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ii) Abstract 

 

Beta and gamma oscillations have long been associated with motor control, with beta 

generally assumed to be anti-kinetic and gamma pro-kinetic. This thesis aims to link 

these oscillations to several components of flexible motor control: inter-limb 

coordination, sensorimotor synchronization, abrupt stopping and regulation of the 

extent and speed of muscle contractions. The subthalamic nucleus (STN) plays an 

important role in controlling movements. In three separate experiments, I recorded 

local field potentials from the STN in Parkinson’s disease patients on dopamine 

replacement therapy after they underwent deep brain stimulation surgery. In one task, 

EEG recordings were also obtained from healthy participants. In a stepping-in-place 

paradigm, STN beta oscillations were modulated relative to the contralateral step 

cycle, indicating segregated processing of the left and right limb in the contralateral 

STN at beta frequencies. Beta modulation was enhanced when auditory cues were 

provided and sensorimotor synchronization improved. During rhythmic finger tapping 

and sudden stopping, beta oscillations were again modulated. If post-movement beta 

was relatively high shortly before participants heard the stop signal, stopping was more 

successful. I hypothesize that post-movement beta reflects either evaluation of the 

motor plan according to sensory feedback from the last finger tap or processing related 

to timing adjustments in the next movement. In both cases, low post-movement beta 

suggests active neural processing and less reserve for stopping. The main correlate of 

successful stopping during the actual inhibition process directly following the stop 

signal, however, was a gamma power increase. Finally, both gamma and beta 

oscillations were modulated during motor imagery of three different force levels, 

indicating that their levels reflect motor vigour even in the absence of proprioceptive 

feedback and may be used as neurofeedback or BCI control signal. Altogether, these 

findings suggest that beta oscillations reflect wider motor control functions than just 

being anti-kinetic. Conversely, STN gamma oscillations do not only have a pro-kinetic 

role, as widely perceived, but are important for abrupt action stopping as well. 
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1 General Introduction 

1.1 Impaired flexibility of motor control in Parkinson’s disease 

 

1.1.1 Parkinson’s disease 

Parkinson’s disease is a movement disorder that starts unilaterally and is caused by 

progressive, but not exclusive, loss of dopaminergic neurons in the basal ganglia, a 

collection of nuclei at the base of the cerebrum. The disease is characterized by the 

cardinal symptoms tremor, rigidity, bradykinesia and postural instability (Jankovic, 

2008). But patients also exhibit a more general wide-ranging impairment of flexible 

motor control. By flexible motor control I mean the dynamic competition between a 

motor strategy based on already accumulated information, i.e. determined by an 

internal forward model, and one determined by external cues driving adaption 

(Diedrichsen et al., 2010; Yeo et al., 2016).  Patients struggle with rhythmic inter-limb 

coordination during bimanual or bipedal movements including gait (Almeida et al., 

2002; Ponsen et al., 2006; Vercruysse et al., 2012), they find it more difficult to 

synchronize to external sensory cues (Bienkiewicz and Craig, 2015; Jones and 

Jahanshahi, 2014), and they also have deficits in action-switching (Byblow et al., 2002) 

or inhibition (Gauggel et al., 2004; Obeso et al., 2011). All these motor control 

functions depend on processing of proprioceptive or external sensory information to 

adjust or terminate the current movement strategy.                                                                                                                                                             

Gait, an automated movement that frequently needs to be flexibly adjusted, can be 

heavily affected in Parkinson’s disease. Underlying causes may be abnormal gait 

pattern generation or posture, perceptual malfunction, problems with movement 

automaticity or frontal executive dysfunction (Heremans et al., 2013a). Most likely a 

combination of all these factors results in impairments such as freezing of gait, which 

can be caused by a wide variety of triggers.  
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Rhythmic sensory cues can improve gait rhythmicity and freezing substantially (Arias 

and Cudeiro, 2010, 2008; Hausdorff et al., 2007; Mazilu et al., 2015). This suggests an 

important role of sensory information for rhythmic motor control.  

Interval timing in sensorimotor synchronization tasks can be strongly impaired in some 

patients while others perform similarly well as healthy participants (Merchant et al., 

2008). This heterogeneity improved after dopamine replacement therapy. Dopaminergic 

signalling seems to be important for interval timing also as it can be affected in 

schizophrenia, Huntington’s disease, attention deficit hyperactivity disorder and 

multiple system atrophy (Allman and Meck, 2012; Beste et al., 2007; Högl et al., 2014) 

– all involving dysregulated dopamine.  

In contrast to the timing deficit, patients needed more time for inhibiting a movement 

irrespective of medication intake (Obeso et al., 2011). Motor inhibition deficits thus 

were hypothesized to depend not primarily on the action of dopamine but rather on 

diffusely dysfunctional fronto-striatal coordination that affect both response initiation 

and inhibition (Sinha et al., 2013). 
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1.1.2 The basal ganglia 

 

 

Figure 1.1 Diagram of the basal ganglia showing the hyperdirect, indirect and direct pathway. 

The basal ganglia are a complex subcortical structure that have been put forward to 

act as an action selection mechanism (Mink, 1996; Redgrave et al., 1999), as estimator 

for time (Gouvêa et al., 2015; Jones and Jahanshahi, 2014) as regulator for movement 

kinematics (Desmurget and Turner, 2010; Dudman and Krakauer, 2016; Redgrave et 

al., 1999; Rueda-Orozco and Robbe, 2015) and as tutor for motor learning (Turner and 

Desmurget, 2010).  

Anatomical and electrophysiological studies of the basal ganglia have led to the 

distinction between three main processing pathways (Figure 1.1): The direct, the 

indirect and the hyperdirect pathway (Nambu et al., 2002).  

Both, the direct and indirect pathways are modulated by dopaminergic input from the 

Substantia Nigra pars compacta (SNc). When dopamine binds to D1-receptor medium 
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spiny neurons (MSNs) projecting to the direct pathway, their firing rates increase, 

whereas indirect pathway D2 MSN activity decreases (Surmeier et al., 2007). The 

gradual loss of dopaminergic neurons in the SNc in Parkinson’s disease thus appears to 

bias the balance between the two pathways towards the indirect pathway.  

The direct and indirect pathways receive inputs from cortex and the thalamus via the 

striatum (Smith et al., 1998). Cortical input to the hyperdirect pathway travels directly 

to the subthalamic nucleus (STN) and thus bypasses the striatum. The two main 

output structures are the internal segment of the globus pallidus (GPi) and the 

substantia nigra pars reticulata (SNr) projecting to the thalamus (Rinvik, 1975), which 

in turn again innervates motor cortex and the superior colliculus (Chevalier et al., 

1984). The superior colliculus also receives direct projections from the GPi/SNr and 

projects back to the striatum and the STN via a tecto-thalamic route (Redgrave et al., 

2010). The thalamus also receives direct projections from the STN (Lanciego et al., 

2012). The STN furthermore also di-synaptically projects to the cerebellum, 

presumably via the pontine nuclei (Bostan et al., 2010). Additionally, most nuclei of 

the basal ganglia have reciprocal connections to the mesencephalic locomotor region 

(MLR) of the brainstem (Martinez-Gonzalez et al., 2011; Mena-Segovia et al., 2004). 

Importantly, direct and indirect pathway projection neurons were shown to regulate 

MLR glutamatergic cells in an opposing manner, which directly seem to control gait 

(Roseberry et al., 2016). 

As the GPi/SNr tonically inhibit the thalamus, inhibition of the GPi/SNr via direct 

pathway-MSN projections results in disinhibition and thus net excitation of the 

thalamus and cortex (see Figure 1.1). Indirect pathway MSNs, instead, first inhibit the 

globus pallidus externus (GPe) and thus reduce inhibition of the STN, which in turn 

has a net excitatory effect on the GPi/SNr. Complexity is added by numerous 

recurrent connections, among them glutamatergic projections from the STN to the GPe 

and striatum (Alkemade et al., 2015), as well as GABAergic projections from the GPe 

to the striatum (Abdi et al., 2015).  
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Albin et al. (1989) put the net excitatory and inhibitory effects of the direct and 

indirect pathway, respectively, in the context of basal ganglia disorders. Indirect 

pathway lesions result in hyperkinesia (Carpenter et al., 1950; Hamada and DeLong, 

1992) and the same pathway also is pathologically overactive in hypokinetic disorders 

such as Parkinson’s disease (Remple et al., 2011). An early idea was that direct 

pathway activity is important for movement initiation while indirect pathway activity 

mediates inhibition. But the relatively simplistic view of two parallel pathways, one 

being strictly pro- and the other anti-kinetic, has recently been critically reviewed 

(Calabresi et al., 2014).  

First, rodent tracing studies showed that almost 60% of direct pathway MSNs also 

send collaterals to the indirect pathway’s GPe (Fujiyama et al., 2011; Kawaguchi et al., 

1990; Wu et al., 2000). Second, both pathways were found to be active during 

movement (Cui et al., 2013; O’Hare et al., 2016) and stimulation of the indirect 

pathway did not only result in a downregulation of cortical neurons but also in an 

upregulation of a subset of cells (Oldenburg and Sabatini, 2015). Additionally, 

optogenetic inhibition of not only the direct but also of indirect pathway MSNs 

resulted in delayed movement initiation (Tecuapetla et al., 2016). This suggests that 

not only well-timed direct but also indirect pathway activity is required for action 

initiation. Surprisingly, optogenetic activation of either population also resulted in 

delayed movement initiation and even already ongoing actions were disrupted by 

inhibition of either pathway. Notably, only during indirect pathway MSN stimulation 

the animal left the vicinity of the lever, i.e. pursued an alternative action (Tecuapetla 

et al., 2016). These results suggest that activity patterns need to be well-balanced 

between the two pathways for fully functioning action control.  

It is assumed that the basal ganglia are structured in channels (Hoover and Strick, 

1993; Romanelli et al., 2005) that receive segregated inputs from small patches of M1 

motor territories (Donoghue et al., 1992). A recent computational modelling study 

suggests that alternative actions are suppressed by cross-channel inhibition within the 

GPe and activation of a very small number of STN cells that encode the executed 
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action and project diffusely to the pallidum, which inhibits the competing actions 

(Blenkinsop et al., 2017). The authors linked this to the experimentally observed 

triphasic response of GPi cells during movements, consisting of early excitation, 

subsequent inhibition and late delay excitation (Nambu et al., 2002). Only those 

indirect pathway cells that code for the executed action are thought to exhibit a 

biphasic response, without the late excitation but a longer period of GPi inhibition 

instead (Blenkinsop et al., 2017). The GPi inhibition then can result in cortical 

disinhibition. Each pathway seems to have an important role in generating this 

response: The early excitation is thought to arrive via the fast hyperdirect pathway, 

the inhibition via direct pathway MSNs, whereas the late excitation (or inhibition in 

case of a biphasic response) would be mediated by the indirect pathway (Nambu et al., 

2002). 

This raises three questions: How can this fine balance and segregation be reliably 

achieved? Information must be extensively reorganized within the basal ganglia as 

output neurons are considerably fewer in number than afferents to the striatum 

(Oorschot, 1996; Zheng and Wilson, 2002). How can information routing be performed 

selectively and adaptively? This fascinating aspect of neural processing still seems to be 

poorly understood. And how does outgoing basal ganglia activity shape downstream 

firing rates (Bosch-Bouju et al., 2013; Goldberg et al., 2013)?  

The STN certainly is a key hub for motor control with all its in- and outgoing 

connections and thus understanding its role in flexible behaviour may bring us closer to 

answers.  

 

1.1.3 Deep brain stimulation 

Deep brain stimulation (DBS) of the STN is a surgical procedure that was first 

performed 30 years ago and has been celebrated as the most important discovery for 

treating the symptoms of Parkinson’s disease since levodopa (Hariz, 2017). The 

electrode is typically positioned within the STN or the GPi and contains either four or 
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eight contacts. After successful implantation, one of the contacts, or a combination, is 

activated to stimulate with a default pulse width of 60 µs and frequency of 130 Hz, 

which can be modified but works well in most cases (Moro et al., 2002). The voltage or 

current is individually adjusted and determines the spread of the stimulation field 

depending on the surrounding tissue (Yousif and Liu, 2008). 

Despite the widespread popularity of this procedure, the precise mechanisms of action 

on the surrounding nerve cells and fibres are still not well understood (Chiken and 

Nambu, 2016). STN DBS has been shown to result in both excitatory and inhibitory 

postsynaptic potentials through activation of glutamatergic and GABAergic afferents. 

Overall it seems to reduce firing rates of neighbouring cells but increase firing of 

GPi/SNr neurons while activating afferent axons antidromically. One leading 

hypothesis is that DBS disrupts abnormal information flow (Chiken and Nambu, 2016). 

Naturally, stimulating a large set of cell bodies and axons can also cause unwanted side 

effects. Depending on the electrode placement, stimulation can cause dysarthria, i.e. 

speech impairments (Skodda, 2012), dystonia or psychiatric side effects, such as 

disinhibition, depression or hypomania (Cyron, 2016; Michael Schüpbach, 2012). 

The contacts surrounding the stimulating contact can also be used to record local field 

potentials (LFP) that reflect local STN population activity (also see Chapter 2.2.1.). In 

an attempt to reduce side effects and prolong battery life, several studies have shown 

that using the LFP and stimulating only when pathological activity exceed a certain 

threshold resulted in equivalent or even superior motor improvement (Little et al., 

2016a, 2013) while dyskinesia or speech side effects were reduced (Little et al., 2016b; 

Rosa et al., 2017). This adaptive deep brain stimulation algorithm works by 

stimulating only during periods of excessively elevated beta oscillations – oscillations in 

the range of 12-35 Hz. 
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1.1.4 Pathological oscillations in Parkinson’s disease 

Numerous studies have shown a pathological increase in beta oscillations in the STN in 

unmedicated patients (Brown, 2003; Levy et al., 2002; Moshel et al., 2013). As 

Parkinson’s disease progresses and dopamine levels become more and more depleted, 

neurons in the basal ganglia seem to lose the ability to function individually and 

instead become synchronized with each other. The strength of beta synchrony 

correlates with rigidity and bradykinesia and is reduced by dopamine replacement 

therapy and DBS (reviewed in Little and Brown, 2014; Neumann and Kuehn, 2017). 

Attenuation of beta oscillations has also been shown to correlate with motor 

improvement and even seems to outlast brief withdrawal of DBS after being active for 

6-12 months, indicating long-term plastic changes (Trager et al., 2016). DBS also seems 

to selectively improve hypersynchrony in the STN and between the STN and mesial 

premotor regions (Oswal et al., 2016).  

Where or how beta band oscillations originate in Parkinson’s disease is still an open 

question: Beta hypersynchrony may be driven by cortex (Kato et al., 2014; Litvak et 

al., 2011), may depend on recurrent loops between the striatum and GPe (Blenkinsop 

et al., 2017; Corbit et al., 2016) or the STN and GPe (Cagnan et al., 2015; Mallet et 

al., 2008; Nevado-Holgado et al., 2014; Pavlides et al., 2015; Tachibana et al., 2011) or 

may even be locally generated (Kondabolu et al., 2016; Lienard et al., 2017; McCarthy 

et al., 2011).  

In progressively dopamine-depleted monkeys, first symptoms appeared before a distinct 

increase in firing synchrony could be observed (Leblois et al., 2007). Slowing of 

movements was one of the earliest symptoms, which was accompanied by a shift in the 

ratio of cells that decreased/increased during movement execution towards a much 

larger percentage of cells that increased their firing rates. Although pairs of spike trains 

likely are less sensitive in detecting neural synchrony than LFP recordings, these 

findings suggest that synchronous activity does not contribute much to bradykinesia. 

Instead of causing early slowing of movements, the authors speculated that pathological 
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synchrony may play a role in the emergence of later motor symptoms, such as rigidity 

or freezing (Leblois et al., 2007). 

Recent studies have furthermore shown that the amplitude of high-frequency 

oscillations (HFO) was coupled to the phase of beta oscillations in motor cortex (for 

HFO between 50-200 Hz, de Hemptinne et al., 2013) and in the STN (for HFO between 

200-400 Hz (van Wijk et al., 2016)), which was most pronounced in the more severely 

affected hemisphere (Shreve et al., 2017). This phase-amplitude coupling was reduced 

by DBS (de Hemptinne et al., 2015) and during movement (Kato et al., 2016; Kondylis 

et al., 2016) and was interpreted to reflect hyper-synchronized spiking in cortex that 

prevents information processing (de Hemptinne et al., 2015; Voytek and Knight, 2015).  

Pathological hypersynchrony may not only arise from the decline of dopaminergic cells 

but also from long-term potentiation of synapses between the GPe and the STN (Chu 

et al., 2015; Mastro and Gittis, 2015). Circuit dysfunction may thus persist even when 

dopamine levels are restored.   

It is important to note that markers of beta hypersynchrony or phase-amplitude 

coupling have also been shown in patients with dystonia (Wang et al., 2016; Whitmer 

et al., 2013) although this may be related to medication therapy resulting in dopamine 

depletion (Kühn et al., 2008). Finally, it is  still a matter of debate how well 

hypersynchronized beta episodes correlate with Parkinsonian motor symptoms on a 

moment-to-moment basis (Pan et al., 2016). 

Involuntary motor blocks, such as freezing of gait or of upper limb movements, have 

also been linked to excessive synchrony (Scholten et al., 2016; Shine et al., 2014; Singh 

et al., 2013). Gait freezing seems to be a prime example of how sensory input, such as 

narrow doors or cognitive load, can result in a dysfunctional network state that 

completely blocks motor output. It suggests that network dynamics for motor control 

are tightly interwoven with those for sensory processing.  
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1.2 Oscillations in the STN and motor cortex during  

motor control 

1.2.1 Oscillations and motor control 

Flexible motor control requires a fine-tuned machinery that regulates multiple 

components. Imagine a dancer that copies a choreography. How can muscle groups of 

multiple body parts be activated to different degrees (or relaxed) in a temporally 

complex coordinated manner? And when the music suddenly stops, how does the 

dancer switch from moving to postural standstill right in the middle of the dance? 

For the brain to communicate separate movement intentions to different muscles, it 

needs to be able to 1) simultaneously target muscle-groups selectively, 2) have a fine-

tuned scaling mechanism to control movement vigour, 3) have a fine-tuned timing-

mechanism, and 4) if need be, quickly cancel motor commands, again selectively.  

