinical standpoint. Furthermore, we pri-
marily intended to capture ULF episodes resistant to subthalamic
neurostimulation. On the other hand, we considered that during
dual task interference ULF is provoked due to a cortical processing
conflict and limited attentional resources (Bloem et al., 2001;
Yogev et al., 2005). This includes that the patients transiently
might ‘forget to tap’, i.e., stop their attempt to overcome the motor
suppression. However, we found increased low-frequency motor
output of the antagonistic muscles during the ULF episodes. This
is not compatible with ‘motor inactivity’ as could be expected if
patients shifted their attention away from the motor task and
towards the verbal fluency task.

We further selected for patients with akinetic-rigid symptom
dominance, and therefore the results should not be generalized
to the whole iPD population. Nevertheless, this selection criterion
was necessary to prevent a potential and confounding influence
of tremor on our findings. Accordingly, we inspected each individ-
ual EMG data set for tremor and, consecutively, one patient had to
be excluded when tremor solely occurred during StimOn interfer-
ence. Generally however, the ULF phenomenon in this study and in
rich previous work is separable from action tremor despite of its
‘trembling-like’ nature for several major reasons that were also
conceived in our study (Barbe et al., 2014; Nieuwboer et al.,
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2009; Nutt et al,, 2011): during ULF the power spectrum of the
biomechanical signal traces did not show a distinct peak at tremor
frequency (unlike the excluded measurement of iPD8, who showed
a tremor peak). Characteristic for ULF, the power spectrum of the
biomechanical signal showed broader low-frequency activity
(exemplary data provided as Supplementary material, Section A).
This was referred to as ‘unevenness of the energy spectrum’
(Nutt et al., 2011) and considered as typical feature of freezing phe-
nomena, and therefore constitutes a motor phenomenon different
from PD resting or action tremor that generally occurs at a constant
and circumscribed frequency (Nutt et al.,, 2011). Typically, PD tre-
mor also occurs with significant corticomuscular coherence at sin-
gle and double tremor frequency, which was not observed in our
spectral analysis of ULF (Hirschmann et al., 2013; Timmermann
et al., 2003). Finally, it should be recognized that the mechanisms
on ULF identified here should only carefully be translated to freez-
ing of gait (Barbe et al., 2014). Nevertheless, our work generates
important motor network hypotheses for future research on freez-
ing of gait pathophysiology.

5. Conclusion

In conclusion, we propose that subthalamic stimulation
strengthens the synchronization of cortical and agonist muscle
activity at individual tapping frequency, and reduces increased
low-frequency agonist-antagonist synchronization around 8 Hz.
Upper limb freezing is reflected by muscular low-frequency activa-
tion around 6 to 9 Hz and cortical overactivity in the frequency
range from 7 to 11. Together, our findings bring to light several
network hypotheses that are valuable for future research to
address freezing of gait, an unmet therapeutic need in
Parkinson's disease.
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« Dual tasking increased susceptibility to upper limb freezing.

« This was associated with increased cortico-cortical phase synchronization from 13 to 30 Hz over the
left prefrontal area.

« This abnormal phase synchronization was predictive for freezing behavior.

ABSTRACT

Objective: Freezing behavior is an unmet symptom in Parkinson's disease (PD), which reflects its complex
pathophysiology. Freezing behavior can emerge when attentional capacity is reduced, i.e. under dual task
interference. In this study, we characterized the cortical network signatures underlying the susceptibility
to freezing during continuous finger tapping.

Methods: Fourteen PD patients with STN-DBS and thirteen age- and gender-matched healthy controls
performed continuous tapping with the index finger as single motor task and during dual tasking.
Synchronized EEG and mechanogram of the finger tapping were recorded. Subsequently, we analyzed
cortical activity and cortico-cortical phase synchronization. We correlated these spectral measures with
the biomechanically confirmed numbers of freezing episodes during finger tapping.

Results: During dual tasking compared to the single motor task, PD patients showed an increase of
cortico-cortical phase synchronization over the left prefrontal area from 13 to 30 Hz. This correlated with
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increased occurrence of freezing episodes. Interestingly, PD patients lacked the increase of prefrontal
cortico-cortical synchronization from 4 to 7 Hz during dual tasking as observed in healthy controls.
Conclusion: Dual task interference led to an increase of left prefrontal beta band synchronization (13-
30 Hz) in PD and this increment predicted the number of freezing episodes. This increment may under-
score the relevance of prefrontal executive dysfunction in freezing susceptibility.

Significance: These findings enhance our understanding of the pathological network mechanisms behind
increased susceptibility to freezing behavior.

© 2016 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights

reserved.

1. Introduction

Freezing behavior including freezing of upper limb movement
and Freezing of Gait reflects an episodic phenomenon that occurs
in the majority of advanced PD patients, leading to impairment in
quality of life, falls, and morbidity (Bloem et al., 2004; Giladi
et al,, 2001; Rahman et al., 2008). Current standard treatments
such as L-Dopa and deep brain stimulation of the subthalamic
nucleus (STN-DBS) often fail to control freezing behavior in the
advanced disease stage (Vercruysse et al., 2014; Weiss et al.,
2013). This may mirror the incomplete understanding of the com-
plex pathophysiology behind freezing behavior. As important
pathophysiological background, maladaptive motor processing
was demonstrated at widely distributed neuronal levels including
the basal ganglia (Vercruysse et al., 2013; Weiss et al., 2012),
brainstem (Peterson et al., 2014b; Shine et al., 2013b; Snijders
et al, 2011), as well as distributed cortical processors (Bartels
and Leenders, 2008; Scholten et al., 2016). At the cortical level,
pronounced Lewy-body pathology (Virmani et al, 2015) and
motor network abnormalities paralleled the increased vulnerabil-
ity of cortical motor processing in freezers. In particular, motor
network abnormalities were observed in the frontal and parietal
areas. Altered function of these areas parallel executive dysfunc-
tions (Kostic et al., 2012) relating to impaired motor program
adjustments and loss of automaticity (Hallett, 2008;
Vandenbossche et al., 2012) as observed in freezers. Congruently,
interference of freezers with a second cognitive task was
described as an effective procedure to provoke freezing events
given the susceptibility of freezers to ‘cortical processing conflicts’
and ‘capacity overloads’ (Peterson et al., 2014a; Spildooren et al.,
2010).

In keeping with this evidence, motor network abnormalities in
freezers clearly exist outside the freezing episode itself (Snijders
et al, 2011; Vercruysse et al., 2013), and finally the freezing epi-
sode might constitute an endpoint of motor network imbalance
or even the beginning of compensatory attempts to reset an effi-
cient motor program (Shine et al., 2014; Toledo et al., 2014). There-
fore, if an adequate timeframe for therapeutic intervention exists
to prevent freezing behavior, it should probably lie outside the
freezing episode itself.

Here, we aim to identify pathological brain states with respect
to freezing susceptibility by analyzing cortical activity and
cortico-cortical synchronization signatures in advanced PD
patients. Cortical activity is expressed as a measure of local neu-
ronal activity along oscillatory amplitude characteristics, and
cortico-cortical phase synchronization is determined as correlation
of oscillatory phases between distributed brain regions (Engel
et al., 2013; Fell and Axmacher, 2011). Both measures have a piv-
otal role in both motor and cognitive tasks including the patholog-
ical network states of PD (Silberstein et al., 2005; Uhlhaas and
Singer, 2006; Weiss et al., 2015).