Oscillations are thought to be an important information filter and carrier mechanism in 

the brain (Cannon et al., 2014; Fries, 2015) and may provide a framework for 

addressing all these problems. The frequency composition of oscillatory inputs to motor 

neurons strongly affects their firing pattern (Parkis et al., 2003). Importantly, spike 

synchronization can occur in the absence of firing rate modulation, as for example 

during stimulus expectation, indicating a role for top-down cognitive function (Riehle 

et al., 1997). Synchronization also seems to be important for binding cells into 

functionally coherent ensembles: Cells with similar muscle fields that were either more 

activated at the onset or during the holding period of the same movement, were 

synchronized whereas cells with opposing effects in the same muscle were less likely to 

fire when the other was active (Jackson et al., 2003).  
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1.2.2 Movement-related changes in oscillatory power and coherence 

To stay within the scope of this thesis, I will focus on movement-related modulation of 

oscillations in the beta (12-30 Hz) and gamma band (35-100 Hz) as both are robustly 

observed in the motor cortex and the STN. 

Cortico-muscular coherence (CMC) is a means to quantify phase-locking between 

oscillations recorded from the brain and from muscles. In M1 electrocorticography 

(ECoG) recordings it was shown that both frequency bands can be coherent with 

muscle activity during both phasic and tonic contractions (Marsden et al., 2000). The 

speed, i.e. frequency, of oscillations also seems to correlate well with motor unit and 

pyramidal neuron firing during movements; they fire rapidly at movement onset and 

maintain slower discharge rates at beta frequencies during sustained contractions 

(Hagbarth et al., 1983; Jackson et al., 2003). Gamma CMC seems to be particularly 

high during phasic movements (Marsden et al., 2000; Muthukumaraswamy, 2011), 

during very strong isometric contractions (Brown et al., 1998; Mima et al., 1999) and 

even at low force levels when the contraction had to be dynamically adjusted in a 

visuomotor matching task (Andrykiewicz et al., 2007; Omlor et al., 2007). Gamma 

CMC also rose in expectation of rapid force adjustments prompted by a visual cue 

(Schoffelen et al., 2005), while beta power decreased.  

Cortico-subcortical gamma synchrony has also been found between M1, the STN and 

the GPi (Cassidy et al., 2002; Litvak et al., 2012). Subcortical gamma seems to lead 

cortical activity, and thus has been suggested to drive cortical gamma. A recently 

published computational model suggested that gamma oscillations in the basal ganglia 

originate within the GPe-STN feedback loop (Blenkinsop et al., 2017). Gamma 

oscillations can also be observed in the striatum during movement initiation in rats 

(Masimore et al., 2005). 

Cortical gamma power (60-90 Hz) increases focally in the contralateral M1 and post-

central gyrus only during movement (Cheyne et al., 2008; Pfurtscheller et al., 2003) but 

not when an effector is passively moved (Muthukumaraswamy, 2010). Importantly, 
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finely-tuned gamma in this range was found to begin at movement onset and was 

highly transient, whereas 35-50 Hz low-gamma started slightly later but remained high 

during sustained contractions (Crone, 1998). Power in both bands furthermore 

increased not only during movement initiation but also during movement completion 

when the muscles relaxed (Ball et al., 2008; Szurhaj et al., 2005). 

Beta CMC is high during low to medium isometric muscle contractions (Chakarov et 

al., 2009; Spinks et al., 2008; Witte et al., 2007) but reduced during pinching of 

unstable objects in comparison to stable ones (Reyes et al., 2017) and reduced in the 

above-mentioned low-force visuomotor matching task that resulted in high gamma 

CMC (Andrykiewicz et al., 2007; Omlor et al., 2007). When the same task was 

performed by a deafferented patient, who performed considerably worse, only beta 

coherence but no gamma coherence was observed (Patino et al., 2008), indicating a 

functional role of gamma CMC. Beta CMC also was shown to be higher after visuo-

motor learning (Perez et al., 2006) and lower when attention had to be divided 

(Kristeva-Feige et al., 2002).  

Although beta CMC can persist or even increase during phasic movements (Marsden et 

al., 2000), average sensorimotor beta power, reflecting summed population activity, is 

clearly reduced (van Wijk et al., 2012). It is also relatively suppressed during muscle 

relaxation (Toma et al., 2000), passive movement (Cassim et al., 2001), somatosensory 

stimulation (Cheyne et al., 2003; Gaetz and Cheyne, 2006; van Ede et al., 2011) and 

motor imagery (Kühn et al., 2006; Pfurtscheller et al., 2005; Schnitzler et al., 1997). 

Any change in the current sensorimotor state thus seems to perturb beta synchrony. 

Movement-related modulation of beta oscillations has not only been observed in 

primary and pre-motor areas (Lee, 2003; Sanes and Donoghue, 1993) and in several 

nuclei of the basal ganglia (Courtemanche et al., 2003) but also in parietal areas 

(Brovelli et al., 2004; Murthy and Fetz, 1992), the cerebellum, (Courtemanche, 2004; 

Soteropoulos, 2005) and the thalamus (Paradiso et al., 2004). All these areas were 

found to be coupled with sensorimotor cortex at beta frequencies, which hints at a role 
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of beta oscillations in linking spatially segregated areas and supporting information 

integration. 

After movement completion, beta power in M1 and the STN rebounds to levels 

exceeding the resting baseline (Toma et al., 2000). During these periods, beta CMC was 

also increased (Feige et al., 2000). The rebound is sharp after muscle relaxation but 

returns only gradually when sustained contractions are maintained (Toma et al., 2000). 

The post-movement rebound is also more pronounced when more muscle mass was 

activated in the preceding movement (Pfurtscheller et al., 1998) and when the 

movement was normally terminated and not suddenly interrupted (Alegre et al., 2008). 

It is lateralized, i.e. highest in the contralateral sensorimotor cortex (Jurkiewicz et al., 

2006; Parkes et al., 2006; Ritter et al., 2009; Salmelin et al., 1995), STN (Androulidakis 

et al., 2007b) and thalamus (Brücke et al., 2013) although it can be observed also in 

other areas. It has been registered in bilateral sensorimotor, premotor, medial frontal 

(Ohara et al., 2000; Szurhaj et al., 2003), inferior parietal and temporal regions 

(Sochůrková et al., 2006) although the precise frequency and time of onset may differ 

(Pfurtscheller et al., 2003). It is important to note that when individual trials are 

examined, episodes of beta de- and re-synchronization are not strictly locked to 

movement onset or offset, and that the beta rebound seems to lack clear somatotopic 

organization (Crone et al., 1998; Feingold et al., 2015). 

Intriguingly, the amplitude of the beta rebound is relatively suppressed when sensory 

feedback signalizes that a just completed movement did not result in the expected 

outcome (Tan et al., 2014a, 2014b). This feedback-dependent modulation was 

interpreted to reflect updating of a forward model (Cao and Hu, 2016) and may thus 

pose an important mechanism to interact flexibly with the world. 
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1.2.3 Deterioration of movement-related changes in oscillations in  

Parkinson’s disease 

In Parkinson’s disease, the movement-related beta decrease is delayed and reduced 

compared with healthy controls (Devos et al., 2003a, 2003b; Magnani et al., 2002). The 

movement-related gamma increase is also reduced and seems to be relatively restored 

by dopamine replacement therapy (Androulidakis et al., 2007b), which partially 

normalizes also the concurrent beta decrease (Devos et al., 2003a, 2003b). When 

patients were withdrawn from dopaminergic medication and performed tonic 

contractions, both beta and 35-60 Hz gamma CMC were reduced (Salenius et al., 

2002). The post-movement beta rebound is also diminished in patients compared with 

healthy controls (Pfurtscheller, 1998) but seems to be unaffected by administration of 

dopamine (Androulidakis et al., 2007b; Doyle et al., 2005).  

 

 

1.2.4 Oscillations during rhythmic movements including gait 

Treadmill walking has been associated with increased 24-40 Hz cortico-muscular 

coupling in EEG recordings from healthy participants (Petersen et al., 2012). In 

another study, sensorimotor 24-40 Hz beta and 70-90 Hz gamma was modulated in an 

opposite way with respect to the gait cycle (Seeber et al., 2015). Two additional studies 

have furthermore found modulation of motor cortical beta oscillations relative to the 

contralateral heel strike (Bradford et al., 2015; Cheron et al., 2012). 

In hemiparkinsonian walking rats, STN and SNr beta activity was similarly modulated 

by paw movements around 30 Hz (Brazhnik et al., 2014; Delaville et al., 2015). 

Another study in rodents showed cortico-striatal theta-gamma phase amplitude 

coupling during running (von Nicolai et al., 2014). These studies all suggest 

involvement of cortical and subcortical beta and gamma oscillations in gait control. 

However, to date no study has yet investigated how oscillations in the human STN 

evolve with the gait cycle. 
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More generally, between consecutive repeated movements, beta increases more strongly 

if the inter-movement-interval is longer, for example 2s instead of 0.5s in a tapping task 

(Joundi et al., 2013). When movements were performed in immediate succession, beta 

did not increase (Manuel Alegre et al., 2004). Recent studies furthermore provided 

evidence for a role of beta oscillations in the initiation of movement sequences (Bartolo 

and Merchant, 2015), interval timing (Kononowicz and van Rijn, 2015), beat 

perception (Fujioka et al., 2015) and for learning rhythmic sequences (Edagawa and 

Kawasaki, 2017). Interestingly, in patients with Parkinson’s disease, entrainment of 

beta oscillations to rhythmic auditory cues seems to be preserved in sensory but 

impaired in motor areas (te Woerd et al., 2017).  

 

Recordings from monkeys performing a sensorimotor synchronization task have led 

Merchant and Bartolo (2017) to speculate that gamma rather than beta oscillations 

mediate sensory processing within the motor cortico-basal ganglia-thalamo-cortical 

loop. When the metronome stopped but the rhythmic movement had to be continued, 

beta oscillations were more pronounced, thus taking over control of timing and acting 

as “bonding signal” across the circuit (Merchant and Bartolo, 2017). Notably, one major 

challenge for studying repetitive movements is the difficulty of distinguishing between 

post-cue/-movement evaluative and pre-cue predictive processing and their neural 

correlates (Meijer et al., 2016). 

 

1.2.5 Neural correlates of motor inhibition 

So far, this introduction has focused on oscillatory dynamics during movement 

execution. The following section will move on to describe first the network and then 

the neuronal dynamics associated with movement cancelation. 

Imaging, lesion and stimulation studies point towards an important role of the right 

inferior frontal cortex (rIFC), pre-supplementary motor area (pre-SMA) and the STN 

in motor inhibition (reviewed in Aron et al., 2014; Bari and Robbins, 2013; Jahanshahi 

et al., 2015a). Lesions of the STN seem to impair stopping accuracy even when the stop 
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signal was presented early in a trial (Eagle et al., 2008) while rIFC lesions seem to 

prolong stop signal reaction times, meaning that the stop signal had to be presented 

earlier to allow successful stopping (Aron et al., 2003; Chambers et al., 2006). 

The pre-SMA and IFC project directly to the STN (Aron et al., 2007; Inase et al., 

1999) and seem to work together to generate a stopping command to interrupt an 

action via the basal ganglia (Aron, 2011; Rae et al., 2015). Pre-SMA activity was found 

to precede rIFC activity during stopping and when preparing to stop. The pre-SMA 

may thus have a role in registering the salient stop cue to subsequently alert other 

areas, such as the rIFC that may then perform action control (Swann et al., 2012). A 

paired-pulse TMS study also seemed to confirm that inhibitory control of the rIFC over 

M1 depends on the pre-SMA (Neubert et al., 2010). Other work furthermore suggests 

that the dorsal rIFC, i.e. the right inferior junction, implements attentional detection 

while only the ventral part implements braking or actual inhibitory control (Aron, 

2011; Aron et al., 2015; Chikazoe et al., 2009; Levy and Wagner, 2011; Verbruggen et 

al., 2010). According to an fMRI study, the rIFC modulates the excitatory drive from 

the pre-SMA to the STN (Rae et al., 2015), which seemed to determine inter-individual 

stopping performances. Yet, a recent ECoG study challenged the notion that rIFC 

implements actual motor inhibition (Fonken et al., 2016).  

Some studies have also suggested a role of the striatum in stopping, although the 

striatum seems to be more specifically involved in proactive and selective control 

(Aron, 2011). The next paragraphs will outline what we know about the dynamics of 

oscillations during motor inhibition so far.  

Human electrophysiological studies reported an increase in beta activity over rIFC 

(Huster et al., 2017; Swann et al., 2009) and over pre-SMA, which seemed to be higher 

and more coherent for successful compared to failed stop trials (Swann et al., 2012). A 

MEG study also reported higher beta power over pre-SMA and IFC after successful vs. 

unsuccessful stopping but it seemed to be too late to implement stopping (Jha et al., 

2015). Recently it has been proposed that this beta increase may be more related to 
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task complexity rather than motor inhibition per se as bilateral ECoG recordings in a 

simple stop task failed to detect differences between successful and unsuccessful stops 

(Fonken et al., 2016). Additionally, when a complex movement (writing a signature) 

had to be terminated midway, frontal beta did not increase but rather failed to show 

the post-movement increase that was observed during normal movement termination 

(Alegre et al., 2008).  

Some studies also have argued that beta oscillations mediate motor inhibition at least 

in the STN. For example, high STN beta activity was related to stronger suppression 

of cortico-spinal excitability during speech inhibition (Wessel et al., 2016a). Two 

studies also reported that a movement-related STN beta decrease was interrupted 

earlier and reversed to an increase during successful stopping (Alegre et al., 2013; Benis 

et al., 2014). Yet in two other stop signal experiments, STN beta power did not 

significantly differ between successful and failed stops although it still increased relative 

to go-trials (Bastin et al., 2014; Ray et al., 2012). In the basal ganglia of rats, beta 

power did not only increase after stop- but also after go-cues and the beta difference 

between successful and unsuccessful stopping was too late to influence the stopping 

process (Leventhal et al., 2012). Instead, the firing rate of a specific GPe subpopulation 

was closely linked to stopping (Mallet et al., 2016). 

Response inhibition can be subdivided into action cancellation (i.e. stopping an already 

ongoing movement) and action withholding (i.e. withholding the execution of a planned 

movement that has not yet been initiated). Ample evidence has associated beta 

oscillations with the latter. STN beta increased during action withholding in a 

Go/NoGo (Kühn et al., 2004) and a Stroop task (Brittain et al., 2012). Lateralized 

inhibition of the non-selected hand in an action selection task also coincided with up-

regulated corticospinal beta coherence (van Wijk et al., 2009). In EEG/MEG studies, 

beta furthermore increased frontally in NoGo trials, when performing anti-saccades 

(Alegre et al., 2004; Hwang et al., 2014) and when holding a posture stable against 

external perturbations (Androulidakis et al., 2007a). Moreover, when finger abduction 

movements were prompted during periods of elevated beta microtremor as surrogate for 
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cortical beta, the movement was significantly slower (Gilbertson et al., 2005). 

Additionally, in high-conflict trials of an Eriksen flanker task, STN single-cell activity 

was significantly more strongly locked to the phase of STN beta oscillations than in 

low-conflict trials, where reaction times were shorter, although beta power was similar 

in both trial types (Zavala et al., 2015). Finally, beta oscillations in Parkinson’s disease 

seem to impair normal motor control as discussed in section 1.1.4, although it needs to 

be emphasized that beta oscillations in these patients differ from physiologically 

healthy beta activity.   

It is important to note that in some reports the label “inhibitory” may not even have 

been clearly defined (Bari and Robbins, 2013). One may refer to inhibition when “a 

definite response […] mediated by a given process in the nervous system is decreased or 

abolished by another central process […] (Konorski, 1967)”. However, inhibition once 

also was defined as “some sort of interference exerted by one mental process upon 

another (Skaggs, 1929)“. Many studies appear to mix up the actual inhibitory process, 

which abolishes movement-related activity, with other neural events, such as processing 

of the salient stop cue or retrieval of the correct cue-action association according to the 

task instruction. Electrophysiological changes that have been described as neural 

correlates of inhibition may thus in some cases fall under the latter definition, which 

should be carefully considered when interpreting results. 

As outlined in section 1.2.2., gamma activity increases at movement onset and thus has 

repeatedly been labelled pro-kinetic (Cassidy et al., 2002; Fogelson et al., 2005; Litvak 

et al., 2012). But curiously, a gamma increase was also observed during outright 

stopping in electrocorticography (ECoG) recordings from the pre-supplementary motor 

area and right inferior frontal gyrus (Swann et al., 2012). The increase was interpreted 

as attentional monitoring while a concurrent increase in beta coherence was associated 

with inhibitory control. Another ECoG study similarly linked pre-frontal gamma to 

attentional monitoring, as it increased bilaterally after a stop signal but did not differ 

between successful and unsuccessful stop trials (Fonken et al., 2016). An alternative 

interpretation would be that the gamma increase nevertheless triggers an inhibitory 
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process that may result in successful or unsuccessful stopping elsewhere – in the basal 

ganglia, for example. But then in line with the view that STN gamma activity is pro-

kinetic, it was found to be lower during successful stopping (Alegre et al., 2013). 

Finally, a fronto-central slow-wave response has been put forward as key marker for 

motor inhibition as it correlated well with stopping speed and success (Wessel and 

Aron, 2016). Such a slow-wave response was also associated with response slowing 

during high-conflict decisions (Cavanagh et al., 2011). Interestingly, disrupting the 

STN with DBS speeded up suboptimal decisions during high-conflict trials and resulted 

in a reversal of the relationship between the slow-wave increase and response time. 

Thus, the relationship between this electrophysiological response and response 

inhibition does not seem to be fixed. Furthermore, very similar responses can also be 

elicited by violations of sensory expectations that do not even involve intentional motor 

inhibition (Huster et al., 2013; Wessel et al., 2016b). 

Taken together, motor inhibition is a topic that has attracted much interest in recent 

years. Yet many questions are still unresolved, and it is debatable whether the power 

increases that were reported in various frequency bands are merely epiphenomenal or 

may have a functional role.  
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1.3 Thesis objectives 

Much research has already been done on oscillations and motor control but a clear 

consensus about the functional role of oscillations has not yet emerged. Some evidence 

suggests that beta oscillations carry information through sensorimotor networks about 

the outcome of a movement. Would we find the same for rhythmic movements that are 

performed in direct succession? And how does post-movement beta activity relate to 

the execution of the next movement? 

Focussing on the possible roles of oscillations in flexible motor control in this thesis, I 

set out to answer the following questions: 

• How can two or more limbs be flexibly coordinated and this coordination be 

adjusted to external events in the environment? Will we find a special role of post-

movement beta oscillations? 

• Are beta oscillations indeed related to stopping? How else may fast stopping be 

mediated? 

• What mechanisms could contribute to regulating the extent and speed of transient 

muscle contractions separately for multiple effectors? Are basal ganglia gamma 

oscillations only present during movement or can they be generated by the intention to 

move? 

As the STN seems to have an important role in motor control, we recorded local field 

potentials from Parkinson’s disease patients, who underwent implantation of deep brain 

stimulation electrodes, to investigate its activity correlates in three different motor 

tasks.  Patients took their medication as usual to limit pathological synchronization 

and to record basal ganglia activity that is closer to normal than in the dopamine-

depleted state. 
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2 General Methods 

2.1 Ethics 

All participants gave their informed written consent in accordance with the Helsinki 

Declaration guidelines. The experimental protocols were approved by the local ethics 

committees: the National Research Ethics Committee A, Oxford, the Medical 

Sciences Interdivisional Research Ethics Committee, Oxford, and the National 

Hospital for Neurology & Neurosurgery and Institute of Neurology Joint Research 

Ethics Committee, London, UK.  

 

2.2 Electrophysiological recordings 

2.2.1 Local field potential recordings 

Bilateral STN local field potentials (LFP) were recorded from patients with 

Parkinson’s disease who had undergone DBS surgery. Patients were selected for the 

surgical procedure if motor symptoms were inadequately controlled by medication 

and after ensuring that no significant psychiatric conditions were present (Foltynie 

and Hariz, 2010). Electrode implantation and targeting was performed based on pre-

operative MR or combined CT/MR imaging. Electrode extension cables were 

externalized through the scalp to enable post-operative recordings by connecting the 

cables to an amplifier (TMSi Porti amplifier, TMS International, Netherlands). In a 

second surgical procedure, up to 7 days later, the cables were connected to a 

subcutaneously implanted pacemaker that provides chronic high-frequency deep 

brain stimulation. The electrode models implanted contained either four (Medtronic 

3389) or eight (Boston Scientific, Vercise, DB-2201 and Vercise directional, DB-

2202) platinum-iridium contacts. After optimal electrode placement, the lower most 

contact (contact 0) should be below or in the lower border of the STN while the 

upper most contact should be above or at the upper most border of the STN.   

https://www.admin.ox.ac.uk/curec/about/msidrec/
https://www.admin.ox.ac.uk/curec/about/msidrec/
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The ground electrode was placed on the inside of the wrist. The LFPs were recorded 

with a common average reference and were re-referenced offline to bipolar montages 

resulting in spatially focal voltage deflections. LFP bipolars were computed by 

subtracting neighbouring channels of the same recording electrode. If single channels 

were saturated or inactive, the remaining surrounding contacts were subtracted 

instead. 

Synaptic currents are relatively slow and thus more likely to overlap and sum up in 

the population average (Buzsáki et al., 2012). The LFP is therefore thought to 

predominantly capture postsynaptic membrane potential fluctuations resulting from 

firing of presynaptic excitatory and inhibitory populations (Haider et al., 2016). It 

reflects the spatially averaged activity of many cells that are concurrently active, as 

random activity would cancel itself out. It is important to note that LFP oscillations 

capture a multitude of extracellular processes in the vicinity of the recording 

electrode. These processes include any type of transmembrane currents that may 

also result from synchronous local spiking activity, from afterhyperpolarizations and 

from hyperpolarization-induced opening of ion channels. Voltage-dependent 

membrane responses can result in intrinsic resonance properties in response to inputs 

at preferred frequencies that can give way to self-sustained oscillations (Buzsáki et 

al., 2012). Importantly, the LFP tracks integrative synaptic processes that could not 

be inferred from firing activity alone. Although subcortical nuclei lack the structure 

of cortical columns, LFP recordings from the STN also seem to capture synchronous 

sub- and suprathreshold population activity (Magill et al., 2004).  

 

2.3 EEG recordings 

In the studies presented in Chapter 4 and 5 we also obtained electroencephalography 

(EEG) recordings. The EEG was recorded from actively shielded Ag/ACl electrodes 

placed on the scalp with a conductive gel. They were connected to the same TMSi 

amplifier that also recorded the LFP and movement parameters, such as 
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electromyographic (EMG) activity, grip force or finger flexion during tapping. LFP 

and EEG data were recorded at a sampling rate of 2048 Hz using in-house software. 

The amplifier had an in-built first order low-pass filter before the analog-to-digital 

converter at 4,8kHz and a digital sinc3 filter with a cutoff frequency at 553 Hz to 

avoid aliasing. 

The EEG is thought to capture large-scale synchronous postsynaptic potentials of 

thousands to millions of geometrically aligned pyramidal cells (Cohen, 2017). Often, 

high amplitudes in the LFP would simultaneously be expressed in high amplitudes 

in the EEG, but these signals can also be dissociated. Sodium channel blockage by 

administration of lidocaine for example decreased LFP power but increased EEG 

power as a result of stronger synchronization between distributed electrode sites, 

where oscillations of the same frequency had lower amplitudes (Musall et al., 2014). 

It is even harder to draw inferences about microscopic events from EEG phenomena 

in comparison to the LFP because of larger recording distances from the 

electrophysiological source and volume conduction through the skull. Thus, I would 

like to acknowledge the considerable explanatory gap between EEG and LFP 

recordings and investigations of single-cell or multi-unit discharge rates (Cohen, 

2017). Yet broadband spatially-resolved LFP recordings, which were obtained for 

three of my chapters, have still been put forward as “most useful signal for 

understanding neuronal computations” as they can capture both inputs and outputs, 

although high-frequency oscillations reflect the output only indirectly, of a large 

number of cells (Buzsáki et al., 2012). 

 

2.4 Data pre-processing 

Events for stimulus or movement onsets were created in Spike 2 (Cambridge 

Electronic Design). After removal of the DC component (2 sec time constant), data 

were further processed with custom routines in MATLAB (v. 2014b, The 

MathWorks Inc., Natick, Massachusetts). 



24 

Off-line filtering was performed using the fieldtrip functions 

ft_preproc_lowpassfilter and ft_preproc_highpassfilter (Oostenveld et al., 2011). 

Data were subsequently down-sampled to 1000 Hz and EEG channels were re-

referenced to the average of all EEG channels or to linked earlobes, if recorded. Eye 

movement artefacts were removed from the EEG signals by subtracting the filtered 

EOG (40Hz low-pass Butterworth filter with a filter order of 6, passed forwards and 

backwards) after amplitude matching via least-squares optimization (MATLAB 

function fminocn). Trials contaminated by movement artefacts were discarded 

following visual inspection. 

 

2.5 Time-frequency decomposition 

In this thesis, two different time-frequency decomposition methods were used: The 

wavelet-transform and the filter-Hilbert method. It has been shown that these 

methods are formally equivalent (Bruns, 2004) although results depend on the 

precise parameters chosen to resolve the time-frequency trade-off.  

For the wavelet-transform, the signal is convolved with complex Morlet wavelets, 

which are sinusoidal waveforms of any frequency of interest that is multiplied, i.e. 

tapered, by a Gaussian kernel. Free parameters are the frequencies of interest and 

kernel width, i.e. number of cycles. The squared amplitude of the convolution result 

constitutes the power of the signal.  

For the filter-Hilbert method, the signal y(t) was band-pass filtered for a range of 

frequencies of interest and then Hilbert-transformed to derive the complex (analytic) 

signal Y(t): 

Y(t) = y(t) + i*H(t)  

The complex signal has a real part, y(t), which is the original data, and an 

imaginary part, i*H(t) that contains the Hilbert transform H(t), which is a version 

of the original data phase-shifted by 90° in the frequency-domain (sines are 
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transformed to cosines and conversely). H(t) can be obtained by performing the 

following convolution in the time-domain: 

H(t) =
1

𝜋∗𝑡
 ∗ y(t)  

The free parameters of the filter-Hilbert method are the filter bandwidth and filter 

order. The Hilbert-transform can provide high temporal resolution as it returns 

instantaneous estimates of the power and phase. If any frequency from within the 

filter-range increases strongly in amplitude, this would also be strongly reflected in 

the power of the filtered signal, which can be beneficial if peak frequencies differ 

slightly across subjects. But particularly for high frequencies, subsequent smoothing 

of the continuous power time course was necessary in this analysis pipeline as 

cluster-based permutation tests (see section 2.5.2) rely on continuous segments that 

consistently differ in one direction across all participants. If the data were not 

smoothed, minor temporal between-subjects variability of strong effects that peak 

only briefly would have resulted in a failure to detect significant clusters. 

Both time-frequency decomposition methods were performed on the continuous 

signal, which was subsequently cut into epochs, baseline-normalized, averaged across 

trials and subjected to statistical tests. 

 

2.6 Intersite phase clustering 

For Chapter 6, phase-based connectivity between the contralateral STN and the five 

EEG channels of interest (Fz, C3, C4, Cz, Pz) was computed based on the phase 

information of the Hilbert-transformed filtered signal (band-width and frequency 

shifts as described in Data pre-processing). Intersite phase clustering (ISPC) can be 

defined over trials or over time. As we did not expect high-frequency oscillations to 

be phase-locked across trials, we calculated ISPC for each trial over multiple fixed-

width moving windows to get an estimate of changes in ISPC over time. The fixed 

width was 200 ms for 50-120 Hz and 250 ms for 6-40 Hz. The frequency cut-off was 
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6 Hz as 250 ms would have included only one and a quarter cycle of a 5 Hz 

oscillation or even less for lower frequencies. 

The window width was chosen to be longer for lower frequencies such that more 

cycles contributed to the estimate. 250 ms would for example encompass 4 cycles of 

a 16 Hz oscillation. ISPC was computed within each of these windows, which were 

shifted by 10ms such that the overlapping bins resulted in a smooth image. ISPC 

was obtained by calculating the length of the average vector of phase (φ) differences 

represented as vectors with length one on a unit circle (Lachaux et al., 2000) based 

on the following equation (n=number of samples, MATLAB code provided):  

|
∑ 𝑒𝑖∗(𝑆𝑇𝑁𝜑𝑡−𝐸𝐸𝐺𝜑𝑡)𝑛

𝑡=1

𝑛
| 

The amplitude of the signal thus did not contribute to the ISPC estimate. To assess 

whether ISPC changed in response to the stop signal, we compared whether it 

differed significantly from zero after normalizing it by the pre-stop signal period 

ranging from -350 to 0ms before the stop cue. 

 

2.7 Statistical analysis 

2.7.1 Parametric and non-parametric statistics 

Differences were considered statistically significant if p < 0.05. Pairwise comparisons 

were performed with t-tests or Wilcoxon signed-rank tests if the normality 

assumption was violated, which was assessed with a Lilliefors test. To analyse multi-

factorial designs in Chapter 5 and 7, repeated-measures ANOVAs were computed in 

SPSS (v. 22, IBM SPSS Statistics for Windows, Armonk, NY: IBM Corp.). 

Greenhouse-Geisser correction was applied and the correction factor ɛ reported if the 

sphericity assumption was violated.  
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Correlations between power changes and behaviour were computed as Spearman’s 

rank correlation coefficients with 95% bootstrapped confidence intervals using the 

Spearman function from the Robust correlation toolbox (Pernet et al., 2013). 

 

2.7.2 Permutation testing 

Multiple-comparison correction in time-frequency or time windows of interest was 

performed by using a cluster-based permutation procedure (Maris and Oostenveld, 

2007, MATLAB code provided): The original paired samples were randomly 

permuted 2000 times such that each pair was maintained but its order of 

subtraction may have changed to create a null-hypothesis distribution. If relative 

power was tested for significant differences from zero, then the sign changed from 

“+power” to “-power” if a data point was permuted. For each permutation, the sum 

of the z-scores within suprathreshold-clusters (pre-cluster threshold: p < 0.05) was 

computed relative to the permutation distribution to obtain a distribution of the 

2000 largest suprathreshold-cluster values. If the sum of the z-scores within a 

suprathreshold-cluster of the original difference exceeded the 95th percentile of the 

largest sums of z-scores from the permutation distribution, it was considered 

statistically significant. 
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3 Bipedal coordination during stepping in place 

3.1 Introduction 

Gait disturbances are an early sign and prominent feature of Parkinson’s disease. In 

advanced stages many patients suffer from motor blocks (so-called freezing), festination 

or balance problems (Ebersbach et al., 2013), which suggests that the basal ganglia 

contribute to the control of human gait. Sensory cues can trigger freezing, which thus 

seems to reflect a failure to adjust interlimb coordination to the environment or to 

maintain control despite environmental changes.  

Gait disturbances are a major clinical challenge as they may be refractory to 

medication or deep brain stimulation (DBS) of targets within the basal ganglia, and 

drastically reduce patients’ quality of life (Fasano et al., 2015; Heremans et al., 2013b). 

Continuous DBS at a fixed high frequency, the current standard, may at some point be 

replaced by temporally flexible stimulation strategies (Arlotti et al., 2016; Beudel and 

Brown, 2015), which increases the importance of understanding the neuronal 

population dynamics associated with gait control. Past studies recording EEG or 

subthalamic nucleus (STN) local field potentials (LFPs) have shown abnormally 

exaggerated neuronal synchronization when gait deteriorates (Shine et al., 2014; Singh 

et al., 2013), but they have not disclosed how basal ganglia activity is modulated 

during gait. To demonstrate modulation within the gait cycle, neural activity must be 

recorded with sufficiently high temporal and spatial precision. LFP recordings from the 

STN in patients who have undergone deep brain stimulation surgery to alleviate motor 

symptoms provide the necessary resolution, and have helped to establish features of 

STN activity that correlate with upper limb movements in the past (Anzak et al., 2012; 

Tan et al., 2016a). In particular, beta oscillations (over about 15-30 Hz) have been 

shown to be modulated during rhythmic movements of the contralateral upper limb 

with a beta trough during movement followed by a rebound between two consecutive 

movements (Androulidakis et al., 2008; Joundi et al., 2013).  
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Here I test the primary hypothesis that beta activity in the STN is also rhythmically 

modulated during gait. I sought to find out if beta modulation is time-locked to the 

movement of the contralateral leg or synchronous in both STN. Since gait involves 

coordinated and rhythmic movements of both lower limbs, I would expect beta 

modulation (relative power attenuation followed by a rebound) to alternate in an 

opposite manner between the two STN if it is locked to the contralateral step. EEG 

recordings during gait in healthy subjects also support this idea as beta oscillations in 

motor cortex seem to be modulated relative to the contralateral leg (Bradford et al., 

2015; Cheron et al., 2012).  

To assure patients’ safety and to reduce movement artefacts, we recorded STN LFPs 

during visually-guided stepping in place while sitting. Auditory cues should improve 

stepping performance, such as stepping accuracy, considering that auditory cues 

improve gait impairments in patients with Parkinson’s disease (Arias and Cudeiro, 

2010, 2008; Hausdorff et al., 2007; Mazilu et al., 2015). Additionally, auditory cues 

alone already modulate sensorimotor beta oscillations even in the absence of movement 

(Fujioka et al., 2015, 2012; Iversen et al., 2009; Saleh et al., 2010). My second 

hypothesis was therefore that auditory cues would not only be associated with 

behavioural benefits in our paradigm, but also with enhanced beta modulation, 

considering that beta oscillations provide information about sensorimotor consequences 

(Tan et al., 2014b; Torrecillos et al., 2015).  
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Table 3.1 Clinical details. Age and disease duration are given in years. Dom. Hand = 

Dominant hand: Right (R) or left (L), UPDRS-III: Unified Parkinson’s disease rating scale part 

III OFF/ON levodopa. * = recorded in both the soundOff and soundOn condition. Levodopa 

equivalent dose (mg/day) was calculated according to Tomlinson et al. (2010). 

 

ID Age/Sex

/Dom. 

hand 

UPDRS-

III 

OFF/O

N 

levodopa 

Diseas

e 

durati

on 

(years) 

Main symptom Levodopa 

equivalent dose 

(mg / day) 

DBS lead 

1 62/m/r 27/4  12 Freezing of gait  955 mg Medtronic 3389
TM

 

2 60/m/r 52/30 8 Freezing of gaits 1282 mg Medtronic 3389
TM

 

3* 59/m/r 53/18 7 Tremor, 

bradykinesia, 

dyskinesia 

1195 mg Boston Scientific 

DB-2202
TM

 

4* 64/f/r 66/36 16 Rigidity, tremor 1628 mg Boston Scientific 

DB-2202
TM

 

5* 59/m/r 36/8 14 Fluctuations, 

tremor 

1062 mg Medtronic 3389
TM

 

6* 56/m/l 42/26 7 Fluctuations, 

dyskinesia 

1365 mg Medtronic 3389
TM

 

7* 62/m/r 59/15 12 Tremor, rigidity, 

dyskinesia 

1000 mg  Medtronic 3389
TM

 

8* 71/m/r 

 

36/18 15 Gait, tremor 785 mg  Boston Scientific 

DB-2201
TM

 

9* 61/m/r 33/11 9 Rigidity 1293 mg Medtronic 3389
TM

 

10* 57m/r 49/18 12 Tremor 1881 mg Boston Scientific 

DB-2201
TM

 

11* 59/m/r 28/8 10 Tremor 1010 mg Boston Scientific 

DB-2201
TM

 

12 59/m/r 23/6 22 Fluctuations 1658 mg Medtronic 3389
TM

 

13 65/m/r 16/8 8 Tremor 1434 mg Medtronic 3389
TM

 

 

3.2 Methods 

3.2.1 Participants 

We recorded 16 Parkinson’s disease patients who had undergone bilateral implantation 

of DBS electrodes in the STN. Three full data sets and one electrode that was located 

on the right had to be excluded because of severe movement artefacts (see exclusion 
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criteria below). Clinical details of the patients included (mean age 61 ± (SD) 4 years, 

mean disease duration 12 ±4 years, 1 left-handed, 1 female) are listed in Table 3.1. 

Patients took their prescribed dopaminergic medication as usual and recordings were 

performed 3-7 days after the surgery at one of the following three surgical sites: King’s 

College hospital in London, University College hospital in London, or the John 

Radcliffe hospital in Oxford, UK. For each patient, one of the following three 

macroelectrode models was used: Medtronic 3389 (quadripolar, n=8), Boston Scientific 

DB-2201 Vercise (octopolar, n=3) and Boston Scientific DB-2202 Vercise directional 

(octopolar, directional, n=2). 