Therefore, we studied cortical spectral measures in PD patients
under dual tasking conditions and compared them to the single
motor task (outside freezing episodes and motor arrests, respec-
tively). We explored whether these cortical activity and synchro-
nization modulations were related to freezing susceptibility.
Therefore, we correlated the spectral modulations induced by dual
tasking with the biomechanically confirmed number of freezing
events during finger tapping (referred to as ‘upper limb freezing’).
Finally, we explored whether the modulations observed in PD were
disease-specific by additionally analyzing dual tasking effects in
healthy controls (HC).

Table 1
Characteristics of PD patients.
Gender (M/(F) Age (years) PD duration (years) Time since DBS implantation (months) Segmental UPDRS III (items 20-26) FOG-Q

PDO1 M 61 7 4 10 2
PD02 M 53 10 35 35 5
PDO3 M 59 15 41 12 2
PD04 M 75 8 2 10 7
PDO5 M 67 25 77 16 10
PD06 M 41 10 6 6 10
PDO7 M 63 14 3 18 3
PD08 F 65 24 35 20 15
PD09 F 65 12 47 25 15
PD10 F 63 19 34 23 14
PD11 M 32 2 7 26 6
PD12 M 74 8 25 22 8
PD13 M 66 8 11 20 4
PD14’ M 63 24 73 30 15

Abbreviations: M, male; F, female; UPDRS, Unified Parkinson Disease Rating Scale; items 20-26, item 22 included only rating of head and upper limbs (total score = 72), FOG-

Q= Freezing of Gait Questionnaire (total score = 24).
“ Patients with freezing of upper limb during dual tasking.
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2. Methods
2.1. Subject characteristics

We studied 16 patients with idiopathic PD treated with
STN-DBS for at least three months and 14 HC matched for age
and gender. Exclusion criteria were resting tremor, cognitive
impairment (Mini Mental State Examination <25 (Folstein et al.,
1975)), or other competing neurological or neuromuscular disease
conditions. Data from three subjects (2 PD and 1 HC) were
excluded, because one PD patient suffered from tremor only during
dual tasking and one HC and one PD patient could not adhere to
the dual task paradigm. Therefore, data is presented from 14 PD
patients (PD1-PD14, 11 male, 60.6+11.6years) and 13 HC
(HC1-HC13, 8 male, 63.1£10.1 years (mean+SD)). The study
was approved by the local Ethics committee of the University of
Tuebingen and all subjects provided written consent. The disease
duration of PD patients was 13.3 7.2 years and had STN-DBS
since 2.3 + 2.2 years. All patients reported FOG according to the
Freezing of Gait Questionnaire (FOG-Q, score > 1 (Giladi et al.,
2000)). FOG-Q score can be distinct from the actual degree of
FOG (Shine et al., 2013a) and all patients are therefore considered
‘probable freezers' according to previous classifications (Snijders
et al, 2012). PD and HC had the same level of education
(PD 13.0 £3.6 years; HC 12.4 +2.7 years; paired samples t-test;
to=-0.441, p=0.664). All subjects were right-handed as
confirmed by the Edinburgh Handedness Scale (Oldfield, 1971).
PD patient characteristics are summarized in Table 1.

2.2. Experimental set up

Here, we performed additional cortical network analysis of data
from an experiment already published (Scholten et al., 2016) with
respect to the susceptibility for upper limb freezing under dual
tasking conditions.

Together, subjects were recorded (i) during continuous finger
tapping as single motor task and (ii) during dual task interference
when the subjects performed finger tapping in parallel to a phone-
mic verbal fluency task. We tested patients in the morning after
overnight withdrawal from dopaminergic medication. Both the
single motor task and dual tasking were performed in the 'stimula-
tion on’ treatment condition. We chose this clinical setting a priori
for several reasons. First, our group of PD patients were in an
advanced disease stage and most of them would not have been
able to perform a dual task in the ‘Off’ condition (without stimula-
tion and medication). Second, freezing behavior often stays resis-
tant to standard STN-DBS treatment (Scholten et al., 2016; Weiss
et al,, 2013), and therefore exploration of the network mechanisms
behind resistant freezing behavior is warranted and necessary to
tailor improved therapy concepts in future. Third, the ‘stimulation
on’ condition allowed to introduce reliably a stable ‘motor on’ con-
dition without akinesia or dyskinesia. Such motor fluctuations
could have confounded data interpretation. We favored ‘stimula-
tion on’ over a dopaminergic treatment regimen, as in this patient
cohort with motor fluctuations, STN-DBS allows to achieve more
reliable and stable ‘motor on’ states as compared to dopaminergic
medication. Moreover, a set of previous studies supports that spec-
tral EEG analysis can be reliably interpreted in parallel to active
STN-DBS (Scholten et al., 2016; Silberstein et al., 2005; Weiss
et al,, 2012), including the methods applied in this study (Weiss
et al., 2015).

Here, we analyzed the electrophysiological recordings from the
36-channel surface EEG (Brain Products version 1.20, MES
Electronics, Gilching, Germany). Synchronized to the EEG, the
mechanogram measured the exerted force of finger tapping. EEG

M. Scholten et al./Clinical Neurophysiology 127 (2016) 2386-2393

and force transducer signals were analyzed with Matlab (R2012b,
The Mathworks, Natick, MA, USA) based on the open-source tool-
boxes EEGlab (v10.2.5.5b) (Delorme and Makeig, 2004) and Field-
trip (Oostenveld et al., 2011).

2.2.1. Single motor task

PD patients and HC were seated comfortably with the right arm
supported by an arm rest. They were instructed to perform contin-
uous finger tapping with the right index finger as quickly and pre-
cisely as possible, whilst the index finger was kept in permanent
contact with the force transducer. The subjects were instructed
to push the force transducer with a predefined strength of 2 New-
ton, and were provided with ongoing visual real-time feedback of
the exerted pressure on a computer-screen placed 1 m in front.
This procedure was chosen in order to stabilize the movement
characteristics that otherwise could have been critical for spectral
estimates (Balker et al., 1999). Subjects performed ten blocks of 20 s
and between blocks, a pause of 10 s was given to prevent fatigue.

2.2.2. Dual tasking

After the performance of the single motor task, both PD patients
and HC performed the finger tapping together with a phonemic
verbal fluency task in which the subjects generated as many words
as possible from a given initial letter. All subjects received the
same set of letters that consisted of the ten most-used German
consonants (b, d, g, h, k, I, m, p, s, and v). We presented one conso-
nant per block of 20 s. The order of the presented letters was ran-
domized across subjects. The subjects were instructed to equally
share their attention between the finger tapping and the phonemic
verbal fluency task (Bloem et al., 2006) and to talk with a low voice
in order to limit facial muscle artifacts of the EEG. We validated the
performance on the phonemic verbal fluency task using the num-
ber of words generated. Both PD patients and HC were able to gen-
erate words on each given letter. The total number of words
mentioned did not differ between PD patients (51.5+15.0;
mean + standard deviation) and HC (54.7 £ 13.7; One-way ANOVA
with years of education as covariate: F; 7= 0.383, p=0.898).