 

3.2.2 Task 

Patients sat in a chair in front of a laptop and a plate mounted by foot pedals placed 

on the floor such that their feet could comfortably reach the pedals (Scythe, USB 3FS-

2). The laptop displayed a video of a walking cartoon man (see Figure 3.1), which 

was looped after one walk cycle (i.e. one right and left step, separated by 1 second) 

such that the man was walking in place. Patients were instructed to step onto the left- 

and rightmost pedal with their left and right foot, respectively, in synchrony with the 

footsteps of the man in the video, while resting their arms on their lap. In a first 

condition (soundOff), patients were stepping while sitting and had to rely on the video 

only. In a second condition (soundOn), a metronome sound was provided at the time of 

each heel strike displayed in the video and thus provided additional information about 

the timing of heel strikes via the auditory system. For a control condition, patients 

were instructed to think of anything unrelated to walking, such as upcoming or past 

holiday plans, and to watch the video without moving. The duration of the video 

shown in each run was 42 seconds and thus contained 21 left and 21 right heel strikes.  
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Figure 3.1 Schematic of stepping in place and snapshot of the visual stimulus. (A) 

After each heel strike, the contralateral leg was lifted. (B) One example picture from the video 

that dictated the stepping rhythm. 

 

After a short practise run, we recorded the four conditions (N = NoSound + 

movement, S = SoundOn + movement, C = Control condition (watching only)) in the 

following order: 

2x N, 2x S, 3x C, 2x S, 2x N 

This order was chosen such that one stepping in place condition without sound (N) 

preceded the condition with sound (S) to make sure patients performed one stepping in 

place condition without prior exposure to the sound. For the first two patients, the 

soundOn condition was not recorded and thus was present only in seven of nine 

patients.  

After each of the “watching only” (C) runs, subjects rated their performance with a 

questionnaire asking “How well were you able to think of something else rather than 

walking?” for the control condition (C). Patients indicated their rating on a visual 

analogue scale ranging from 0 to 10 with 10 corresponding to “Very well” and 0 to “Not 

at all”. 

After the recording was completed, patients filled out the gait and falls questionnaire to 

assess the presence of pre-operative gait problems (Giladi et al., 2000).  
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3.2.3 Recordings 

Monopolar LFPs, foot pedal activation, and triggers for the heel strikes displayed in 

the video were recorded with the TMSi Porti amplifier. The triggers were registered 

with a light-sensitive sensor attached to the top left corner of the presentation laptop. 

In the video underneath the light-sensitive sensor, a black square turned white for one 

frame (= 41.7ms at a frame rate of 24 frames/second) with each right heel strike, and 

grey (RGB = [179, 179, 179]) with each left heel strike. 

 

3.2.4 Data processing 

The triggers of the first two heel strikes and of the last one were deleted to exclude 

start and stop-related activity. To exclude channels that were strongly contaminated 

by movement artefacts, we included only bipolar combinations, where the standard 

deviation of the 1 Hz high- and 40 Hz low-pass filtered event-related potential did not 

exceed 1.5 µV (6the average SD of the included channels was 0.40 ± 0.31 µV). The 

event-related potential was computed as the average across all right steps in a 2s-wide 

window around the right heel strike ranging from -0.5:1.5s, which thus also included 

left steps. Activity for each STN was computed by averaging across all bipolar channels 

of the electrode to avoid any channel selection bias. The downside of the latter is that 

by averaging all channels we increased the likelihood of a negative result, as not all 

contact pairs are likely to have been in the STN. 

The two main behavioural variables of interest were step-to-cue offsets and step 

interval durations. Step-to-cue offsets denotes the difference between each real step and 

the closest corresponding heel strike displayed in the video. Step interval duration 

denotes the length of the interval between the current and the consecutive 

(contralateral) step registered by the foot pedal. Step-to-cue offsets longer than 1s and 

step interval durations longer than 2s were discarded as outliers (mean number of 

outliers = 10 ± (SD) 9.9). This resulted in an average number of 51 ± 30 left and 49 ± 

30 right steps in the soundOff condition and 44 ± 20 left and 43 ± 17 right steps in the 

soundOn condition.  
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Then the median of the remaining step-to-cue offsets and step interval durations was 

computed. One patient started with the wrong foot and was stepping with the opposite 

foot to the one shown in the video in some runs. Those steps were excluded for the 

correlation analyses as these step-to-cue offsets could arbitrarily be interpreted as close 

to -1 or 1. 

If patients found it hard to step on time with the cue, it resulted in a larger spread of 

step-to-cue offsets, which could be negative or positive and averaging may thus result 

in a number close to zero irrespective of variability. To quantify step timing variability, 

we thus computed the median absolute deviation of all step-to-cue offsets, which is a 

robust measure of variability (Williams, 2011) . We also computed the median absolute 

deviation of all step interval durations, which we will call step interval variability.  

As we specifically explored lateralized stepping control and this would necessarily be 

out of phase between the two sides, we did not average across the right and left STN 

for each patient but treated them separately for the soundOn and soundOff 

comparison, which increased the number of samples from seven patients to 14 STN.  

 

3.2.5 Time-frequency decomposition 

The data were down-sampled to 1000 Hz and high-pass filtered (1 Hz cut-off, 

Butterworth filter, filter order = 6, passed forwards and backwards) before applying 

continuous Morlet-wavelet transforms using the fieldtrip-function ft_freqanalysis 

(Oostenveld et al., 2011). The wavelets were set to span 6 cycles for frequencies 

between 5-45 Hz and to span 12 cycles for frequencies between 50-80 Hz. The resulting 

time-frequency decomposition was down-sampled to 200 Hz and smoothed by averaging 

within a 0.3s sliding window to reduce noise in the data, which aids in performing 

cluster-based permutation statistics. Relative power was obtained for each subject and 

frequency by normalizing the absolute power by its average across a 2s time window 

around the heel strike encompassing one full gait cycle: (power – average power) / 

average power * 100.  
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3.2.6 Statistical analysis 

Behavioural variables or relative power changes are reported as mean ± standard 

deviation (SD). For the soundOn vs. soundOff comparison, the data from both STN 

aligned to the contralateral heel strike were averaged. This  resulted in a sample size of 

10 subjects for these comparisons.  

Multiple-comparison correction for power across multiple time and frequency bins was 

performed by using a cluster-based permutation correction approach as outlines in 

section 3.1.1. To control for multiple comparisons of burst properties in several time 

windows, the false discovery rate (FDR) correction procedure was performed 

(Benjamini and Hochberg, 1995). 

Effect sizes are reported as Hedges g and its 95% bootstrapped CIs, which were 

estimated with the MATLAB Measures of Effect Size toolbox (Hentschke and Stüttgen, 

2011). Spearman’s correlation coefficients that were computed across trials within each 

subject were Fisher’s z-transformed and then also subjected to the cluster-based 

permutation correction procedure to test if the direction of these correlations was 

consistent across patients.  

 

3.2.7 Beta burst properties 

We also examined if increased beta power, appearing in the trial-average, resulted 

either from a consistent amplitude increase of beta oscillations across trials or instead 

from an increased likelihood of much bigger oscillations or beta bursts in some trials. In 

the trial-average, these two possibilities cannot be distinguished. Beta bursts were 

classified as periods where the amplitude exceeded a threshold defined as the 75% 

percentile of the amplitude concatenated across conditions (Tinkhauser et al, 2017). 

The beta amplitude was filtered between 28-30 Hz according to the power difference in 

the soundOn-Off comparison (Butterworth filter, filter order = 6, passed forwards and 

backwards, and smoothed by a 0.3s moving average to avoid misclassification of noise 

as bursts). The median amplitude and median duration of these bursts, were computed 
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within a 0:1s window after the contralateral heel strike, averaged for each patient in 

the soundOn and soundOff condition and then compared. 

 

3.3 Results 

3.3.1 Behavioural results 

The average step-to-cue offset (n=13, averaged across soundOff and soundOn if 

present) was -0.09 ± (SD) 0.1s, which shows that the real step was on average 100ms 

earlier than the heel strike displayed in the video. This so-called negative mean 

asynchrony shows that patients were able to anticipate the next step correctly, a 

common phenomenon in sensorimotor synchronization tasks (Repp and Su, 2013). The 

average step interval duration was 0.99 ± 0.03s confirming that patients successfully 

matched their step intervals to the 1s interval in the video. 

When the sound was provided, a significant reduction in step timing variability relative 

to the soundOff condition was observed (soundOff = 0.13 ± 0.11s, soundOn = 0.06 ± 

0.02s, Wilcoxon signed-rank test (n=9): P = .020, Hedges g = 0.85 [0.54, 1.85]). We 

found no significant difference in step-to-cue offsets (soundOff = -0.10 ± 0.09s, 

soundOn = -0.13 ± 0.09s, t8 = 1.0, P = .331, Hedges g = 0.29 [-0.27, 0.91]), step 

interval durations (soundOff = 0.97 ± 0.08s, soundOn = 1.0 ± 0.01s, Wilcoxon signed-

rank test (n=9): P = .125, Hedges g = 0.57 [0.23, 1.26]) or step interval variability 

(soundOff = 0.09 ± 0.05s, soundOn = 0.07 ± 0.04s, t8 = 1.5, P = .171, Hedges g = 

0.50 [-0.07, 1.47]).  Note though, that the 95% CI of the effect size for the difference in 

step interval duration comparison did not include zero, which indicates that step 

intervals were slightly longer in the soundOn condition.  

To synchronize with the heel strikes in the video separated by 1s intervals, the timing 

of the next step had to be delayed if the current step was very early and it had to be 

advanced if the current step was late. Hence, step interval duration should be 

negatively correlated with the preceding step-to-cue offset. T-tests on the Fisher’s z-

transformed correlations of each subject showed that this was the case for both 
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conditions (soundOff: rho = -0.35 ± 0.23, t8 = -4.9, P =.001; soundOn: rho = -0.55 ± 

0.19, t9= -7.51, P < .001). Remarkably, the correlations were significantly stronger for 

the soundOn condition (rhosoundOn - soundOff = -0.22, t6= -2.79, P = .032, Hedges’ g = 

1.21 [0.63, 2.41]) even though the spread of both variables was higher when no sound 

was provided (see SDs above). This indicates that auditory feedback facilitated step 

interval adjustments as evidenced by a stronger relationship between step-to-cue offsets 

and the duration of the subsequent step interval.  

Patients’ self-reports suggested that they were successful in thinking of something 

unrelated to walking in the control condition, as the question “How well were you able 

to think of something else rather than walking?” resulted in 7.7 ±1.8 points out of 10 

(= Very well). 

 

3.3.2 Correlation between task performance and gait questionnaire 

We also examined if step timing variability, the only performance measure that 

improved with the sound, was worse in patients with more severe pre-operative gait 

problems. Severity of gait problems was assessed with the freezing of gait questionnaire 

(FOG-Q, Giladi et al., 2000). The FOG-Q scores correlated with step timing variability 

in the soundOn condition ( 

Figure 3.2,  Spearman’s rho = 0.73, [0.16, 1.00], P = .026), although the small sample 

size (n=9) should be noted.  
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Figure 3.2 Example of  step tim ing variability and correlation with gait impairment . 

(A) Example of the timings of heel strikes (triangles) and cues presented in the video 

(rectangles) in the soundOff (top row) and soundOn (bottom row) condition of one subject 

(subject 5, red = right heel strike, blue = left heel strike). The difference between a cue and the 

corresponding heel strike is the step-to-cue offset and the STD of these differences is the step 

timing variability. When the sound was off, heel strikes were less rhythmic than when it was on. 

(B) Correlation between step timing variability and freezing-of-gait questionnaire (FOG-Q) 

scores in the soundOn (left) and soundOff condition (right). The title shows the Spearman 

correlation coefficient. The line denotes the linear regression fit with 95% CIs. 

 

These clinical correlates of step timing variability support the use of the latter measure 

as a surrogate index relevant to gait performance in our paradigm. We would have 

expected to find an even stronger relationship in the soundOff condition but only a 

weak trend was seen in the same direction in the soundOff condition (Figure 3.2 

right, rho = 0.21 [-0.47, 0.84], P = .485). One patient reported only minor gait 

problems but exhibited very high step timing variability without the sound, such that 

the correlation would have only been significant after excluding this patient. However, 

it is well-established that gait impairments in everyday life are reflected by increased 

step time variability and impaired gait rhythmicity in experimental settings (Gilat et 

al., 2013; Plotnik and Hausdorff, 2008). 
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Figure 3.3 Beta and gamma step-related power modulation.  Beta power was 

modulated in an opposite manner in the left and right STN during active stepping (data aligned 

to the contralateral heel strike and pooled across the sound ON and OFF condition). The 

bottom row shows the concurrent leg movements. Encircled clusters denote significant power 

increases in red and decreases in blue relative to the average within the gait cycle.  
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3.3.3 Power modulation 

Beta power was significantly modulated during stepping in place in both STN (Figure 

3.3 , data averaged across the soundOn and soundOff condition) with the strongest 

decrease after the ipsilateral heel strike when the contralateral foot was lifted. Lifting 

the leg is more effortful than lowering it; thus, this is consistent with the notion that 

beta oscillations correlate inversely with effort (Tan et al., 2015). Beta oscillations were 

most likely to occur or to be largest after the contralateral heel strike when the 

contralateral foot rested on the pedal as shown by the red power increase in Figure 

3.3 . Beta power in the two STN was thus modulated in an opposite manner.  

Figure 3.3 also suggests that gamma activity was modulated opposite to beta activity 

within each STN. However, cluster analysis failed to identify significant clusters in the 

gamma band and so changes in this frequency band were not considered further. 

The step-specific modulation was particularly pronounced in the high-beta band (20-30 

Hz) and less so in the low-beta band (12-20 Hz). The degree of left/right-alternating 

modulation was quantified as median squared power difference between the right and 

left STN:  median (powerriSTN – powerleSTN)2 

Figure 3.4 shows that this measure was significantly higher in the high-beta band 

compared to the low-beta band during stepping in place (Wilcoxon signed-rank test, 

n=13, P = .021, Hedges’ g = 0.60 [0.28, 1.07]), but not during video watching without 

movement (Wilcoxon signed-rank test, n=13, P = .733, Hedges’ g = -0.35 [-0.87, 0.26]). 
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Figure 3.4 H igh- and low-beta power modulation. Black bold lines denote significant 

differences to 0 and the red filled area shows significant differences between 20-30 Hz beta 

power in the left and right STN after cluster-based multiple comparison correction (top row). 

Shaded areas denote standard errors of the mean. No significant modulation was present when 

patients were not moving but were only watching the video (right column). 

3.3.4 Modulation increased with the sound 

Next, we tested if beta modulation was stronger when the metronome was provided 

during stepping in place. Power modulation was computed for each condition as the 

difference between the maximum and minimum within 0:1s and -0.5:0.5s, respectively, 

so as to extract the peak and trough relative to the contralateral heel strike (see 

Figure 3.3 and Figure 3.4). Beta modulation was significantly higher in the 

soundOn condition between 28-30 Hz. This modulation difference was driven by 

increased 28-30 Hz beta synchronisation when the contralateral foot was resting on the 

pedal (Figure 3.5A , diff = 2.5%, t8 = 3. 05, P = .016, Hedges g=0.30 [0.13, 0.68]) 

while the difference at the time of the trough at the contralateral heel strike was not 

significant (diff = -0.7%, t8 = -0.64, P = .542, Hedges g=-0.12 [-0.83, 0.20]).  
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Figure 3.5 Beta bursts after contralateral heel strikes were more likely when 

auditory cues were provided.(A) Power modulation [max-min(power)] was significantly 

higher between 28 and 30 Hz during stepping with the metronome in comparison to stepping 

without the sound (n=9, cluster-based multiple comparison corrected). Shaded error bars denote 

standard errors of the mean. This difference was mainly driven by an increased 28-30 Hz beta 

power peak after the contralateral step (dashed vertical line at 0s). (B) 28-30 Hz beta bursts 

(defined as exceeding the 75th percentile of the amplitude) were more likely to occur when the 

sound was on. This probability mirrors the power average to the left.   

 

3.3.5 Sound-related differences in beta burst properties 

The observed increased power peak in the soundOn condition may be due to 

consistently increased amplitude of beta oscillations or alternatively due to an increased 

occurrence rate of enhanced beta periods or bursts in some trials (which would also be 

expressed as higher amplitude in the average). If we would find that the amplitude was 

different, then this may indicate that a larger number of cells were more synchronized. 

If we find an increase only in the number of bursts, it would show that similar events 

of beta synchronization occurred more frequently. Indeed, the probability of 28-30 Hz 

burst events irrespective of their amplitude was significantly higher in the soundOn 

condition (Figure 3.5B). The median burst amplitude and burst duration did not 

differ significantly, indicating that the shape of the beta oscillation profile was not 

consistently different in the two conditions (burst amplitude: soundOn =0.35, soundOff 

=0.35, Wilcoxon signed-rank test (n=9): P = 0.570, burst duration: soundOn = 265 

soundOff=255, t8 = 0.5, P = 0.169). 
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3.3.6 Within-subject correlations between power and behaviour 

To test if beta modulation relates to the interval between two consecutive steps, we 

computed within-subjects correlations between trial-wise (i.e. for each step) beta power 

and the step interval duration. We tested if the Fisher’s z-transformed correlations were 

significantly different from zero at the group level, separately in the soundOff and 

soundOn condition (Figure 3.6 , left and right column). If the timing of the beta 

rebound is locked to the timing of the contralateral heel strike, then this should be 

visible when the power is shown for the 1s window preceding the ipsilateral heel strike. 

The variability of the timing of the contralateral heel strike relative to time=0s should 

affect the timing of the post-movement rebound, which is captured in this window 

when the contralateral foot was on the ground. The co-variation of the beta rebound 

and the relative timing of the contralateral heel strike should thus be best reflected 

with this alignment. Indeed, if the contralateral heel strike preceded the current one by 

more than 1s, then the beta rebound also occurred earlier (Figure 3.6 , the green x 

denotes the average time of the 50% of all contralateral heel strikes that were earliest). 

This was the case in both conditions. The positive correlations (encircled green blobs) 

show that 20-30 Hz beta power was higher when the interval between the two steps 

was longer (see also the line plots below that depict the power average of the 50% 

longest and shortest interval durations in green and grey respectively). Interestingly, 

the beta decrease at the current step (time = 0s) appeared to differ only in the 

soundOn condition. 

 



44 

 

Figure 3.6 Correlations between STN power and step interval duration. Fisher’s Z-

transformed Spearman correlations were computed between power and the behavioural variables 

step interval duration between the ipsilateral step at 0 and the preceding step. Encircled green 

clusters show that when the interval between the two steps was longer, beta power was higher. 

The same relationship is shown in the power average below (median split data, green = longest 

intervals, black = shortest intervals). 