2.3. Analyses

In this work, we were particularly interested to explore neu-
ronal signatures behind susceptibility to upper limb freezing. To
this end, we followed the approach to analyze spectral signatures
from time series of (uninterrupted) continuous finger tapping.
First, we rejected upper limb freezing episodes, which were identi-
fied according to (i) a decrease of amplitude deflection of the finger
tapping below 50% of the requested force modulation of 2 Newton,
(ii) an increase of the frequency of motor output above 3 Hz, and
(iii) both constraints lasting for at least one second (Scholten
et al, 2016). We discussed elsewhere in detail that these upper
limb freezing episodes do not correspond to action tremor despite
of their ‘trembling-like’ nature (Scholten et al., 2016). After the
rejection of such upper limb freezing episodes, there might still
be motor arrests unrelated to upper limb freezing, e.g. when the
subject ‘forgot to tap’ by focusing attention towards word retrieval
and away from the motor performance. We classified and dis-
carded such motor arrests unrelated to upper limb freezing from
both single motor task and dual tasking in PD patients and HC if
the intertap interval exceeded twice the median intertap interval
as obtained from the single motor task (Shine et al., 2013b). The
intertap interval was determined as the time between two consec-
utive finger taps. All PD patients showed motor arrests during dual
tasking and data rejected per patient had a median length of 34.4 s
(interquartile range: [9.3 83.1]). Motor performance was expressed
as ‘tapping frequency’ and ‘tapping regularity’ in both HC and PD
patients during ‘single motor task’ and ‘dual tasking'. Tapping
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frequency was measured as number of peaks over time (Hz). The
regularity of tapping was expressed as the coefficient of variation
and computed as the standard deviation of the interpeak interval
normalized by the mean interpeak interval.

2.3.1. Cortical activity and phase synchronization

As preprocessing, EEG signals were filtered from 1 to 200 Hz
with a finite impulse response filter. We removed muscle artifacts
by visually inspecting the EEG signal. Then, eye blinks and tran-
sient muscle artifacts were extracted using Principle Component
Analysis and the remaining components were transformed back
to the time domain. Afterwards, EEG signals were converted into
reference-free current densities using the Hjorth transform.

After preprocessing, data was analyzed in the following fre-
quency bands of interests based on previous electrophysiological
findings and clinical correlations: 4-7 Hz, 7-11 Hz, and 13-30 Hz.
We chose those band definitions on pathophysiological rationale,
as the 4-7 relates to freezing behavior in gait (Shine et al., 2014),
and the 7-11 Hz to upper limb freezing (Scholten et al., 2016).
Activity in the 13-30 Hz frequency band is associated to impair-
ments in PD motor performance at both subthalamic (Kuhn et al.,
2006) and cortical level (Silberstein et al., 2005; Weiss et al., 2015).

Moreover, these frequency bands relate to several physiological
cortical processes that may be relevant to dual tasking. The 4-7 Hz
band can facilitate multimodal processing and long-range
synchronization, thereby promoting neuronal communication of
distributed functionally-related integrators (Fell and Axmacher,
2011), the 7-11 Hz band can disengage task-irrelevant cortical
regions (Jensen and Mazaheri, 2010), and a reduction of
13-30Hz band activity may represent disinhibition of neuronal
populations (Brinkman et al., 2014).

Cortical activity was analyzed in the frequency domain using
spectral analyses. EEG signals were divided into disjoint segments
with a duration of 2 s resulting in a frequency resolution of 0.5 Hz.
For data in each window, the square of the magnitude of the
Fourier transform was taken and averaged over all windows. We
report relative cortical activity after normalizing absolute values
by the summed activity from 1 to 45 Hz.

To study the multidimensional cortico-cortical synchronization
processes in a comprehensive way, we used the global synchroniza-
tion index as described elsewhere including its detailed mathemat-
ical description (Weiss et al., 2015). Together, in this approach the
phase synchronization is studied using Hilbert phase and is based
on the premise that two signals in synchrony will maintain a con-
stant phase difference. For each channel pair, we calculated the
phase difference and quantified the constancy in the phase differ-
ence (synchronization index, SI) using the first mode of the Fourier
transform. SI takes on a value of one in case of perfect synchrony
and zero for asynchrony. Using the SI obtained for each channel
pair, an association matrix was formed. Similarly, an association
matrix was formed using the Sl obtained for the surrogate realiza-
tions of each channel pair (Weiss et al., 2015). These matrices were
decomposed for eigenvalues. The eigenvalues of the original associ-
ation matrix that exceeded the maximum eigenvalue of the surro-
gate association matrix were identified and added. To this end,
the global synchronization index was defined as the ratio of the
summed eigenvalues to the total number of eigenvalues. If the glo-
bal synchronization index was non-zero for a subject in a specific
frequency band during both the single motor task and dual tasking,
we considered these data for further analysis.

To differentiate the topographical representation of the channels
that contributed significantly to the global synchronization index,
the eigenvector corresponding to the maximum eigenvalue of the
original matrix was obtained. Furthermore, we wanted to confirm
that cortico-cortical phase synchronization represented genuine
neuronal synchronization and was not influenced significantly by
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volume conduction. Therefore, we calculated the phase differences
and divided them in three categories: (i) phase difference close to
zero (<0.1); (ii) phase difference close to pi (pi — pi/10 to pi
+pi/10), and (iii) other phase differences, where categories (i) and
(ii) are due to volume conduction and category (iii) reflects genuine
neuronal synchronization. Spectral signatures (relative cortical
activity and phase synchronization) were compared between the
single motor task and dual tasking in both PD patients and HC.

2.3.2. Correlation analyses

We correlated the spectral signatures with freezing behavior in
PD patients and with the performance of the phonemic verbal flu-
ency task in PD patients and healthy controls. Therefore, the corre-
lation was computed between the spectral measures (significant
difference between the single and dual task) and biomechanically
confirmed number of freezing episodes. For the performance of
the phonemic verbal fluency task, we correlated spectral measures
with the number of words mentioned during dual tasking.

2.4. Statistical analyses

Non-parametric tests were used if data were not normally dis-
tributed (Kolmogorov Smirnov p > 0.05).

We hypothesized that dual tasking compared to the single
motor task will provoke upper limb freezing in PD (Giladi and
Hausdorff, 2006; Snijders et al., 2012). Therefore, we compared
the number of upper limb freezing episodes between the single
motor task and dual tasking with a one-sided paired samples t-
test, including the PD patients who showed upper limb freezing
during dual tasking.

Cortical activity and global phase synchronization were com-
pared between the single motor task and dual tasking in both PD
patients and HC using a cluster-based permutation test as imple-
mented in the fieldtrip toolbox to address for multiple compar-
isons (Maris and Oostenveld, 2007). This test is based on the
Monte Carlo permutation principle and identifies significant
changes between conditions using spatial adjacency by building
clusters of channels. We performed 5000 randomizations and con-
sidered an adjusted two-sided alpha level of p < 0.05 significant.

Correlations were calculated with Pearson tests. All tests were
decided on a two-sided significance level of p < 0.05. Motor perfor-
mance data and correlations were analyzed in SPSS 22.0.

3. Results
3.1. Motor performance

The tapping frequency in PD patients was similar in the single
motor task (1.62 £0.75 Hz (mean * standard deviation)) and dur-
ing dual tasking (1.68 + 0.82 Hz) (n.s.). Tapping was more irregular
during dual tasking (.33 +.17) compared to the single motor task
(.21 £.12; paired samples t-test, p = 0.024).

HC had similar tapping frequency during the single motor task
(2.17 £0.92) and during dual tasking (1.87 + 0.82) (n.s.). In HC, tap-
ping was more irregular during dual tasking (.23 +.10) as com-
pared to the single motor task (.16 +.07; paired t-test, p=0.012).

3.2. Upper-limb freezing

We identified nine upper limb freezing episodes in three PD
patients during the single motor task and 72 episodes in nine PD
patients during dual tasking. Upper limb freezing episodes lasted
1.9 [1.52.2] s (median [interquartile range]) during the single
motor task and 2.3 [1.9 3.5] s during dual tasking. Upper limb freez-
ing occurred more frequently during dual tasking (7 [5.5 11]) com-
pared to the single motor task (5 [2 5]; p = 0.007), as expected.
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Fig. 1. Topographic overview of cortical activity during single motor task (first column) and dual tasking (second column) in the frequency bands showing significant
differences in PD patients (A) and HC (B). The difference between single motor task and dual tasking are indicated by asterisks in the latter column. In PD, during dual tasking
cortical activity decreases over the left parietal area in the 4-7 Hz frequency band (electrodes CP5, P3, and P7; p =0.0096). In HC, during dual tasking cortical activity
decreases over the left frontal area (electrodes FP1, F3, and F7; p = 0.0022) and bilateral parieto-occipital area (electrodes P4, Pz, P3, P7, Oz, and O1; p = 0.0096) in the 13-
30 Hz frequency band. In the first two columns, color bars indicate the magnitude of relative cortical activity (a.u.) with warmer colors indicating higher relative activity. In
the latter column the color bar represent statistical units with warmer colors indicating greater cortical activity during dual tasking compared to the single motor task. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Topographic overview of the cortico-cortical phase synchronization during single motor task (first column) and dual tasking (second column) in the frequency bands
showing significant differences in PD patients (A) and HC (B). The difference between single motor task and dual tasking are indicated by asterisks in the latter column. In PD,
during dual tasking phase synchronization increases over the left prefrontal area in the 13-30 Hz frequency band (electrodes F3, F7, and FC5; p = 0.0054). In HC, during dual
tasking phase synchronization increases in the 4-7 Hz frequency band over the left prefrontal area (electrodes F3, FC3, and FC5; p = 0.0162).In the first two columns, color
bars indicate the magnitude of global phase synchronization with warmer colors indicating stronger phase synchronization. In the latter column the color bar represent
statistical units with warmer colors indicate increased synchronization during dual tasking compared to single motor task. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

3.3. Cortical activity

In PD, cortical activity was attenuated over the left parietal area
in the 4-7Hz frequency range (electrodes CP5, P3, and P7;
p =.0096; Fig. 1).

In HC, instead, cortical activity was attenuated in the 13-30 Hz
frequency range over the left prefrontal (channels FP1, F3, and F7;

p=.0022) and the bilateral parieto-occipital areas (electrodes P4,
Pz, P3, P7, Oz, and O1; p=.0096) during dual tasking compared
to the single motor task (Fig. 1).

For more information about cortical activity in PD during upper
limb freezing as compared to regular tapping under dual tasking
conditions, we would like to refer to previous work (Scholten
et al., 2016).
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3.4. Cortico-cortical phase synchronization

In PD, the topographical differentiation of phase synchroniza-
tion yielded an increase of synchronization in the left prefrontal
area from 13 to 30 Hz during dual tasking compared to the single
motor task (electrodes F3, F7, and FC5; p =.0054; Fig. 2). All indi-
vidual PD patients showed significant cortico-cortical phase syn-
chronization. HC showed an increment of phase synchronization
in the 4-7 Hz range in the left prefrontal area during dual tasking
compared to the single motor task. This was computed from eleven
subjects with significant phase synchronization (electrodes F3,
FC3, and FC5; p=.0162; Fig. 2).

To further characterize the effect of biomechanically confirmed
freezing under dual tasking conditions on cortico-cortical phase
synchronization, we compared as subanalysis cortico-cortical
phase synchronization during freezing episodes to regular tapping
(both under dual tasking conditions). Nine patients yielded upper
limb freezing during the dual task, and eight of them showed sig-
nificant cortico-cortical phase synchronization during freezing.
Cortico-cortical phase synchronization on these eight patients
increased from 13 to 30 Hz over the right premotor area and sup-
plementary motor area during upper limb freezing (electrodes FC2
and Cz, p =0.037) (Supplementary Fig. S1).

In both PD and HC, we ensured that the observed cortico-
cortical phase synchronization patterns reflected genuine neuronal
synchronization. We found that the three categories (i.e. (i) phase
difference close to zero (<0.1); (ii) phase difference close to pi
(pi-pi/10 to pi + pi/10), and (iii) other phase differences) occurred
with different proportions (Chi-square test; p <0.001). The phase
difference occurred more frequently in category (iii) than in cate-
gories (i) or (ii) with category (iii) containing at least 95% of the
phase differences in every single patient (McNemar's test with
Bonferroni correction; p < 0.0001). Therefore, we can conclude that
our findings on cortico-cortical phase synchronization were largely
driven by genuine neuronal synchronization as represented by
category (iii).

159

Freezing episodes (number)
dual task

0 T T T T
0.5 0.0 0.5 1.0
Phase synchronization
dual - single task

Fig. 3. Indices of the correlation coefficient between the increment of phase
synchronization during dual tasking in the 13-30 Hz frequency band of the left
prefrontal area (electrodes F3 and F7) and the number of freezing episodes during
dual tasking.
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3.5. Correlation analyses

In PD patients, the cortical activity decrease from 4 to 7 Hz dur-
ing dual tasking was not correlated with the number of freezing
episodes during dual tasking, nor with the number of words men-
tioned. The cortico-cortical phase synchronization increase from
13 to 30 Hz over the left prefrontal cortex was correlated with
the number of upper limb freezing episodes (r = 0.858, p = 0.003;
Fig. 3), indicating that higher cortico-cortical synchronization over
the left prefrontal cortex associated with a more frequent occur-
rence of upper limb freezing episodes. This phase synchronization
increase was not correlated with the number of words mentioned.

In HC, both the cortical activity decrease from 13 to 30 Hz and
phase synchronization increase from 4 to 7 Hz during dual tasking
were not correlated with the number of words mentioned during
dual tasking.

To address whether decreasing movement regularity of finger
tapping during dual tasking may have influenced cortical activity
or phase synchronization, we correlated the decreased regularity
of tapping with dual tasking (as compared to single motor task)
and the spectral measures in PD patients and HC. In PD patients,
the decreased regularity of tapping during dual tasking did not cor-
relate with the diminished cortical activity from 4 to 7 Hz (n.s.),
nor with the increased phase synchronization from 13 to 30 Hz
(n.s.). In HC, the decreased regularity of tapping during dual task-
ing did not correlate with the diminished cortical activity from
13 to 30 Hz (n.s.), nor with the increased cortico-cortical phase
synchronization from 4 to 7 Hz (n.s.).

4. Discussion

In this study, we demonstrated that dual tasking increased the
susceptibility to upper limb freezing in PD. This was associated
with altered long-range cortico-cortical synchronization. Dual task
interference increased the cortico-cortical synchronization over
the left prefrontal area from 13 to 30 Hz in PD. This synchroniza-
tion increase correlated with more frequent upper limb freezing
episodes. Instead, PD patients lacked some of the cortical network
adaptations observed in HC under dual task interference, namely
the increase of frontal synchronization from 4 to 7 Hz and the
decrease of oscillatory activity in the left prefrontal and bilateral
parieto-occipital areas from 13 to 30 Hz.