 

3.4 Discussion 

We found that, during stepping in place, beta oscillations are modulated relative to the 

contralateral foot step-cycle in the left and right STN. Rhythmic auditory cues, which 

can alleviate gait disturbances (Arias and Cudeiro, 2010, 2008; Hausdorff et al., 2007; 

Mazilu et al., 2015), assisted patients in synchronizing their steps to those shown in the 

video and promoted power modulation in the beta band selectively. More precisely, 

when auditory cues were provided, the likelihood of beta bursts was increased after the 

contralateral heel strike. 

Our results are in line with reports that STN beta power is modulated during repetitive 

tapping (Androulidakis et al., 2008; R. A. Joundi et al., 2013) and single limb 

movements (reviewed in Brown, 2007). During contralateral movement, beta decreases 

and then rebounds. Often these studies report homogenous power changes over a broad 
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beta band covering 12-35 Hz whereas we found step-specific modulation to be most 

pronounced between 20-35 Hz.  

Is step-cycle-locked modulation of high-beta oscillations primarily physiological? 

We recorded from patients with Parkinson’s disease, and as such the modulation of 

high-beta frequencies might be pathological rather than primarily physiological. 

However, there are reasons for thinking that the modulation patterns disclosed here 

may reflect broadly similar modulation patterns in healthy subjects. First, patients 

performed the task on dopaminergic medication to minimize pathological activity 

linked to low levels of dopamine (Weinberger et al., 2006). Second, modulation patterns 

resembled those recorded from cerebral cortex in healthy subjects (Cheron et al., 2012; 

Storzer et al., 2016), with which STN beta activity is coherent, especially in the higher 

beta range (Hirschmann et al., 2011; Litvak et al., 2011). Finally, similar modulation 

patterns are seen in the STN and its output target, the substantia pars reticulata, in 

hemi-parkinsonian walking rats (Brazhnik et al., 2014; Delaville et al., 2015).  

Does the degree of step-cycle-locked modulation of high-beta oscillations relate to 

performance? 

Within-subject correlations showed that the timing of the beta rebound was locked to 

the contralateral heel strike in both conditions. Interestingly, in the soundOn condition 

the beta rebound was not only higher when an interval was longer but it also decreased 

faster before the ipsilateral heel strike. Immediately after each ipsilateral heel strike the 

contralateral foot is lifted. This faster beta decrease may thus support faster lifting of 

the contralateral foot, which may help to shorten the next interval to stick with the 

rhythm. The increased modulation of beta power during long intervals may thus be an 

important contributor to the improved synchronization performance when auditory 

cues were provided. This resembles the increase in movement-related modulation of 

beta activity that can be observed after intake of antiparkinsonian medication, which 

generally enables patients to move faster (Doyle et al., 2005; Androulidakis et al., 

2007). The possible significance of step-cycle-locked modulation of high-beta oscillations 
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is heightened by the fact that those patients, who found it harder to synchronize their 

steps to the rhythm given by the video even when auditory cues were provided, tended 

to have more severe clinical gait impairments, in line with past findings (Gilat et al., 

2013; Plotnik and Hausdorff, 2008). Moreover, just as auditory cues can improve gait 

(Arias and Cudeiro, 2010, 2008; Hausdorff et al., 2007; Mazilu et al., 2015), we found 

that they improved patients’ ability to match their steps to the heel strikes in the 

video, which was associated with increased contralateral post-movement 

synchronization in the upper beta frequency band. This increase in average 

synchronization predominantly originated from an increased likelihood of individual 

bursts rather than a consistent increase in the degree of synchronization (i.e. 

amplitude) in all trials. Stronger modulation of activity across the whole beta band has 

also been associated with improved Parkinsonian motor symptoms before  (Doyle et al., 

2005). 

What is the nature of the relationship between step-cycle-locked modulation of high-beta 

oscillations and performance? 

Although stronger modulation of high-beta activity in the STN was associated with 

improved synchronisation of stepping to the rhythm given by the video, we cannot 

distinguish whether this was due to the fact that less affected patients had more 

physiological patterns of beta reactivity or if stronger beta modulation emerged as a 

more successful compensatory strategy. In patients suffering from freezing of gait, 

enhanced synchronization of >20 Hz oscillations was reported as prominent feature 

both at rest (Toledo et al., 2014), and before and during freezing episodes (Scholten et 

al., 2016; Shine et al., 2014; Singh et al., 2013, note that hypersynchronization was also 

observed in lower frequencies). This might be reconciled with our observation that 

stronger modulation of high-beta activity in the STN is associated with improved 

stepping performance, if as proposed for upper limb movements, exaggerated beta 

activity and lack of dynamic modulation of beta are correlates of motor impairment in 

Parkinson’s disease (Androulidakis et al., 2007b). In short, strong synchronization in 

the beta band and limited task-related modulation of this have been proposed to 
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restrict local processing through rate coding and the dynamic configuration of neural 

assemblies on a finer spatio-temporal scale (Brittain and Brown, 2014). The inference 

from the present results is that this compromises local basal ganglia processing related 

to gait control. 

We would like to acknowledge, though, that in this purely correlative study we cannot 

distinguish whether beta modulation is involved in the feed-forward control of gait, or 

more indirectly involved, as a response to gait-related sensory afference or feedback-

related error processing. The latter may have contributed to the observed association 

between poor performance and low modulation as previous studies have shown that 

post-movement beta oscillations are less likely after erroneous movements (Tan et al., 

2014; Tan, Wade, et al., 2016). Another possibility is that post-movement beta 

oscillations are less likely due to increased cognitive load (Fischer et al., 2016) when 

patients with poor performance struggled to step on time with cues. Maximally 

occupied cognitive resources, irrespective of whether auditory cues were present, may 

also explain why in some patients, performance improved while beta modulation 

remained similar. The within-subjects correlation between increased beta and longer 

step interval durations similarly may merely reflect delayed movement onset (Kühn et 

al., 2004) or an active role in interval timing as reported before (Kononowicz and van 

Rijn, 2015). 

Study limitations 

One limitation of this study is that we investigated stepping in place during sitting and 

not upright walking, which may include arm swing. However, freezing episodes can also 

be observed during stepping in place (Nantel et al., 2011), which suggests overlap 

between neuronal control of stepping in place and gait, although no distinct freezing 

episodes were observed in our study. Stepping on a foot pedal has also been used as a 

task for fMRI studies to investigate gait-related network dysfunctions in Parkinson’s 

disease (Gilat et al., 2017; Shine et al., 2013a, 2013b). Ultimately, it remains to be 

tested if STN power during real walking is modulated as it was during stepping in 
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place. Yet, the positive effect of auditory cueing on both gait and stepping in place in 

the current paradigm supports the validity of the latter as a safe surrogate for gait 

while ensuring that activity changes reflect leg movements and not arm swing.  

Implications for DBS 

The present results suggest a link between rhythmic stepping performance and 

modulation of high-beta oscillations.  The clear step-locked modulation pattern and its 

amplification with auditory cues raise the possibility that patients with gait problems 

may benefit from temporally patterned left-right alternating DBS more than from 

continuous, uniform stimulation that would attenuate beta activity throughout the 

whole gait cycle. Instead, beta oscillations could be permitted at those points in the 

cycle at which they would naturally occur by briefly deactivating DBS to assist beta 

modulation, similar to the way in which auditory cues seemed to redistribute beta 

bursts during stepping. Entrainment of motor cortical beta to auditory cues has only 

recently been shown to be impaired in Parkinson’s disease (te Woerd et al., 2017) and 

thus the benefit from auditory cueing alone will be limited. The hope is that 

alternating DBS patterns may provide a means to alleviate gait disturbances in those 

patients with impairments that are refractory to conventional DBS.  

  



49 

3.5 Summarized findings 

The main findings of this chapter are: 

• 20-30 Hz STN beta activity decreases and increases relative to the contralateral 

step cycle 

• The beta increase after the heel strike is enhanced when auditory cues are 

provided and when steps are better synchronized to the cues 

• Stimulating with an alternating DBS pattern, which provides a rhythmic 

structure and allows beta to increase briefly, may be beneficial for gait control 
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4 Sensorimotor synchronization and stopping in  

healthy participants  

4.1 Introduction  

Growing evidence associates elevated beta power in motor regions of the cerebral cortex 

and the basal ganglia with reinforcement of the current motor state (Engel and Fries, 

2010). Relatively high post-movement beta activity has been linked to increased 

confidence in the internal model underlying an action (Tan et al., 2014a, 2014b, Tan et 

al. 2016). It was also suggested that when beta power was relatively reduced after 

performance errors, this may reflect subsequent behavioural adaptation as it was 

followed by increased reaction times on the next trial (Jha et al., 2015).  

If repetitive actions need to be timed to external events, they need to be constantly 

evaluated. Tapping to a metronome involves repetitive actions that require the subject 

to generate an action plan, monitor its timing based on incoming sensory information 

and adapt it to what the task requires. Again, this presents a trade-off between 

maintaining the current motor program and adjusting to the environment. We 

hypothesized that when the action plan does not need to be adjusted, i.e. when 

confidence in performing an action timely and appropriately is high, beta power 

between two consecutive movements increases more strongly than when the motor plan 

needs to be adapted. This would also be in line with the beta modulation increase 

during auditory cueing reported in the previous chapter.  

Elevated post-movement beta oscillations now may either reflect action reinforcement, 

which should thus make it harder to adjust the upcoming action to unpredictable 

events, or sparing of cognitive resources, which should result in faster reaction times. 

To test this, we selected auditory-paced rhythmic finger tapping as primary motor 

task, and determined how motor performance was affected in anticipation of, and in 

response to, a second instruction, which was to abruptly stop tapping. We hypothesized 
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that movement-related beta modulation would grow with the first few taps in each trial 

as an internal model of the task develops. Conversely, if this modulation indeed reflects 

the degree of confidence in repeating the same movement, it should be reduced when 

subjects are preparing themselves to stop the movement abruptly.  

We deliberately selected the timing of the stop signal such that abrupt stopping would 

be challenging. As the timing of auditory-paced finger tapping crucially seems to 

depend on posterior parietal cortex activity (Krause et al., 2014, 2012), beta 

modulation within this region was of particular interest. Finally, in Go/NoGo tasks and 

stopping paradigms, elevated beta in the STN, inferior frontal cortex and pre-SMA has 

been linked to successful suppression of upcoming movements. (Jha et al., 2015; Kühn 

et al., 2004; Swann et al., 2009, 2012) If beta oscillations are indeed relevant for motor 

inhibition, we would expect to find increased beta power during successful stopping in 

the tapping task.  

 

4.2 Materials and methods 

4.2.1 Participants 

We recorded 21 healthy right-handed participants after obtaining informed written 

consent. Right-handedness was evaluated with the Edinburgh handedness inventory 

(Oldfield, 1971). Three subjects were excluded because of low tap-to-sound 

synchronization accuracy, defined as more than 20% of their taps being not within 

200ms of the corresponding sound. One subject had to be excluded because of technical 

problems with the stop signal delivery time resulting in n=17. The participants 

analysed were aged between 18-38 years (median 26 ± IQR 13 years). Nine participants 

were female, eight were male.  
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4.2.2 Task 

We investigated EEG oscillations during regular rhythmic tapping and abrupt stopping 

with the right index finger, which was guided by an isochronous metronome (700ms 

inter-sound interval, 700 Hz pitch, 40ms duration).  

Participants were instructed to tap synchronously to a metronome sound and to start 

tapping immediately after hearing the first sound. They were asked to make only brief 

contact with the pressure pad serving as tapping surface and otherwise keep the finger 

lifted. Additionally, they were encouraged to settle on a movement pattern that was 

comfortable and to keep the movement amplitude and force the same throughout the 

whole duration of the experiment. The tapping hand was hidden under an opaque 

cardboard box to avoid visual processing of the movement. Each participant performed 

the task in two conditions: 1) the STOP-condition and 2) the CONTINUE-condition 

(Figure 4.1). In the STOP-condition, subjects had to resist making one last tap as 

soon as they heard the stop signal. 

 

 

Figure 4.1 Schematic of  the CONTINUE and STOP condition in the upper and lower 

row respectively. Black rectangles depict metronome sound cues, grey ellipses represent taps. 

The bolt indicates the stop signal, a sound higher in pitch than the regular tones that was 

delivered at an individually fixed delay relative to the previous last regular tap. The red 

rightmost ellipse in the lower panel would represent an unsuccessfully inhibited tap. 
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In the CONTINUE-condition, participants were asked to continue with two more taps 

after an auditory cue that was identical to the stop signal. The CONTINUE-condition 

was designed to examine the response to the stop signal without sudden movement 

inhibition, and therefore did not demand the same level of cognitive control, i.e. 

alertness or enhanced readiness to stop, as in the STOP-condition. The stop signal was 

a higher pitched tone (2000 Hz pitch, 40ms duration) delivered after a random number 

of 6-10 metronome cues. Thus, subjects had to stop after 6-10 taps. The minimum 

number of 6 sounds was chosen to establish regular cyclic tapping before stopping.  

Stopping was classified online as successful when the pressure sensor positioned below 

the finger was not touched. 

The subject-specific stop signal delay time was determined in an initial training period 

(20-50 trials) for each participant so that successful interruption of the planned tap 

would occur in 50-60% of all trials. A success rate that was slightly higher than 50% 

was favoured to allow for more observations of halfway interrupted taps providing a 

graded response for subsequent correlative analyses (see  Figure 4.2). For some 

participants, performance was more variable, while the time on the task was restricted 

to about an hour. The actual mean success rate was 58 ± 9% (range=35-69%). The 

selected subject-specific stop signal delay time was kept constant throughout the 

subsequent experimental session of at least 100 trials and ranged between 500-565ms 

for different participants (544 ± 19ms). Importantly, in each trial the stop signal was 

triggered relative to the tap registered by the pressure sensor upon contact (i.e. 

surpassing a threshold low enough to register each tap), and not to the sound. This was 

to prevent participants from delaying their taps to achieve a better performance. After 

each block of 10 trials, participants received feedback about the number of successful 

stops. 
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Figure 4.2 Behavioural data from the f irst subject. The upper panel shows pressure 

sensor data. The stop signal was delivered relative to the time of the finger touching the sensor 

when the pressure signal passed a threshold (time=0ms). For this subject, the stop signal delay 

time was 550ms relative to 0ms, marking the last regular tap. Black lines are trials where the 

tapping movement after the stop signal was successfully interrupted, red lines are trials where 

the tap was not inhibited before touching the sensor. The markers around 0ms represent the 

temporal offset between the sound and the tap (o = stopped, x = failed to stop). The markers o 

and x are overlapping rather than separated showing that random fluctuations of the tap-to-

sound offset were not crucial in determining stopping performance. The lower panel displays the 

extent of finger flexion as recorded by the goniometer. Note that successfully stopped trials 

frequently contained downward movement of the finger, which was interrupted timely enough to 

stop touching of the sensor stopping.  
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Both tasks were practised for at least 10 trials prior to the recording. To help control 

for slow drifts in performance and EEG measures over time, we recorded the conditions 

in blocks of 10 trials in the following order:  

2 blocks (=20 trials) CONTINUE – 10 blocks (=100 trials) STOP – 3 blocks (=30 

trials) CONTINUE 

The very first CONTINUE block after the STOP blocks was discarded to avoid 

inclusion of data confounded by conflict, which some subjects might have experienced 

for a few trials after being trained to stop. Participants were allowed to take breaks in 

between blocks of 10 consecutive trials whenever they required one. We recorded 

substantially more trials in the STOP condition to make sure we had enough trials 

with both successful and unsuccessful stops after discarding irregularly timed taps. 

Additionally, if time allowed, a few more trials were recorded to make up for trials 

containing artefacts or tapping irregularities. The experiment was programmed in Spike 

2 (Cambridge Electronic Design) and the auditory cues were delivered via speakers 

(Creative Inspire T10) at a volume such that the sounds were clearly audible but not 

perceived as uncomfortable. 

 

4.2.3 Data acquisition 

23 EEG channels positioned according to the 10-20 system with additional linked 

earlobes were recorded and referenced to a common average. Electro-oculogram (EOG), 

and three more channels at fronto-central locations (FCz, FC3, FC4) were additionally 

recorded. Behavioural data were collected with a goniometer (TMSi Goniometer F35, 

1D) attached to the index finger over the metacarpophalangeal joint to measure the 

degree of finger flexion, and a force sensitive resistor to register the timing upon finger 

contact with the tapping surface. 
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4.2.4  Behavioural data pre-processing 

Tap-to-sound offset was calculated for each individual tap as the difference between the 

timing of the metronome sound and the timing of tap pressure onset. Taps with an 

absolute tap-to-sound offset larger than 150ms were excluded to discard taps that were 

not performed accurately on time with the metronome considering that an offset of 

150ms would exceed three times the average expected negative mean asynchrony in 

non-musicians (Krause et al., 2010). Furthermore, offsets smaller than 150ms are 

shorter than usual reaction times and thus may still be considered anticipatory (Mates 

et al., 1992). Any further behavioural outliers (such as spurious goniometer deflexion) 

prior to the stop signal were removed following visual inspection. On average 12 ± 10% 

of all attempted stops and 26 ± 3% of all regular taps were excluded. The goniometer 

traces and tap-to-sound offset distributions were similar and strongly overlapping in 

successfully stopped vs. unsuccessfully inhibited taps ( Figure 4.2).  

Note that successfully stopped trials frequently contained downward movement of the 

finger, which was interrupted in time before touching the pressure sensor. This graded 

performance was captured by a measure we call movement extent. The measure was 

computed by normalizing the extent of the downward movement by the amplitude of 

the upward movement done before. Thus, it does not reflect the absolute amount of 

downward movement but constitutes the relative amount as fraction of the height of 

the preceding finger lift. 0% movement extent would be a full stop, whereas 50% refers 

to a movement that was interrupted halfway on the way down. Failure to stop would 

be captured by a movement extent of 100%.  

 

4.2.5 EEG pre-processing 

Time-frequency spectrograms were computed on the continuous data by filtering the 

data into 3 Hz-wide frequency bands around centre frequencies shifted by 1 Hz ranging 

from 3 to 30 Hz (Butterworth, filter order=6, two-pass, using the Fieldtrip toolbox 

(Oostenveld et al., 2011) functions ft_preproc_lowpassfilter and ft_preproc_ 

highpassfilter) and calculating the power of the Hilbert transform.  
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4.2.6 EEG processing 

4.2.6.1 Evolving reactivity 

In each trial, participants performed 6-10 continuous taps. To investigate how power 

modulation changed over time within a trial, we subdivided taps into early (tap 

number 2-3), middle (3-4) and late (>5, excluding taps directly followed by a stop 

signal) taps within each trial. Behavioural analyses suggested that tapping became 

more anticipative as the series of taps evolved and that this was more marked in the 

CONTINUE condition than the STOP condition. Accordingly, we sought progressive 

changes in the EEG during the tapping series, and differences between these in the two 

conditions, which might shed light on the neural processes underpinning the 

behavioural observations. 