The observed increase of cortico-cortical phase synchronization
from 13 to 30 Hz in PD and its correlation with an increased number
of upper limb freezing episodes deserves deeper consideration in
the context of previous findings. Increased cortico-cortical beta
band (13-30Hz) synchronization was described to parallel
impaired motor processing and segmental PD motor symptoms
(Silberstein et al., 2005; Weiss et al., 2015). Similarly, increased beta
band synchronization is apparent both on the level of the STN and
in subthalamo-cortical projections (Kuhn et al., 2004; Lalo et al,,
2008; Stoffers et al., 2008; Weiss et al., 2012). Both L-Dopa and
STN-DBS treatment desynchronized this rhythm on the levels of
STN (Eusebio et al., 2011) and cortex (Eusebio et al., 2011; Weiss
et al,, 2015). Interestingly, although our PD patients were recorded
in the ‘stimulation on’ state, dual task interference induced a syn-
chronization increase from 13 to 30 Hz over the left prefrontal area
in association to increased susceptibility to upper limb freezing.
Therefore, impaired prefrontal processing may parallel freezing
susceptibility. This is reflected by cortical beta rhythms that may
inhibit the motor output (Brinkman et al., 2014; Weiss et al.,
2015). As consequence, less effective motor output might result
from impaired prefrontal cortical processing in PD. This might
define a pathological brain state premonitory to freezing events
that finally constitute the motor ‘endpoint’ of inefficient motor
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integration (Lewis and Barker, 2009). Such executive dysfunction
includes impairment in cognitive motor planning and motor auto-
maticity as is characteristic for PD freezers. Moreover, both motor
planning and motor automaticity are dependent on prefrontal
executive integration. [nability to regulate prefrontal cognitive pro-
cesses constitute the pathophysiological hallmark of such executive
dysfunction (Dirnberger and Jahanshahi, 2013; Hallett, 2008; Nutt
et al,, 2011), and may critically relate to the impaired processing
in subcortico-cortical feedback loops (Jahanshahi et al., 2000;
Levy and Dubois, 2006). Therefore, we support the well-
established concept by our experimental findings, that the cortical
motor network is modulated towards motor inhibition by entrain-
ing the prefrontal areas to increased beta band synchronization.
Dual task interference may therefore modulate the cortical network
state towards a less efficient state of motor processing leading to
increased susceptibility to freezing events.

Interestingly, when patients entered freezing of upper limb
movement, the left prefrontal beta band synchronization persisted
to a similar extent as during regular tapping under dual tasking
conditions. However, additional hypersynchronization of the sup-
plementary motor area and right premotor area (ipsilateral to
movement) emerged and may mirror deficiency in motor planning
(SMA) and motor-inhibitory influences of right-hemispheric struc-
tures. The findings are in good accordance with previous work that
indicated similar cortical mechanisms (Silberstein et al., 2005;
Weiss et al., 2015) including abnormalities of right-hemispheric
cortical network architecture in PD patients with freezing
(Vercruysse et al., 2013).

In addition to increased synchronization from 13 to 30 Hz, PD
patients lacked further cortical network adaptations as observed
in healthy controls. PD patients did not show the suppression of
cortical activity from 13 to 30 Hz over the left prefrontal and
bilateral parieto-occipital areas. We argue that HC have greater
capacity to modulate cortical function during dual task interfer-
ence, and are obviously able to ‘down-regulate’ beta band activity
when cortical working load increases under dual tasking condi-
tions. Again, beta band activity decrease may reflect disinhibition
of the associated prefrontal and parietal areas, and thereby might
stabilize the maintenance and transfer of the motor planning
towards motor output despite of higher cortical computational
load. Such motor compensation and increments of automaticity
are generally impaired in PD patients (Wu and Hallett, 2005).

As further interesting aspect, we did not observe an increase of
frontal synchronization from 4 to 7 Hz in PD patients, as was pre-
sent in HC during dual tasking. This prefrontal synchronization
increase in HC may have its largest impact to promote neuronal
communication between long-range distant cortical processors
(Connolly et al, 2002). As such, theta band oscillations were
described as potent mediators of large-scale cortical activity and
excitability modulation (McGinn and Valiante, 2014) and this
included the facilitation of executive functioning including motor
planning (Demiralp et al., 2007). Interestingly, the relevance of pre-
frontal theta oscillations increased along increased task complexity
and was suggested to support multimodal processing and cogni-
tive control over complex and independent processes (Engel
et al., 2013; Fell and Axmacher, 2011; Voytek et al., 2015). More
specific to PD, prefrontal theta synchronization was modulated
during executive processing in prefrontal-subthalamic projections
(Alegre et al., 2013) and during conflict decisions (Zavala et al.,
2014) which adds a further piece of evidence that prefrontal both
cortico-cortical and cortico-subthalamic theta band coupling is
crucial to organize cognitive motor processing in terms of
executive functioning. Therefore, additional to ‘capturing’ the pre-
frontal area in a motor inhibitory beta band synchronization, the
Parkinsonian prefrontal area may also be deficient in entraining
large-scale cortico-cortical processes.

M. Scholten et al./Clinical Neurophysiology 127 (2016) 2386-2393

4.1. Methodological considerations

We would like to reflect some methodological aspects of this
study. First, speaking may lead to EEG signal contamination with
muscle artefacts. Therefore, the subjects were instructed to talk with
a low voice and to activate as few face muscles as possible to limit
facial muscle activation. The remaining artefacts were reduced using
principal component analysis. Moreover, the decrease of cortical
activity during dual tasking in both PD and HC contradicts relevant
confounding of our findings by muscle artefacts. If relevant muscle
artefacts were present, we would expect broadband activity
increases. Moreover, we measured a group of patients with
advanced PD with akinetic-rigid dominance susceptible to freezing
behavior and excluded patients with tremor. Further, we observed
increases of prefrontal beta band synchronization in PD freezers,
and instead a lack of prefrontal theta band increase in PD freezers
as opposed to HC. The synchronization changes in both bands did
not correlate with word retrieval, however, the beta band synchro-
nization was indicative for increased susceptibility to upper limb
freezing. This supports a role of the synchronization changes for
freezing behavior but does not entirely exclude additional contribu-
tions of word retrieval on cortico-cortical synchronization.

Finally, the experiment considered similar STN-DBS pulse appli-
cations both in the ‘single motor task’ and in the ‘dual task’. There-
fore, the signatures observed built the correlate of dual task
interference in PD patients with STN-DBS, but cannot be explained
by STN-DBS per se. No contrast of ‘stimulation off’ vs. ‘stimulation
on’ was considered in this part of the study presented here. Here,
we strived for a neurophysiological basis to develop novel thera-
peutic strategies for unmet freezing behavior in order to overcome
present therapeutic limitations (Scholten et al., 2016; Weiss et al.,
2013; Weiss et al., 2015). In this regard, this study shall help to
obtain neurophysiological biomarkers premonitory to freezing
events. Such electrophysiological biomarkers may open a valuable
time window for neuromodulation intervention.

We plan to address with separate experiments in medically treated
PD patients in future whether similar signatures would generalize to
larger parts of the PD population outside neurostimulation patients.

In conclusion, our electrophysiological recordings pointed to sev-
eral pathological cortical network processes behind susceptibility to
upper limb freezing. Most importantly, we observed increased pre-
frontal synchronization from 13 to 30 Hz that correlated with
increased upper limb freezing. Of similar interest, PD patients lacked
cortical network adaptations that were characteristic for HC under
dual tasking conditions. The signatures identified in this study are
of help to define cortical network states indicative for freezing
susceptibility, and this may constitute valuable profiles towards
adaptive treatment strategies for episodic freezing phenomena.
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Abstract

Conventional subthalamic deep brain stimulation (STN-DBS) for Parkinson’s disease (PD) presumably
modulates the spatial component of gait. However, temporal dysregulation of gait associates tightly
with freezing of gait (FOG). Such temporal locomotor integration may be modulated differentially on
distinct levels of the basal ganglia. Owing to its descending brainstem projections, stimulation of the
substantia nigra pars reticulata (SNr) area might modulate spatial and temporal parameters of gait
integration differentially from the standard subthalamic nucleus (STN) stimulation. In this work, we
aimed to characterize the differential effect of STN or SNr stimulation on kinematic gait parameters

as primary interest.

Biomechanical parameters were analyzed during unconstrained over ground walking in thirteen PD
patients with neurostimulation and FOG. Both tests were performed in three conditions: i) Off
stimulation, ii) STN stimulation (alone), iii) SNr stimulation (alone). SNr stimulation was achieved by
stimulating the most caudal contact of the electrode. Gait was recorded by three sensors attached
on both left and right ankle and lumbar, containing a tri-axial accelerometer, gyroscope, and

magnetometer.

STN stimulation improved both spatial features (stride length, stride length variability), as well as
temporal parameters in terms of swing time asymmetry. SNr stimulation improved the temporal
features of gait in terms of swing time asymmetry. Correlation analysis suggested that more medial
coordinates of the SNr contact associate with a stronger regularization of gait. These results suggest
that SNr stimulation might complement the effect of standard subthalamic stimulation on temporal

gait integration.
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Introduction

Standard deep brain stimulation of the subthalamic nucleus (STN-DBS) may improve gait in
Parkinson’s disease (PD) to certain degree and with interindividual variability [1,2]. STN-DBS robustly
improves the spatial parameters (e.g. step length), however, the temporal parameters (e.g. cadence),
are generally less amenable to therapy [3—-5]. This is critical as temporal regulation of the gait cycle is
crucial to PD gait disturbance, in particular to freezing of gait (FOG) that associates closely to
temporal abnormalities of locomotor integration [6]. In this sense, several temporal parameters of
gait including temporal gait variability and asymmetry correlate with an increased occurrence of FOG

[7,8].

Neurophysiologically, rhythmic stepping behavior can be elicited by stimulation of the mesencephalic
locomotor region (MLR), with higher stimulation intensities increasing the locomotion cadence in the
cat [9,10]. The MLR gives rise to the reticulospinal tract and this tract appears to be involved in
eliminating asymmetric gait by modulating the activity level of different groups of muscles during
walking [11]. The MLR region appears to be involved in the temporal modulation of gait also in
human. In healthy persons, the MLR region is active during mental imagery of gait [12]. Furthermore,
an increased firing rate of neurons in the MLR region was observed with an increased cadence of
stepping in PD patients [13]. The MLR receives GABA-ergic afferents from the substantia nigra pars
reticulata (SNr), a basal ganglia output nucleus [14]. In PD, the output of the basal ganglia including
SNr is increased [15] resulting in an over-inhibition of the MLR, and thus, was suspected to diminish

the MLR locomotor output.

This over-inhibition can be reduced by high frequency neurostimulation of the basal ganglia.
Although several different STN-DBS configuration opportunities exist, FOG still remains an unmet
therapeutic need [16,17]. We observed that combined STN+SNr stimulation may have promising
effects on FOG reduction [18], the piloting findings from this study are currently under investigation

of a multicenter randomized controlled trials (clinicaltrials.gov NCT02588144). However, what the
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effect is of SNr stimulation alone on gait kinematics is unknown. From animal experiments, it seems
that SNr could be involved in the temporal modulation of the gait cycle and since the temporal
modaulation in FOG is perturbed, deep brain stimulation of the SNr could reduce FOG in PD patients.

Furthermore, on gait initiation SNr stimulation showed an effect on vertical braking [19].

Here, we set out to study the effects of mono STN and mono SNr stimulation on gait kinematics.
Please note, that this study was not designed nor powered to study the clinical efficacy of nigral
stimulation on FOG (instead, this is subject to the above mentioned trial). In particular, we will
contrast the effect of either STN or SNr stimulation (mono, not combined) on both spatial and
temporal kinematic gait parameters of unconstrained gait. Furthermore, we aim to associate the
anatomical location within the SNr with the gait parameters, since - from animal experiments - it was
indicated that SNr sub territories may associate differentially to distinct locomotor integration
modalities. In this sense, the medial part of the SNr was suggested to account for the modulation of
the gait cycle time and the locomotor speed during locomotion, in contrast to the increase of axial
and limbic muscle tone by stimulating the lateral part of the SNr [20-22]. We hypothesize that mono
SNr stimulation can regularize the temporal modulation of gait compared to Off stimulation by
decreasing the variability of the stride time and temporal gait asymmetry. Moreover, we hypothesize
that mono STN stimulation will have stronger impact on the spatial parameters by increasing the
stride length and reducing the stride length variability. Furthermore, we hypothesize that the
improvement in temporal gait variability and asymmetry may associate with a more medial

localization of the SNr contact.
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Methods

Subjects

We included 21 patients with idiopathic PD into this study. PD patients were included if STN-DBS
electrode contacts of the quadripolar electrode (Medtronic, Minneapolis, MN) reached both the STN
and the caudal border zone of the STN and SNr (as determined from a MRI post-operatively by an
experienced neurologist). Most caudal electrode contacts were within -5mm < -10mm in the rostro-
caudal direction on both sides similar to standard described elsewhere (NCT02588144) [18]. To avoid
influence of the stun effect, we included only patients at least three months from STN-DBS
implantation. Exclusion criteria were Mini Mental Status < 22, Beck’s Depression Inventory > 13), and
other neurological or neuromuscular disease except PD. The study was approved by the local Ethics
committee of the University of Tuebingen and all subjects provided written consent to participate in

the study.

One patient was excluded because of technical problems with the recording hardware and one
patient was unable to walk during the recording session. During the measurements, FOG was
observed in 15 out of 19 PD patients, confirming these PD patients as ‘definitive freezers’ [23]. We
assured that stimulation of the STN was effective with clinical improvement of at least 30% measured
with the UPDRS lll score. Thus, three out of 15 PD patients were excluded. These 12 PD freezers were
considered for further analyses (PD1-PD12, 11 males, age: 63.7 + 10.4 years (mean * standard
deviation)). The disease duration was 15.1 + 3.2 years with implantation of the DBS 34.7 £ 29.0
months ago. The score on the NFOG-Q was 9.4 + 8.4 points. Electrode coordinates of the caudal
contact relative to the mid-commissural point (MCP) were left SNr-10.2 + 0.4, -3.7 £ 0.5, -6.5 + 0.4,
right SNr 10.4 +0.4,-4.0+ 0.4, -6.3 £ 0.4 (X, y, z; x = medio-lateral, y = anterio-posterior, z = rostro-

caudal).
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Experimental set up and paradigm

Combined STN+SNr stimulation is under consideration to alleviate freezing of gait [18]. Whereas
during clinical routine impulses of STN and SNr are delivered concomitantly, we aimed to gain
differentiated pathophysiological insight of either STN or SNr stimulation on locomotor integration in
this study. To this end, we contrasted the effects of either stimulation condition alone (i.e. SNr mono
as compared to STN mono). We measured all patients in three conditions: STN, SNr, and Off
stimulation after a previous overnight withdrawal of dopaminergic medication. The order of the
conditions was randomly assigned and each stimulation condition was active at least 20 minutes

before recording to limit potential carry-over effect of the previous stimulation condition [24].