To assess how modulation evolved in the low-beta (12-20 Hz) and high-beta (20-30 Hz) 

bands, we computed three-way (2x3x2) repeated measures ANOVAs on the power 

modulations. The three factors were task (STOP, CONTINUE), time (early, middle 

and late taps) and electrode location (C3, Pz). From the STOP condition, 201 early, 

204 middle and 201 late taps were included on average per subject given that two taps 

were collated per trial for the early and middle taps whereas a variable number 

(depending on trial length) were collated for late taps. From the CONTINUE condition 

84 early, 87 middle and 77 late taps were included. 

Modulation of the respective band was quantified by computing first the overall power 

average in the individual channel (averaged first over all taps for each subject and then 

over subjects and the two conditions) to determine the time of the maximum and 

minimum overall power average (including all taps and subjects, averaged across both 

conditions). These were selected from within a 700ms time window that started -100ms 

relative to the tap onset to capture both the minimum around the tap onset as well as 

the peak of the subsequent increase. 
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Thus, time points denoting maxima and minima (indicated as arrows in Figure 4.4) 

were the same for all time windows in both conditions. In a second step, the difference 

between the means of activity over 100ms wide windows centered around these points 

was computed to obtain the modulation while accounting for small variabilities in peak 

timings across subjects. The difference was then normalized by the average power 

within this window. 

 

4.2.6.2 EEG features preceding the stop signal and correlating with performance 

To test for correlations in a time window preceding the stop signal, we aligned the 

EEG data to the onset of the last regular tap registered by the pressure sensor and 

examined a time window ranging from 150ms after the tap (disregarding most of the 

upward movement) to 500ms. The earliest stop signal delay time within our group was 

500ms, hence the window was restricted to 500ms to avoid including reactive responses. 

 

4.2.7 Statistical testing 

To control for multiple comparisons of several behavioural variables we performed the 

false discovery rate (FDR) correction procedure, which controls the expected 

proportion of falsely rejected hypotheses (Benjamini and Hochberg, 1995).  

To test in whether behavioural correlations were significantly different from zero on a 

group-level, correlation coefficients were Fisher’s z transformed and underwent a one-

sample t-test (n=17). Partial correlations were computed to control for movement 

properties when examining the relationship between EEG power and the movement 

extent. We controlled for each movement variable individually, as well as for two 

components obtained via principal component analysis (PCA) that explained most of 

the variance (see Results).  

Before testing for differences in power, each time-frequency matrix was normalized for 

each subject by the average across all regular taps (excluding tap 1 and those followed 
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by a stop signal) to obtain a relative power change in percent. Effect sizes reported are 

calculated based on Cohen’s d. 

To evaluate statistical significance of mean power differences in time-frequency 

spectrograms, we used the same cluster-based permutation procedure as in the previous 

chapter. 

We concentrated our analyses on electrodes overlying the contra- and ipsilateral motor 

cortices (C3, C4), pre-supplementary motor area (FCz) and right pre-frontal cortex 

(F8) because of the role of these regions in motor inhibition (Rae et al., 2015) and 

overlying the parietal cortex (Pz) due to its role in anticipatory motor control (Krause 

et al., 2014). Because we selected these regions according to prior knowledge, no 

additional multiple-comparison correction was performed beyond the cluster-based 

permutation procedure for each electrode. 

 

4.3 Results 

4.3.1 Behavioural results 

We hypothesised that tapping would become more regular and anticipative as each 

short series of taps evolved and more so in the CONTINUE condition than the STOP 

condition, where sudden stopping was required and participants may have been more 

hesitant. First, we determined how tapping characteristics evolved over time on each 

trial, and whether these characteristics and their temporal evolution differed between 

the STOP and the CONTINUE condition (Table 4.1). Taps were split into early (tap 

number 2-3), middle (3-4) and late taps (>5, excluding taps directly followed by a stop 

signal). In both conditions, inter-tap intervals became more regular over time in each 

trial as indicated by a reduced disparity between two consecutive intertap intervals 

(ITI_diff). 
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Table 4.1 Differences in the temporal development from the early (2 -3) to the late 

(>5) taps in the STOP and CONTINUE condition (mean±STD). Values in bold are 

significantly different between the STOP and CONTINUE condition after FDR correction. P-

values are in brackets below the significant contrasts and were marked with an asterisk if 

Wilcoxon signed-rank tests were used. ITI_diff=difference between the post-tap and pre-tap inter-

tap intervals (ms, positive values denoting longer post-tap inter-tap intervals), maxPrs=peak 

pressure during the tap, downTime=duration of finger contact with the pressure sensor, 

soundOffset=offset between sound and tap (negative values represent taps that occurred before the 

sound), peakVelDown=peak velocity of the downward movement of the previous tap, 

upMvmt=amount of up-movement, peakVelUp=peak velocity of the upward movement.  

Variable Tap Nr: 2-3 4-5 >5 

STOP soundOffset 6.0 ±26.6 -46.2 ±31.0 -45.9 ±32.3 

CONT soundOffset 3.6 ±32.2 -52.3 ±25.9 -60.8 ±28.3 

P-value soundOffset   (P = .008*) 

STOP downTime 123.8 ±42.7 121.4 ±42.8 116.6 ±40.9 

CONT downTime 141.1 ±57.0 140.8 ±57.8 137.7 ±54.7 

P-value downTime (P = .002) (P = .002) (P = .001*) 

STOP ITI_diff 83.9±14.3 9.9±6.5 0.7±4.3 

CONT ITI_diff 73.2±21.7 10.3±9.8 -1.5±4.7 

STOP maxPrs 59.9 ±14.7 57.4 ±15.0 58.2 ±14.4 

CONT maxPrs 61.3 ±14.7 59.0 ±15.3 58.7 ±14.7 

STOP peakVelDown 159.4 ±64.6 158.0 ±63.6 154.8 ±61.5 

CONT peakVelDown 166.4 ±65.3 163.0 ±63.8 167.3 ±65.2 

STOP upMvmt 15.0 ±6.7 14.4 ±6.5 14.4 ±6.4 

CONT upMvmt 15.7 ±6.2 15.2 ±6.1 15.6 ±5.9 

STOP peakVelUp 116.6 ±65.3 113.2 ±65.6 114.5 ±63.6 

CONT peakVelUp 114.6 ±69.3 108.3 ±66.9 112.5 ±70.7 

After the third tap, participants showed a tendency to tap slightly ahead of the sound 

(tap-to-sound offset), which is known as negative mean asynchrony and can be 

observed during stable sensorimotor synchronization (Repp and Su, 2013). Although 

tap-to-sound offsets were similar in the beginning of each trial in both conditions, the 

development of the negative mean asynchrony seemed to be more limited when 

participants anticipated to stop abruptly. This was particularly evident for late taps in 

the STOP condition when compared to the CONTINUE condition. A 3x2 repeated-

measures ANOVA resulted in a significant main effect of time (Greenhouse-Geisser 

corrected F2, 32 = 81.0, ɛ = .56, P < .001) and interaction between condition and time 

(Greenhouse-Geisser corrected F2, 32 = 5.2, ɛ = .64, P = .026) but no significant main 

effect for condition (F1, 16 = 3.8, ɛ = 1.0, P = .070). 
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These findings suggest that the development of anticipatory tapping was relatively 

compromised when participants expected stopping and particularly when expectancy of 

the stop signal was highest after the 5
th
 tap. In addition to this, the duration the 

pressure sensor was pressed was shorter (downTime) in the STOP condition than in 

the CONTINUE condition straight from the start of each trial. The significant 

interaction (Greenhouse-Geisser corrected F2, 32 = 4.8, ɛ = .95, P = .017) in a 3x2 

ANOVA indicates that in addition to the main effect of condition (F1, 16 = 15.0, ɛ = 

1.0, P = .001) and time (Greenhouse-Geisser corrected F2, 32 = 5.0, ɛ = .80, P = .020), 

the contact duration with the pressure sensor was shortened even more in the STOP 

condition.  

Second, within the STOP condition, we sought evidence to support the hypothesis that 

stopping success would be partly dependent on the confidence in the internal model of 

the synchronization task. 

 

We thus examined the relationship between the movement parameters of the preceding 

tap and stopping success, and quantifyied this via rank correlation coefficients (Table 

4.2). If the last regular tap was performed relatively early with respect to the 

metronome sound instead of lagging behind, stopping was more successful (soundOffset, 

P < .001, 12 of 17 subjects significant). This relationship is visible in the scatter plot 

showing all participants indivdiaully in Figure 4.3 . If the last tap was relatively 

vigorous (maxPres, P < .001), and the duration of contact with the pressure sensor was 

relatively long (downTime, P = .001), then stopping was also more successful. Note 

though, that a significant relationship with maxPres or downTime was only present in 

5 of the 17 subjects in total. In most participants, the sign of the correlation was 

negative, hence the significant group level results. But compared to the 12 of 17 

significant correlations with the soundOffset, the relationship between tapping vigour 

and movement extent was clearly weaker.  
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Table 4.2 Correlations between movement parameters of the last regular tap and the 

movement extent after the stop signal (mean±SD).Values in bold are FDR-corrected 

significant based on one-sample t-tests of the Fisher’s z-transformed intra-individual correlation 

coefficients of the 17 subjects. tapNr=number of taps preceding delivery of the stop signal. The 

remaining variable names are the same as in Table 4.1. 

Variable Rho ±SD p-value Nr. of sub <.05 

soundOffset 0.29 ±0.13 <0.001 12 

downTime -0.10 ±0.11   0.001 4 

maxPres -0.10 ±0.09 <0.001 1 

tapNr -0.11 ±0.16   0.012 5 

peakVelDown 0.04 ±0.12   0.238 3 

upMvmt 0.08 ±0.11   0.013 3 

peakVelUp 0.07 ±0.11   0.020 2 

 

The more taps participants performed prior to presentation of the stop signal, i.e. the 

later it was delivered in a series, the easier it was for subjects to stop (tapNr, P = .012, 

5 of 17 subjects individually significant) consistent with growing expectancy of the stop 

signal. Prior to successful stopping, the movement also seemed to be smaller (upMvmt, 

P = .013, 3 of 17 subjects individually significant), which translated to slower speed 

(peakVelUp, P = .020, 2 of 17 subjects individually significant). In summary, the 

strongest predictor of successful stopping was an increased tap-to-sound offset, i.e. 

relatively early timing, of the last regular tap.  
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12 of 17 significant 

 

Figure 4.3 Scatter plot of correlations between movement extent (x -axis) and tap-to-

sound offset (y-axis).Subplots show individual participants. Plot titles denote Spearman’s rho 

followed by its 95% bootstrapped confidence interval. Participants were less likely to stop when the 

last regular tap was relatively late with respect to the metronome sound. 12 of 17 subjects had 

significant correlations.  
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4.3.2 EEG 

Power modulation within a tap-cycle occurred predominantly in theta and high-beta 

frequencies (  

Figure 4.5A ). After the tap (at 0ms), power increased first in the theta band. 20-30 Hz 

beta activity decreased after the tap onset and then peaked right in the middle between 

two consecutive taps and was most strongly modulated in electrodes overlying the 

contralateral motor cortex (C3) and preSMA (FCz). High-beta modulation was less 

pronounced over parietal cortex (Pz). For subsequent quantitative analyses of spectral 

changes we therefore selected C3 and Pz as representatives of these two patterns of 

EEG response. 

 

Figure 4.4 Temporal development of the % change in A) 12-20Hz and B) 20-30Hz 

power.The left and right column depict modulation in the electrodes C3 and Pz, respectively. 

Data are aligned to taps as denoted in the legend showing one tap-cycle within a -100:600ms 

window. The left, middle and right traces depict early (2-3), middle (3-4) and late (>5) taps, 

respectively. Downward arrows denote the location of the average power trough, and upward 

arrows denote the location of the average power peak, which was used to compute the 

modulation. In A) the 12-20 Hz modulation developed in the CONTINUE condition (upper row) 

after the third tap both in C3 and Pz. In the STOP condition, modulation was strongly 

attenuated, particularly in Pz. In B) the average 20-30Hz modulation was again stronger in C3 

than in Pz, and modulation increased after the third tap. Topoplots to the right show the 
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distribution of negative t-scores of the condition differences in modulation, which were 

significant in Pz, C3 and FCz for the low-beta band.   

4.3.3 EEG results: Evolving reactivity  

4.3.3.1 Low-beta power 

The ANOVA with low-beta power as dependent variable (Figure 4.4) resulted in two 

significant main effects of time (F2, 32 = 14.2, ɛ = .95, P < .001) and condition (F1, 16 = 

10.7, ɛ = 1.0, P = .005, mean CONTINUE =7.8, mean STOP =1.2): the average modulation 

increased steeply from early taps to taps 4-5 (mean early = -2.5, mean middle = 8.0, mean 

late = 8.0; Pearly vs. middle < .001, Pearly vs. late = .001, Pmiddle vs. late = .993). Figure 4.4A  

shows how the 12-20 Hz modulation developed in the CONTINUE condition after the 

third tap both in C3 and Pz. In the STOP condition, however, modulation seemed to 

be attenuated in C3 and even more so in Pz, although it should be noted that we did 

not find a significant main effect of electrode location (F1, 16 = 2.0, ɛ = 1.0, P = .173) 

nor significant interactions (Ploc*cond = .349, Ploc*time =.432, Pcond*time = .507, 

Ploc*cond*time = .954).  

To explore the validity of the comparison between the STOP and CONTINUE 

condition, we performed two additional control analyses. First, we verified that neither 

tap-to-sound offsets nor low-beta modulation differed between the first and second 

block of the CONTINUE condition. We performed three separate 3x2 ANOVAs with 

tap-to-sound offsets, downTime and low-beta modulation as dependent variables and 

the two factors time (early, middle and late taps) and recording block (block 1 vs. 2). 

The ANOVA with soundOffset as dependent variable resulted only in a significant 

main effect of time (Greenhouse-Geisser corrected F2, 32 = 66.0, ɛ = .55, P < .001) but 

no significant main effect of block (F1, 16 = 0.3, ɛ = 1.0, P = .614) or interaction 

(Greenhouse-Geisser corrected F2, 32 = 2.7, ɛ = 0.67, P = .107). The ANOVA with 

downTime as dependent variable showed no significant effects (time: Greenhouse-

Geisser corrected F2, 32 = 0.6, ɛ = .61, P = .491; block: F1, 16 = 0.2, ɛ = 1.0, P = .698; 

time*block: Greenhouse-Geisser corrected F2, 32 = 0.1, ɛ = .68, P = .800). Hence blocks 

in the CONTINUE condition did not differ. 
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The ANOVA with low-beta modulation as dependent variable resulted again only in a 

significant main effect of time (F2, 32 = 7.7, ɛ = .91, P = .002, mean early = -0.9, mean 

middle = 11.2, mean late = 13.4) but not block number (F1, 16 = 0.4, ɛ = 1.0, P = .560, 

mean BLOCK1 =7.1, mean BLOCK2 =8.8). Hence neither tap-to-sound offsets nor low-beta 

modulation differed between the first and second block of the CONTINUE condition. 

Second, we made sure that the condition difference did not result from a different 

number of trials. To this end, trials from the two conditions were matched in number 

by selecting a reduced subset of trials from the middle of the STOP condition, 

discarding the same amount of data at the beginning and end of each participant’s 

recording block. The two main effects found in the original ANOVA containing all 

trials were again significant (condition: F1, 16 = 7.0, ɛ = 1.0, P = .017, mean CONTINUE 

=7.6, mean STOP = 0.4; time: F2, 32 = 7.7, ɛ = .86, P = .003, mean early = -2.6, mean 

middle = 7.3, mean late = 7.2).  

 

4.3.3.2 High-beta power 

The ANOVA with 20-30 Hz power as dependent variable (Figure 4.4B) resulted in 

two significant main effects of electrode location (F1, 16 = 8.7, ɛ = 1.0, P = .009) and 

time (F2, 32 = 17.5, ɛ = .98, P < .001). Power over C3 was more strongly modulated 

than over Pz (mean C3 = 13.1, mean Pz = 4.0), and modulation was again established 

more strongly after the third tap (mean early = 1.8, mean middle = 13.1, mean late = 10.7; 

Pearly vs. middle < .001, Pearly vs. late < .001, Pmiddle vs. late = .286).  

To evaluate whether the condition difference is specific to the low-beta band, we 

performed the same ANOVA for 8-12 Hz alpha modulation, and found no significant 

main effects (Pchannel = .173, Pcondition = .219, Ptime = .719) or interactions (Pchan*condition 

= .337,  Pchannel*time = .538, Pcondition*time = .521, P channel*condition*time = .450). 
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In summary, movement-related modulation in both low-beta and high-beta frequency 

ranges increased in C3 and Pz with the number of taps. We only observed condition 

differences in the low-beta band, showing that modulation of low-beta power was 

reduced in the STOP condition, where participants had to be prepared to interrupt 

their movement quickly and the tap-to-sound offset was smaller.  

 

4.3.4 EEG results: Features preceding the stop signal and correlating with performance 

Our behavioural results raised the possibility that stopping success was partly 

dependent on the timing of the last regular tap relative to the metronome and in some 

also on tapping vigour. Our EEG findings suggest that the gradual increase in low-beta 

modulation might be a candidate marker for the neural processes underpinning the 

development of stable sensorimotor synchronization. Importantly, low-beta modulation 

was reduced in the STOP condition when participants could not be confident that they 

would hold on to the current motor plan for the next tap. If low-beta modulation 

indeed reflects confidence in the current action plan, we would expect it to be higher 

after taps that were more similar to the CONTINUE condition, i.e. with a relatively 

high tap-to-sound offset and downTime, and thus also higher before successful 

stopping. 

First, we computed power differences and tested for significance via cluster-based 

permutation testing (  

Figure 4.5B ). The data were subdivided into successful and unsuccessful stops. To 

select a principled cut-off for this division, we iteratively varied the threshold of 

movement extent for definition of trial outcome following the stop signal. Splitting the 

data with a range of movement extent thresholds from 36-48% consistently yielded 

significant clusters in both Pz and C3. Accordingly, we selected a movement threshold 

of 40% to discriminate successful and unsuccessful stops for further analysis, in the 

knowledge that the results would be similar had we chosen a threshold from 36-48% of 

movement extent. The mean difference was strongest in Pz (  
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Figure 4.5B+C , t16=3.3, diffavgPeak = 23.1% at 330ms, 15Hz, effect size = 1.1, P = 

.004), whereas the highest t-score was found in C3 (t16=4.1, diffavgPeak = 21.2% at 375ms,  

  

Figure 4.5 EEG preceding the stop signal. A) Power aligned to regular taps (time=0) in 

the STOP condition. The black dashed line denotes the finger contact with the pressure sensor. 

Power was z-transformed for each frequency within the time window displayed before being 

averaged across subjects for better visual display. B) T-scores of power differences between 

successful and failed stops prior to the stop signal. Clusters surrounded by black outlines denote 

that power was significantly higher when participants interrupted their movement more 

successfully (movement extent threshold<40%). C) Topoplots show the distribution of t-scores 

and mean differences. In locations marked with a star, 12-20Hz beta was significantly higher 

prior to successful stops averaged within the window outlined by the dashed rectangle in B) in 

C3. The channel location of C3 in the topoplots is highlighted with a black circle surrounding 

the star. D) Correlation between power and the tap-to-sound offset. 10-15 Hz power was higher in C3 and 

Pz when tap-to-sound offsets were more negative (i.e. earlier). 

 

14Hz, effect size = 1.3, P = .001), which was due to a larger between-subjects 

variability in Pz (Figure 4.6B).  

Importantly, this power difference preceded the stop signal. Aligning the low-beta band 

power average to the stop signal showed that the significant difference in C3 and Pz 

had in fact already ended about 100ms before the stop signal (Figure 4.6A ). To see if 

a similar difference is present when the split threshold was not fixed to 40% movement 

extent, we also split the data into two clusters (one close to 0 and one close to 100% 

movement extent) detected by a k-means clustering algorithm. Supplementary 
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Figure A.1 shows that the difference in C3 is still significant but that the difference 

in  
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Figure 4.6 A): 12-20 H z beta power time course preceding the stop signal (vertical 

dashed line). Data were subdivided according to stopping performance (movement extent 

<40%: solid curve; >40%: dashed curve). B) Time courses of individual differences between the 

power of successful and unsuccessful stops subdivided as in A). Data are aligned to the last 

regular tap (vertical dashed line) preceding the stop signal. The bold line denotes the mean 

difference. The bottom stepped line shows for each point in time the fraction of participants who 

had higher beta power prior to successful stops. C) Data are aligned to the last regular tap and 

median split according to the amount of upward movement upMvmt (smaller upMvmt = solid 

curve; bigger upMvmt = dashed curve). D) Data are aligned to the last regular tap and median 

split according to soundOffset (more anticipatory soundOffset = solid curve; delayed 

soundOffset = dashed curve). Filled areas between lines indicate significant differences, which 

were cluster-based multiple comparison corrected. Shaded error bars around curves denote 

standard errors. Note that successful stopping was associated with a pattern of beta power 

modulation that was more similar to the regular tapping beta profile in the CONTINUE 

condition (compare with the right-hand upper panel for Taps > 5 in Figure 4.4A).  

 

Pz does not survive the multiple comparison correction procedure. Furthermore, 

although differences in power occurred around the time when the finger was held still 

between taps, power differences in Pz and C3 disappeared when trials were subdivided 

according to the median extent of finger upward movement (Figure 4.6C ).  

Subdividing the data according to the median tap-to-sound offset resulted in a 

significant difference that survived multiple-comparison correction in C3 but not Pz 

and resembled the power difference related to stopping performance (Figure 4.6D).  

In a next step, we investigated how many of the recorded subjects presented a 

significant correlation between stopping performance and power at any frequency in the 

beta band (12-30 Hz) in a 200-500ms time window after the last regular tap. 16 of 17 
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participants showed a significant correlation between activity in the beta band in C3 

and movement extent (Figure 4.7). This was reduced to 10 of 17 participants after 

controlling for tapping parameters by performing partial correlations. Partial 

correlations were performed because several movement parameters also correlated with 

stopping performanceTable 4.2). To reduce the seven potentially related movement 

variables to two components accounting for most of the variance, we conducted a 

principal component analysis. The first two components accounted for on average 40 

and 22% of the variance, respectively. Scatter plots for Pz were similar to those from 

C3, with 14 significant correlations (9 when computing partial correlations).   

Although we controlled for the variability in tap-to-sound offset with the partial 

correlation, we were additionally interested if the tap-to-sound offset of the last regular 

tap also affected subsequent beta power. This should be the case if beta oscillations 

reflect processing of the tap timing.   

Figure 4.5D  shows the correlation between power and the tap-to-sound offset and 

suggests that this was the case. 10-15 Hz power was higher in C3 and Pz when tap-to-

sound offsets were more negative (i.e. earlier). A similar relationship was also seen for 

lower frequencies over C4 and FCz.  

Taken together, when post-movement beta power was relatively high, stopping was 

more successful. Beta power also seemed to be modulated by the previous tap-to-sound 

offset, which correlated with stopping as well. 
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Figure 4.7 Scatter plot of correlations between movement extent (x -axis) and beta 

relative to baseline (y-axis). Subplots show individual participants. For each participant, 

beta power yielding the maximum correlation (detected anywhere between 12-30 Hz and 200-

500ms after the last regular tap considering that optimal frequencies and time points may differ 

across subjects) is shown. Plot titles denote Spearman’s rho followed by its 95% bootstrapped 

confidence interval. The second line denotes the correlation coefficient resulting from the partial 

correlation controlling for the first two components obtained by principal component analysis of 

the behavioural variables. 16 of 17 subjects (10 if partial correlations were considered) had 

significant correlations.  
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4.3.5 EEG features that follow the stop signal and are linked to stopping performance 

Finally, we asked if beta also was higher after the stop signal when the movement was 

inhibited. Immediately after the stop signal, power increased significantly in low 

frequencies (Figure 4.8A ) as observed in classical stop signal reaction time tasks 

(Huster et al., 2013). In the STOP condition, the largest increase was observed in FCz 

(t16 = 8.3, diffavgPeak = 428.3% at 240ms, 3Hz, effect size = 2.7, P < .001). All but one 

subject displayed a significant power increase, thus this increase was highly consistent 

(Figure 4.8D). Around 350ms after the stop signal, parietal beta was lower than in 

the aftermath of the tap before (t16 = -3.7, diffavgPeak = -19.9% at 365ms, 19Hz, effect 

size = -1.1, P = .002). 

Both effects were also present in the first block of the CONTINUE condition (Figure 

4.8B) even though no immediate movement interruption was required or had been 

performed before. This power increase thus seemed to be linked to the processing of the 

salient stop signal rather than to actual motor inhibition. The reduced colour intensity 

in Figure 4.8B  compared to A  suggests that the low-frequency increase was smaller 

when tapping was continued than when it had to be stopped.  

In a next step, we compared whether power differed between successful and 

unsuccessful stops (Figure 4.8C ). When stopping was more successful, the low-

frequency power increase after the stop signal was significantly stronger than when it 

failed. The peak increase was strongest in FCz (t16 = -4.9, diffavgPeak = 166.5% at 225ms, 

3Hz, effect size = 0.7, P < .001), yet when the average within 0-200ms and 3-8 Hz was 

computed, the topoplot showed clear lateralization with a stronger power increase over 

contralateral motor cortex (Figure 4.8C). Correlations between movement extent and 

power within a 3-8Hz and 0-200ms time window after the stop signal were significant in 

14 of 17 subjects (12 of 17 when computing partial correlations). 

Taken together, following the stop signal only low-frequency, and not beta power, was 

associated with improved stopping ability. As it was higher in the STOP condition and 

during successful stops, this increase may have been modulated by the degree of 
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attention to the signal, although we cannot directly test this hypothesis with the 

present data. 

 

 

Figure 4.8 A) T-scores of the contrast between power aligned to the stop signal  

(vertical dashed line) averaged across all STOP trials irrespective of stopping performance and 

the regular tap done before. B) as A) but computed on all CONTINUE trials of the first block 

instead. In clusters surrounded by black outlines, power differed significantly from power 

observed during the regular tap done before. Cluster-based statistics were computed within 

0:500ms after the stop signal. Straight after the stop signal, power increased in low frequencies 

in all channels in both tasks. The cluster in the beta range denotes that beta power was lower 

relative to regular tapping. Topoplots show t-scores from the average within the dashed 

rectangular windows: The low-frequency power increase peaked fronto-centrally, whereas the 

difference in beta was most pronounced over parietal and ipsilateral sites. C) T-scores of power 

differences between more successful and less successful stops (movement extent threshold=40%). 

Clusters denote that low-frequency power was significantly higher when participants interrupted 

their tap before touching the pressure sensor. The corresponding topoplot shows that the t-score 

was highest over contralateral M1. D) Time courses of individual theta (3-8 Hz) power 

differences following the stop signal (vertical dashed line) corresponding to the difference 

depicted in C). The bold line denotes the mean difference. The bottom stepped line shows for 

each point in time the fraction of participants who had higher theta power during successful 

stops.   

 



76 

4.4 Discussion 

We found that movement-related modulation of power at beta frequencies increased 

with time in each tapping sequence. This modulation was task-dependent and less 

pronounced in the STOP condition when the tapping movement had to be abruptly 

interrupted. In this condition, tapping also seemed to be more cautious as captured by 

reduced negative mean asynchrony and shorter contact time with the pressure pad. 

Modulation over the contralateral motor cortex was visible after the first three taps in 

both tasks, but similar modulation over parietal cortex appeared to develop only in the 

CONTINUE condition.  

Given that successful stopping was preceded by stronger beta power modulation, we 

hypothesise that participants may have reacted faster to the stop signal when 

confidence in the current motor plan was high, i.e. when cognitive resources were 

relatively free and not occupied with adjusting the current motor plan. Alternatively, 

the observed difference in beta may reflect an intention to perform the next tap later, 

which would also facilitate stopping. The correlation between low-beta power and the 

previous tap-to-sound offset points towards a role of beta in timing evaluation although 

correlations between beta and stopping success were still successful after controlling for 

the tap-to-sound offset. This may be the case when beta oscillations would reflect 

timing intentions that may be partially driven by but do not need to perfectly 

correspond with the preceding tap-to-sound offset. 

The detection of power differences over parietal cortex is well in line with the idea that 

parietal cortex plays a crucial role in maintaining an internal model during tapping to 

a metronome (Pollok et al., 2008, 2006). Interestingly, negative mean asynchrony can 

be reduced by reducing excitability of the posterior parietal cortex via cathodal tDCS 

or rTMS (Krause et al., 2014, 2012).  

High post-movement beta power has been linked to greater confidence in the internal 

model of a task (Tan et al., 2014a). We thus propose that within the STOP condition, 

confidence in the internal model of the rhythm fluctuated, and when it was higher, 
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post-movement beta power was increased. A recent study has also reported increased 

beta power after successful stopping and a relative decrease following failed stops (Jha 

et al., 2015). The relative beta decrease was interpreted as error detection mechanism 

that would result in reorganizational processes drawing cognitive resources, as it was 

followed by increased reaction times.  

The relative decrease of parietal beta activity following the stop signal would be 

consistent with this. Attenuation of the post-movement beta rebound seemed to occur 

irrespective of whether the tapping movement was continued or not, presumably 

because the stop signal interfered with the internal representation of the sensorimotor 

synchronization model needed for accurate tapping in both tasks.  

How can our findings and interpretation be reconciled with the prevailing view that 

elevated beta power reinforces the current motor state, which in our paradigm was 

continued tapping (Engel and Fries, 2010)? It could be reconciled if increased beta 

activity reinforced postural holding of the lifted finger between taps to delay the 

reaction time of the next tap. This would be in line with previous findings of prolonged 

reaction times when beta was high due to conflict, accuracy demands or uncertainty 

(Berchtold et al., 2012; Pastötter et al., 2013; Tzagarakis et al., 2010). However, if 

elevated beta activity promoted stopping by keeping the finger still, we would expect 

the power difference to be sustained rather than vanishing 100ms prior to the stop 

signal. Moreover, this would not explain why the average modulation was reduced in 

the STOP condition. Rather we posit that increased beta modulation may imply more 

flexible motor control, possibly through facilitating intra- or inter-cortical 

communication (Rubino et al., 2006). Note that enhanced pre-stimulus parietal beta 

oscillations have previously also been linked to improved sensory detection and faster 

reaction times (Kamiński et al., 2012; Linkenkaer-Hansen et al., 2004). In this context 

it has been proposed that increased beta may reflect a state of enhanced arousal rather 

than the status quo (Kamiński et al., 2012). However, against this interpretation speaks 

that we observed higher beta modulation in the undemanding CONTINUE condition, 

which was unlikely to induce greater arousal. Our results instead point towards a more 
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complex involvement of beta oscillations in flexible motor control depending both on 

task demands and instantaneous performance evaluation. 

I would like to note that the difference in beta power over parietal cortex was weaker 

when the data was not split at a fixed threshold of 40% movement extent but divided 

into two clusters for each individual. Splitting the data according to whether the 

pressure sensor registered a tap would have also resulted in a reduced effect size. In 

some participants, the movement extent was bimodally distributed with distinct 

clusters around 0 and 100% while in others it was more uniformly distributed. 

Correlations, which are particularly well-suited for the latter case and do not depend 

on arbitrary thresholds, were also significant. Thus 40% as threshold appears to be an 

acceptable choice to illustrate the nature of the difference between successful and failed 

movement inhibition.  

The present study might be considered preliminary in that EEG sampling and hence 

spatial resolution was relatively limited. This, together with the relatively inferior 

signal-to-noise ratio of EEG, might explain why we could not confirm that successful 

stopping may be dependent on a beta increase in right inferior frontal cortex as 

reported in electrocorticography studies (Swann et al., 2009, 2012). In addition, it 

should be stressed that the correlations identified between beta power preceding the 

stop signal and stopping performance were relatively small, which might result from 

the noisy nature of EEG signals or genuinely weak relations. Another limitation of the 

current study is the fact that the STOP and CONTINUE conditions were not counter-

balanced and did not include matched numbers of trials. Contrasts between these 

conditions should therefore be treated with caution, although relevant control analyses 

suggested that these confounds had relatively little effect. 

Yet our findings begin to link modulation of low-beta oscillations to the evaluation of 

an internally generated model of repetitive actions, which is continuously updated 

based on information from the environment. In particular, oscillations in this frequency 

band may not only promote the current motor state or plan, as previously suggested 
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(Engel and Fries, 2010; Gilbertson et al., 2005) but may have a wider role in adjusting 

movements flexibly to external events. 

Given that successful stopping was preceded by stronger beta power modulation, we 

hypothesise that participants may have reacted faster to the stop signal when 

confidence in the current motor plan was high, i.e. when cognitive resources were 

relatively free and not occupied with adjusting the current motor plan. Alternatively, 

the observed difference in beta may reflect an intention to perform the next tap later, 

which would also facilitate stopping. The correlation between low-beta power and the 

previous tap-to-sound offset points towards a role of beta in timing evaluation although 

correlations between beta and stopping success were still successful after controlling for 

the tap-to-sound offset. 

 

4.5 Summarized findings 

• Beta modulation with beta peaking between two taps developed during 

rhythmically paced finger tapping over parietal and contralateral motor cortex 

• If sudden movement inhibition was required and anticipated, this modulation was 

reduced  

• When stopping was required, the negative mean asynchrony was also reduced  

• Tapping was more likely to be successfully interrupted if the previous post-

movement beta increase was relatively high  

• The beta difference preceded the stop signal, and might reflect delayed movement 

intentions or increased confidence in the current motor plan and thus less cognitive 

load  
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5 Sudden stopping of rhythmic movements in patients 

with Parkinson’s disease 

 

The previous chapter examined the neuronal dynamics during sensorimotor 

synchronization and stopping of rhythmic tapping but was limited to cortical EEG 

recordings. As outlined in the General Introduction, the basal ganglia are important for 

action timing and stopping. Thus we recorded the same task that was used in the 

previous chapter in patients with Parkinson’s disease from which we could also record 

STN LFPs. 

 

5.1 Introduction 

Previous studies have described a neuronal stopping network involving prefrontal and 

supplementary motor cortical regions, as well as the subthalamic nucleus (STN) (Aron 

et al., 2014; Jahanshahi et al., 2015; Rae et al., 2015). The STN is well-positioned to 

cancel actions as it receives cortical input via the hyperdirect pathway and can inhibit 

the thalamus and brainstem via the basal ganglia output nuclei as well as the striatum 

via the globus pallidus externus (GPe) (Mink, 1996; Wei and Wang, 2016). In spite of 

recent advances in understanding functional and effective connectivity within the 

stopping network using fMRI (Rae et al., 2016, 2015; Xu et al., 2016), the fast 

temporal dynamics of population activity accompanying the stopping process are not 

entirely clear. 

When rats attempted to cancel an action, increased STN firing activity was found 

irrespective of whether cancellation was successful or not (Schmidt et al., 2013), but 

more recently, micro-electrode recordings in the human STN revealed two distinct 

subpopulations that selectively increased firing rate either during successful response 

inhibition or during motor execution (Bastin et al., 2014; Benis et al., 2016). Also in 
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the GPe a subpopulation termed arkypallidal cells, which seem to receive input not 

only from the striatum but also from the STN (Nevado-Holgado et al., 2014), has 

specifically been linked to action cancellation (Mallet et al., 2016). It is unclear, 

though, how different populations within the basal ganglia are activated in a selective 

and flexible way. Oscillations, particularly in the gamma band (> 30 Hz), have been 

proposed to be a key mechanism for coordinating spatially separate but functionally 

related assemblies (Bosman et al., 2012; Fries, 2015; Nikolic et al., 2013; Schoffelen et 

al., 2005). We hypothesized that gamma activity may thus also facilitate coordinated 

activation of task-relevant subpopulations for efficient movement cancelation. A local 

field potential study in Parkinson’s disease patients, however, has shown increased 55-

75 Hz gamma activity when patients failed to stop (Alegre et al., 2013), which is in line 

with the prevailing view that gamma activity is pro-kinetic (Cassidy et al., 2002; 

Fogelson et al., 2005; Litvak et al., 2012) or related to response vigour (Jenkinson et 

al., 2013). Beta activity, instead, is widely viewed as a marker of broad motor 

suppression within the STN (Wessel et al., 2016a) as well as cortex (Swann et al., 

2012). High STN beta activity for example was linked to elongated response times 

during incongruent trials in a Stroop task (Brittain et al., 2012) and to stronger 

suppression of cortico-spinal excitability during speech inhibition (Wessel et al., 2016a). 

However, as movements are known to coincide with decreasing beta and increasing 

gamma activity (Joundi et al., 2012; Lalo et al., 2008), comparisons between executed 

and withheld movements might reflect the lack of movement rather than the stopping 

process per se.  