STN stimulation represented stimulation of two most rostral contacts, while with SNr stimulation the
two most caudal contacts were stimulated (Table 1). Pulse width and frequency of the SNr
stimulation were similar to the individual STN stimulation. SNr amplitudes were not be held
equivalent to STN amplitudes, since stimulation of nigral contacts generally has lower side effect
thresholds and since lower SNr amplitudes were clinically effective in our previous work [18].
Therefore, the voltage was increased in small steps of 0.1 V until a clinical improvement of gait
compared to Off stimulation was observed. If a side effect occurred, the highest amplitude possible

without the emergence of side effects was chosen (Table 1).

In each condition, subjects walked on a straight overground walkway of nine meters. Subjects were
asked to walk forth and back for about three minutes in their self-selected, comfortable pace. In case
the PD patients had difficulty walking three minutes, they were asked to walk as long as they could.
Before the start of each nine meter walking trajectory, subjects stood still for a few seconds with the
feet put together in front of the starting line. Walking was self-initiated by the subjects. Walking aid,
such as a cane or walking frame was allowed when used in daily life. The walking aid was used by
only two patients and consistently used in all therapeutic conditions to facilitate comparability. In

each condition, the clinical motor state was assessed by the UPDRS section Ill. Clinical subscores
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were composed: segmental (sum of items 20-26+31, only upper and lower limbs), gait & posture

subscore (sum of items 27-30).

Table 1
Stimulation parameters

STN SNr

Voltage (V) Frequency Pulse Width  Voltage (V) Frequency Pulse Width

(left/right) (Hz) (us) (left/right) (Hz) (ms)
(left/right) (left/right)
PDO1 5.3/3.0 130 60/60 3.5/3.5 125 60/60
PD02 2.8/3.5 130 60/60 2.5/1.9 130 60/60
PDO3 5.5/3.5 130 60/60 2.9/2.9 130 60/60
PD0O4 4.0/4.5 130 60/60 2.7/2.7 130 60/60
PDO5 2.1/2.1 125 60/60 1.6/1.6 125 60/60
PDO6 3.2/2.0 130 60/60 2.2/2.2 130 60/60
PDO7 5.4/5.1 130 90/90 1.3/1.3 130 90/90
PDO8 4.9/3.5 130 90/60 2.5/2.5 130 90/60
PDO9 3.5/2.4 125 60/60 1.6/1.6 125 60/60
PD10 1.8/1.7 125 90/90 1.0/1.0 130 90/90
PD11 3.6/1.9 130 60/60 0.3/0.3 130 60/60
PD12 3.8/2.4 125 60/60 0.8/0.8 125 60/60

Abbreviations: STN = subthalamic nucleus deep brain stimulation, SNr = substantia nigra deep brain stimulation

Recordings

During walking, participants wore small, lightweight body-fixed sensors attached to the left and right
ankle (about 20 mm above the malleolus), and to the lower back with a belt (Opal, APDM, Portland,

OR). Each sensor contained a tri-axial accelerometer, tri-axial gyroscope and a tri-axial
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magnetometer with X, Y, and Z axes pointing downward, to the right and forward respectively. Data
was sampled at 128 Hz and transferred to Matlab for further offline analysis. In addition, we
collected video-tapings fully synchronized to the body-worn sensors for clinical motor state

classifications.

Spatial and temporal gait parameters

Gait events were determined using the acceleration in the anterior-posterior direction and the
gyroscope in the medial-lateral direction expressing the angular velocity in the sagittal plane. Gait
events were based on earlier work showing a good agreement between APDM sensors and the
GAITRite system as gold standard [25,26]. Briefly, first we identified the midswing (MS) as peak value
exceeding 50 deg/s in the sagittal plane of the gyroscope signal. If multiple peak values with a
maximum distance of 750 ms were found, the highest peak was selected and the others were
rejected. In the time-interval 750 ms before and after MS, we identified toe-off (TO) and heel-strike
(HS). TO was identified as minimum anterior-posterior acceleration in the time interval before MS,
and HS was identified in the time interval after MS as the minimum value of angular velocity in the
sagittal plane before the maximum anterior-posterior acceleration. A stride was defined as the time
span between two consecutive HS of the same leg. All gait cycles were checked for the order of

occurrence. For the k' gait cycle of the left leg the gait events were correct when:

HS < TOrR< MSgr < HSR< TO, < MS, < HS,.

We discarded gait cycles from further analyses in case of incorrect order of the gait events or if a gait
event could not be detected. To exclude acceleration and deceleration during walking, the first and
last two steps of each nine meter walkway were rejected. A minimal of 40 gait cycles (left and right

together) remained for each participant in each condition for further analyses.

Using these gait events, we computed temporal and spatial gait outcome measures for each

condition. The temporal measures consisted of the mean of stride time (in seconds, time between

100



two consecutive heel strikes of the same leg) and the variability of the stride time. As spatial
measures we computed the stride length (as percentage of the leg length (%ll)) and the variability of
the stride length. As spatio-temporal measure the peak shank angular velocity (degree/seconds;
sagittal maximum angular velocity during the swing phase) and the variability of the peak shank
angular velocity were computed. The variability measures were calculated as the coefficient of
variation (CV, 100%*standard deviation normalized by the mean). Since outcomes of the left and
right legs were highly correlated in all conditions (0.601 < R < 1.00, all p < 0.05), we report these
measures as mean of the left and right legs. As sub-analyses we report the measures of the leg more
severely affected and less severely affected leg by Parkinson’s disease (referred to as disease
‘dominant leg’ resp. ‘non-dominant leg’ in the following). As most objective marker the dominant leg
was determined as the leg yielding lower peak angular velocity during the swing phase in the Off

condition as compared to the other leg.

Freezers have impaired bilateral coordination [27]. Therefore, we observe the swing time asymmetry

(STA) of the swing time defined by [28]:

l
STA = |l (—)|
| "\n
Where /is the swing time of the leg with the shorter swing time y and h is the swing time of the leg

with the greater swing time. Swing time asymmetry closer to zero represents a lower grade of

asymmetry.

Anatomical location of SNr contact

We determined the electrode position with respect to mid-commissural point of the bilateral lower
contacts using a pre-operative and post-operative MRI with Optivise software (Medtronic,
Minneapolis, MN). We correlated the medio-lateral coordinate of the electrode (coordinate in x

direction) with the spatial and temporal parameters of the dominant leg and swing time asymmetry.
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Statistical analyses

We report statistical descriptives as mean * standard error, unless stated otherwise. We tested for
normal distribution of the data using the Kolmogorov Smirnov test (p < 0.05). Based on this test,
conditions were compared using a repeated measure ANOVA or Friedman test. In case of a
significant ANOVA or Friedman test, post-hoc tests were performed comparing Off with STN and Off
with SNr stimulation using a paired t-test or Wilcoxon test. All statistical analyses were performed

with IBM SPSS statistics, version 22.0 (IBM Deutschland GmbH, Ehningen, Germany).
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Results

Clinical outcome

Total UPDRSIII score significantly differed between conditions (x? = 22.167, p = 0.000, Friedman-Test).
Both STN and SNr stimulation improved the total UPDRSIII score (STN - Off U = -3.059, p = 0.002; SNr
- Off U =-2.671, p = 0.008, Wilcoxon Test, Figure 1). The segmental subscore (x* = 22.167, p = 0.000)
and the gait & posture subscore (x? = 15.235, p = 0.000) were significantly changed by stimulation.
Both STN and SNr stimulation improved the segmental (STN — Off U =-3.061, p = 0.002; SNr — Off U =
-2.515, p =0.012), and the gait & posture subscore (STN — Off U =-2.980, p = 0.003; SNr — Off U = -

2.280, p = 0.023) (Figure 1).
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Total Segmental Gait&Posture

Figure 1 Score of the total UPDRS Il (left), segmental score (sum of items 20-26+31, only upper and lower limbs), and gait &
posture subscore (sum of items 27-30) during STN, SNr, and Off stimulation. Significant differences (p < 0.05) are denoted
by horizontal square brackets. Both STN and SNr stimulation could significantly improve the segmental and gait and

posture.

Spatial and temporal gait parameters

STN stimulation influenced only the spatial parameters: we observed a stride length increment and
stride length variability reduction compared to Off stimulation (Figure 2). SNr stimulation did not

change the spatial parameters. Stride time and peak shank angular velocity as well as the variability
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of the stride time and peak shank angular velocity were not influenced by both STN and SNr
stimulation. As temporal parameters, swing time asymmetry was improved by both STN and SNr

stimulation compared to Off stimulation (Figure 2).
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Figure 2 Boxplots representing median values, 25-75% range (box) and min—max range (bars) of spatial and temporal gait
parameters. Differences were computed with the Wilcoxon signed rank test and are denoted by horizontal square brackets.
Abbreviations: STN = subthalamic nucleus deep brain stimulation, SNr = substantia nigra deep brain stimulation, Il = leg

length, CV = Coefficient of Variation.
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As sub-analyses, we observed these parameters separately for the disease dominant and non-
dominant legs. After breaking down in dominant vs non-dominant side, STN stimulation improved
the stride length and stride length variability compared to Off stimulation only for the dominant side

(Table 2). SNr stimulation did not improve gait parameters of either the dominant or non-dominant

legs.
Table 2
Dominant/non-dominant leg: Spatial and temporal gait parameters
Gait parameter Grand average (mean * sd) P-value P-value
STN SNr off STN - Off SNr - Off
D ND D ND D ND D ND D ND
Mean

Stride time (s) 1.2+ 1.2+ 1.2+ 1.2+ 1.2+ 1.2+2 ns. n.s. n.s.
2 2 2 2 2
PAV (deg/s) 229.4 264.1+  207.5 241.8 195.6 237.2 n.s. n.s. n.s.

+80.7 75.1 +85.6 +74.6 +91.8 +77.0

Stride length 67.0 £ 74.9 £ 56.3 66.2 + 53.1+ 63.4 .01 n.s. 27
(%l1) 24.7 20.9 26.5 25.9 28.5 27.8
cv

Stride time .05 .06 .08+ .07 .08 .08 n.s. n.s. n.s.
+.03 +.03 .05 +.05 +.06 +.04

PAV A2+ .09 14 + 14 + 16+ A2+ n.s. .09 n.s.
.08 .05 .09 .07 .10 .04

Stride length .14 A3+ A9+ A7+ 22+ 16+ .01 n.s. .08
+.12 .08 .20 13 .16 12

n.s.

n.s.

n.s.

n.s.

0.94

n.s.

Abbreviations: PAV = peak shank angular velocity, sd = standard deviation, STN = subthalamic nucleus deep brain
stimulation, SNr = substantia nigra deep brain stimulation, Il = leg length, D = dominant; ND = non-dominant, CV =
Coefficient of Variation; P-values are computed with Friedman test and if significant, with Wilcoxon signed rank test.
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Anatomical position of SNr contact

We found a negative association between the alteration of peak angular velocity variability by SNr
stimulation and the laterality of the electrodes caudal contact (r =-.594, p = 0.042, Figure 3). This
indicates that more medial electrode positioning correlates with a more regular gait pattern induced
by SNr stimulation. Electrode laterality was not correlated with other gait parameters of general

mobility and gait variability, nor with swing time asymmetry or FOG occurrence.
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Medio-lateral electrode position
Figure 3 Medio-lateral location of electrode of the most caudal contact is associated with the improvement of peak angular
velocity variability by SNr stimulation. Both electrode position and CV of PAV are obtained from the dominant side. A more
medial electrode position is associated with more regular gait induced by SNr stimulation (r = -.0594; p = .042).

Abbreviations: CV = coefficient of variation, PAV = peak shank angular velocity.
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Discussion

Here, we found that STN stimulation improved both spatial and temporal characteristics of gait with
a stride length increment, reduction of the stride length variability, and increased swing time
symmetry. Further, mono SNr stimulation improve the temporal characteristic of gait by increasing
the swing time symmetry. In addition, we found that a more medial electrode positioning of the
caudal contact was associated with an improvement of the gait patterns regularity induced by mono

SNr stimulation.

In line with our hypotheses, mono SNr stimulation can modulate the temporal characteristics of the
gait cycle by reducing the swing time asymmetry. From animal experiments, we know that the MLR
and the resulting reticulospinal tract is involved in gait and the temporal modulation of the gait
pattern. One of the target areas of the SNr is the MLR, which is considered the main locomotor
center with a GABA-ergic connection between the SNr and the pontomesencephalic tegmentum [22].
Our results point also in the direction of a connection between the SNr and the locomotion
controlling MLR area. In this respect, we have further evidence that the MLR modulates the temporal
pattern of gait. The PPN, as part of the MLR, can modify the cadence but not step length, as is
showed with PPN stimulation in PD patients [29]. The consistence of our kinematic and its
concordance to results from PPN stimulation may support the view, that pedunculopontine
locomotor integration could be modulated both on the level of PPN [29—31] and SNr. Furthermore, in
MRI it has been shown that increasing the gait speed during imaginary walking activates the MLR
region [30]. Our results contribute to the hypothesis that mono SNr stimulation can aid to regulate

the temporal part of the gait pattern.

The temporal characteristics of gait closely associate with FOG and deficits in the temporal
integration can promote FOG [7,8]. Therefore, the additive effect of SNr stimulation on the temporal
integration of gait may prevent FOG in combined STN+SNr stimulation. In daily life, FOG is still an

unmet therapeutic need. Different reprogramming strategies of STN-DBS for treating FOG have been
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put forward including asymmetric stimulation or low-frequency pulses [16,17]. At least for low-
frequency STN-DBS, effects were transient [32] and sometimes at cost of segmental motor control
(e.g. recurrence of tremor). The neurophysiological concept why combined STN+SNr stimulation may
reduce FOG is unknown. Probably, STN and SNr stimulation have synergistic, yet complementary
effects on gait. Possibly, SNr stimulation may provide an additional effect on the temporal

integration of gait.

Several limitations require careful interpretation of the findings. We analyzed gait during the mono
STN and mono SNr stimulation separately, but we chose not during combined STN+SNr stimulation.
Our approach comprised to observe the differential effects of mono STN and mono SNr stimulation
on gait to provide pathophysiological insight into the distinct mechanisms of STN or SNr pathways

towards kinematic features of locomotor integration. Moreover, we did not consider the combined
STN+SNr stimulation as further experimental condition as the existing protocol was already lengthy

and demanding for most patients.

We conclude that both mono STN improved both the spatial and temporal gait parameters, whereas
mono SNr stimulation modulated the temporal pattern of gait by improving the temporal gait
asymmetry. A more medial position of the caudal contact of the electrode was associated with a
more regular gait pattern induced by mono SNr stimulation. The findings here helped to decipher the
enigmatic pathophysiological networks involved in gait and FOG in PD, but further studies are

definitely warranted.
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