Ideally, stopping would be recorded as a continuous variable that captures how fast an 

ongoing movement is terminated by measuring how much movement distance was 

covered from the time of the stop signal until it was stopped. A continuous 

measurement of the inhibition process would be useful for computing correlations 

between the speed of the stopping process and electrophysiological changes.. Motor 

inhibition has traditionally been investigated with stop signal or Go/NoGo tasks, in 

which movements are triggered by cues (Huster et al., 2013; Swick et al., 2011). In the 
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stop signal paradigm, subjects press a button in response to a go cue and in some trials 

a stop signal instructs them to withhold the movement. Based on reaction times in go-

trials and the stop signal delay time, a stop signal reaction time can be calculated for 

each subject. But as each trial only captures whether the button was pressed or not, it 

is impossible to infer the speed of the stopping process in individual trials. Go/NoGo 

tasks instead rely on a large fraction of go trials to catch participants out on rare trials, 

in which a NoGo cue signals them to withhold the pre-potent motor response. Both 

tasks require participants to decide whether to stay or move but not to interrupt an 

ongoing action. Successful stopping is achieved in these tasks by successfully delaying 

or canceling action initiation rather than terminating an action that is already ongoing. 

Our aim was to extend existing studies by investigating rhythmic movements that can 

be interrupted halfway and are not directly preceded by go-cues but are self-initiated. 

Patients were asked to tap rhythmically to a metronome. Under these circumstances, 

subjects anticipate the metronome instead of reacting only after each sound, and so 

movements can be considered self-initiated. They were instructed to stop upon hearing 

a different cue that was timed such that they were able to stop only in approximately 

half of their attempts (Figure 5.1). The neural response to the stop signal was not 

intermixed with a foregoing response to a go cue as the last metronome sound was 

delivered about 700 ms prior to the stop signal.  

The delay of the stop signal was set by the experimenter after a training period at the 

start and then kept constant for the rest of the experiment. It was delivered relative to 

the tap instead of the metronome sound to keep movement variability to a minimum 

and to prevent the strategy of delaying the tap relative to the metronome sound. This, 

in combination with the instruction to synchronize accurately to the metronome, 

provided trains of self-initiated actions that were well-matched across trials. The task 

was also well-suited to investigate endogenous fluctuations in readiness to stop. We 

analyzed STN local field potentials (LFP) and scalp electroencephalography (EEG) 

activity recorded in this task from nine Parkinson’s disease patients, who underwent 

deep brain stimulation surgery. To differentiate volitional motor inhibition from 
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salience detection, six of them were recorded in an additional control condition with 

identical auditory cues but different instructions. Their task in this condition was to 

finish the tapping sequence with two more taps upon hearing the stop signal instead of 

attempting to stop (Figure 5.1). 

 

Figure 5.1 Behavioural task and representative data. (A) Schematic of the task in the 

STOP condition (top row) and in the control condition (2nd row). In the STOP condition 

participants had to tap (=ellipses) to a metronome (=rectangles) and stop after 5-9 taps. The 

red ellipse denotes a tap that was unsuccessfully stopped. (B) Pressure sensor, FDI muscle 

activity and goniometer data from one representative patient. Black lines are trials where the 

tapping movement after the stop signal was successfully stopped, red lines are trials where 

stopping failed. The markers around 0ms represent the temporal offset between the last regular 

sound and the tap (o = successful stop trials, x = failed stop trials). The markers at 680ms 

show the time of the stop signal, which was always triggered relative to the last regular tap that 

was registered by the pressure sensor at 0ms. Note that the black and red trajectories overlap, 

which shows that stopping performance did not depend on the preceding movement trajectory.  
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5.2 Materials and Methods 

5.2.1 Participants 

Ten Parkinson’s disease patients (mean disease duration = 8 ±4 years, mean age = 59 

±8 years; one left-handed/ambidextrous; two female) were recorded after obtaining 

informed written consent to take part in this study. One patient had to be excluded 

from the analysis as they intermittently fell asleep during the testing. All patients 

underwent bilateral implantation of deep brain stimulation electrodes into the STN two 

to six days before the recording with the aim to alleviate symptoms through chronic 

high-frequency deep brain stimulation. Surgeries and recordings were performed either 

at the University College hospital in London or the John Radcliffe hospital in Oxford, 

UK. For each patient one of the following three macroelectrode models were used: 

Medtronic 3389 (quadripolar, for P1-4 and 8), Boston Scientific, Vercise, DB-2201 

(octopolar, for P6) and Boston Scientific, Vercise directional, DB-2202 (octopolar, 

directional, for P5, 7 and 9).  

Table 5.1 Clinical details.  Age and disease duration are given in years. UPDRS-III: 

Unified Parkinson’s disease rating scale part III ON/OFF levodopa. Levodopa equivalent dose 

(mg / day) was calculated according to Tomlinson et al. (2010).  

ID Age/Se

x/dom. 

Hand 

UPDR

S-III 

Disease 

durat. 

M ain symptom Levodopa 

equivalent 

dose 

DBS lead Surgical 

Centre 

1 65/f/r 33/11 5 Tremor/Dyskinesia 807 mg Medtronic 

3389TM 

Oxford 

2 55/m/r 49/25 10 Leg dragging + 

tremor (left side) 

2022 mg Medtronic 

3389TM 

Oxford 

3 66/f/r 25/14 17 Freezing of gait, 

balance 

1089 mg Medtronic 

3389TM 

London 

4 50/m/r 37/17 5 Tremor, 

Dyskinesia, esp. in 

right foot 

958 mg Medtronic 

3389TM 

London 

5 48/m/a

mbi 

46/18 6 Frequent OFFs 800 mg Boston Scientific 

DB-2202TM 

Oxford 

6 54/m/r 61/32 8 Motor fluctuations 455 mg Boston Scientific 

DB-2201TM 

Oxford 

7 60/m/r 37/6 6 Rigidity left side, 

bradykinesia, 

dyskinesia 

2084 mg 

 

Boston Scientific 

DB-2202TM 

Oxford 

8 67/m/r 31/13 3.5 Bradykinesia, 

Rigidity 

2173 mg Medtronic 

3389TM 

London 

9 68/m/r 33/15 10 Motor fluctuations 1765 mg Boston Scientific 

DB-2202TM 

Oxford 
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Clinical details of the patients are given in Table 5.1. Patients were tested on 

medication to ensure task performance and motor function were as normal as possible, 

although acknowledging that functional impairments, albeit lessened, still persist in this 

state.   

 

5.2.2 Task  

Similar as in Chapter 5, participants were asked to tap to an isochronous metronome 

(900 ms inter-trial interval, ITI, 700 Hz pitch, 40 ms duration) and to interrupt 

tapping in response to a high-pitched auditory stop cue (2000 Hz pitch, 40 ms 

duration) after a random number of 5-9 taps. The taps had to be initiated already 

before the metronome sounds instead of in reaction to them to achieve synchronization. 

If the movement would be reactive, the tap would always lag behind the sound, which 

was not the case as evidenced by a negative tap-to-sound offset. Thus, this task is 

special as the metronome cues are not equivalent to go cues. 

The timing of the stop signal was again adjusted in a training period at the beginning 

such that patients would be able to stop only in 50-60% of all trials. The stop signal 

was again triggered relative to the tap registered by the pressure sensor and not to the 

sound to prevent patients from delaying their taps relative to the metronome, which 

would improve stopping performance if the latter were the case. A ~50% success rate 

was desirable to capture fluctuations in alertness or stopping readiness and to 

distinguish related brain processes. The actual average stopping probability was 55% ± 

(SD) 10%. Six patients were additionally recorded in the CONTINUE control 

condition, where patients were asked to end the tapping sequence with two more taps 

after hearing the high-pitched sound instead of stopping immediately. This was to 

assess if stopping-related activity was linked to active motor inhibition or whether it 

merely reflected registration of the more salient stop tone. The CONTINUE condition 

thus posed much less of a challenge than the main stopping task. We did not evaluate 

if beta modulation during regular tapping differed between the STOP and the 
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CONTINUE condition as in Chapter 5 because of the small number of patients and an 

increased tap timing variability across patients and between tasks.  

The task recorded in Chapter 5 differed from the present patient study only in the 

metronome interval duration, which was shorter (700 ms instead of 900 ms in the 

patients) and the number of taps (6-10 taps until the stop signal may appear instead of 

5-9 taps in the patients). Intervals were chosen to be longer because stopping proved to 

be more feasible for patients with longer intervals, and the number of taps was reduced 

to increase the number of trials obtained in the time-limited recording sessions. We 

planned to record 100 trials in the stopping condition and 20 trials before and after the 

main block in the CONTINUE condition. Due to fatigue and time constraints in some 

cases less trials were recorded. As three patients (P4, P7, P9) had severe motor 

symptoms on the right side, they performed the task with their left index finger. The 

remaining six patients used the right index finger. As we would expect the contralateral 

hemisphere to be more involved in the tapping, we analysed the data not separated 

between left and right motor cortex and STN, but between contra- and ipsilateral 

C3/C4 and STN. 

 

5.2.3 Behavioural analysis 

Behavioural outliers (such as spurious goniometer deflexions) prior to the stop signal 

were removed following visual inspection. After further exclusion of arrhythmic taps as 

defined by taps that deviated more than 300 ms from the metronome sound, an 

average number of 65 ± (SD) 24 trials remained for further analyses. Goniometer 

traces and the distribution of tap onsets were strongly overlapping prior to successfully 

vs. unsuccessfully stopped taps (Figure 5.1). To get a graded measure of stopping 

performance for correlations, the amount of downward movement measured by the 

goniometer was again quantified as movement extent. It was defined as the extent of 

the downward movement normalized by the amplitude of the upward movement done 
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before. The time between the stop signal and subsequently failed stops was quantified 

as median across trials for each patient and then averaged over subjects.  

 

5.2.4 Electrophysiological recordings 

Bilateral STN local field potentials and EEG was recorded at a sampling frequency of 

2048 Hz. EEG electrodes were placed over (or close to if sutures had to be avoided) Fz, 

Cz, Pz, Oz, C3 and C4 according to the international 10-20 system. Electrooculogram 

was recorded to remove eye blink artefacts in a subsequent procedure. For one patient, 

EEG channels could not be recorded because of large DC drifts causing amplifier 

saturation. Tap onsets were registered by a force-sensitive resistor measuring the 

pressure of the finger on its surface. Finger flexion, i.e. the tapping trajectory, was 

recorded with a goniometer (TMSi Goniometer F35) attached to the index finger over 

the metacarpophalangeal joint. To capture muscle activity, electromyogram (EMG) 

was recorded from the first dorsal interosseous muscle (FDI).  

 

5.2.5 Data pre-processing 

EEG channels were re-referenced to linked earlobes if the latter were recorded (n=5) or 

to the average of all EEG channels if not (n=3). Power between 3-40Hz was obtained 

by filtering the data into 3 Hz wide frequency bands shifted by 1 Hz (Butterworth, 

filter order=6, two-pass, using fieldtrip functions ft_preproc_lowpassfilter and 

ft_preproc_highpassfilter (Oostenveld et al., 2011)) and calculating the power of the 

Hilbert transform. Power between 50 and 120 Hz was calculated within 10 Hz wide 

frequency bands in 2 Hz steps. To reduce noise, power subsequently was temporally 

smoothed with a 100ms sliding window.  
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5.2.6 LFP bipolar selection 

As we recorded from three different electrode models, with multiple contacts of which 

some may not have been located in the STN, we decided to pre-select the bipolar 

configuration that recorded the strongest gamma reactivity during regular tapping. We 

chose to select the contacts based on gamma activity because gamma has been found to 

be highly focal to the STN (Trottenberg et al., 2006). For the quadripolar (Medtronic 

3389) and the unsegmented octopolar model (Boston Scientific DB-2201), bipolars were 

computed between neighbouring contacts or if channels saturated and thus could not 

be recorded, the surrounding contacts were instead used for the bipolar subtraction. 

For the directional contacts (Boston Scientific DB-2202), bipolar combinations were 

computed between the small segmented ones (C2-C7), plus C1 and C8 if more than two 

of these channels were saturated to increase the likelihood of including activity from 

the presumably focal gamma source. As power was converted into relative power 

changes with respect to a baseline, normalized power estimates were relatively 

comparable despite differently sized contact surfaces or distances between contacts, as 

was the case for the directional electrode model.   

For the selection process, we first computed the 60-90 Hz median power over all taps 

for each of the multiple bipolar pairs on each electrode in a time window spanning 

twice the tapping interval around each tap. Then the range between the maximum and 

minimum of the resulting power time course was divided by the average power within 

this window, providing the amount of movement-related gamma modulation captured 

by each bipolar configuration. For each recording electrode only the bipolar 

configuration with the highest modulation was analysed further. Note that these 

contacts also recorded significant movement-related beta modulation as shown in 

Figure 5.2.  
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5.2.7 Statistical testing 

It should be noted that we analysed LFPs from electrode contact pairs of different 

surface areas (according to electrode type) and EEGs that had different references 

between subjects. Accordingly, we only considered normalised changes in power to 

mitigate this variability. Correlations between stopping performance (quantified as 

movement extent after the stop signal) and movement parameters or features in the 

EEG/LFP were calculated as Spearman’s rank correlation coefficients with 

bootstrapped confidence intervals (using the Spearman function from the Robust 

correlation toolbox (Pernet et al., 2013)). To test if correlations with movement 

parameters differed significantly from zero on a group-level, correlation coefficients 

were Fisher’s z transformed for each patient and then subjected to a one-sample t-test 

(n=9). The maximum correlation with EEG/LFP gamma power (Supplementary 

Figure A.4) was determined for each patient by finding the maximum correlation 

within 60-90 Hz and 0:156 ms after the stop signal. 

Each time-frequency matrix was normalized for each subject and frequency by the 

average power across all regular taps (excluding tap 1 and those directly followed by a 

stop signal) to obtain a relative power percentage change before testing for differences. 

Multiple-comparison correction for power or ISPC comparisons in time-frequency or 

time windows of interest was performed by using a cluster-based permutation 

procedure as described in 3.1.1.  

 

5.3 Results 

5.3.1 Behavioural results 

The mean stop signal delay time with a 55% ± (SD) 10% successful stopping rate was 

707±49 ms (range = 620-760 ms). The mean interval between the preceding tap and 

the unsuccessfully inhibited tap in trials where stopping failed was 864±36 ms, and was 

significantly shorter than the 900 ms interval dictated by the metronome (Wilcoxon 
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signed-rank test, P = .004).  In these trials, patients would have still had on average 

156 ms to stop. 

Movement trajectories preceding successfully or unsuccessfully inhibited stops were 

overlapping (Figure 5.1, trajectories measured by a pressure sensor and goniometer). 

Thus any electrophysiological differences in this window are unlikely related to 

movement differences per se. 

Stopping performance was quantified as movement extent, which was the extent of 

downward movement after the stop signal relative to the amplitude of the preceding 

upward movement. 0% movement extent thus refers to a full stop. 50% describes a 

movement that was interrupted halfway and 100% would correspond to a full tap, i.e. 

failed stopping. Correlations between movement extent and various properties of the 

last regular tap were computed for each patient and then subjected to t-tests to assess 

if the Fisher’s z-transformed correlation coefficients significantly differed from 0 on the 

group-level. In 7 of 9 subjects, movement extent correlated with the tap-to-sound 

offset, which indicates that stopping performance was worse when the foregoing tap 

was relatively late in a trial corresponding to previous results (Fischer et al., 2016). 

However, none of the tested variables were associated with successful stopping after 

FDR-correction of the resulting p-values (see Table 5.2).  

Previous research suggests that a surprising sound alone already elicits motor slowing 

of verbal reports (Wessel and Aron, 2013). We thus checked if the tap performed after 

the salient “stop signal” (which served as “continue signal” in the control condition) was 

delayed or slowed down in the CONTINUE condition when stopping was not even 

required. The median intertap interval directly preceding the stop signal (median 

ITI=893 ms) did not differ significantly from the one directly after the stop signal 

(median ITI =889 ms, Wilcoxon signed-rank test P = 1.0). 
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Table 5.2 Correlations between movement parameters of the last regular tap and 

the movement extent after the stop signal (mean±SD).In 7 of 9 subjects, movement 

extent correlated with the soundOffset (=tap-to-sound offset; negative values represent taps that 

occurred before the sound). But none of the p-values resulting from one-sample t-tests of the 

Fisher’s z-transformed intra-individual correlation coefficients of the 9 subjects survived FDR-

correction. downTime=duration of finger contact with the pressure sensor, maxPrs=peak 

pressure during the tap, tapNr=number of taps preceding delivery of the stop signal, 

peakVelDown=peak velocity of the downward movement of the previous tap, upMvmt=amount of 

up-movement, peakVelUp=peak velocity of the upward movement.

 Variable Rho±SD p-value  FDR-corrected p-value 

soundOffset 0.29 ±0.18 0.020  0.137 

downTime -0.10 ±0.19 0.174  0.407 

maxPres -0.04 ±0.23 0.460  0.644 

tapNr -0.13 ±0.20 0.061  0.215 

peakVelDown -0.05 ±0.23 0.377  0.644 

upMvmt 0.00 ±0.23 0.952  0.952 

peakVelUp 0.04 ±0.29 0.810  0.945 

 

 

5.3.2 LFP and EEG power differences following the stop signal 

We tested for rapid LFP and EEG power changes between the stop cue and the 

average timing of the tap when inhibition failed, which was on average 156 ms after the 

cue and puts a limit on the window within which successful movement inhibition had 

to occur.  

The STN contralateral to the tapping hand responded to the stop signal with a 60-90 

Hz gamma power increase when compared to activity from the tap before (Figure 

5.3A ) shows the reference data from the tap before aligned to where the stop signal 

would have occurred if it would have been presented one tap earlier; Figure 5.3B 

shows the response to the stop signal; Figure 5.4A  shows the contrast between the 

two). Importantly, this gamma increase was significantly and consistently higher during 

successful movement inhibition (Figure 5.3C + Figure 5.3D , and Figure 5.4B). 

The effect size of this difference was very large (60-90 Hz power difference between 
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successful-failed stops: Cohen’s d meanwinOfInt = 1.2, maxwinOfInt = 2.6). Note that 

during regular tapping we observed the typical pattern of movement-related gamma 

power increase and beta power decrease (Figure 5.3A  and Figure 5.5). Gamma 

power thus increased during both movement execution and movement inhibition. The 

movement-related peak was broader and weaker than the stop-related increase that 

peaked around 70 Hz (Supplementary Figure A.2).  

 

 

 

Figure 5.3 Contralateral STN power changes around the stop signal. T-

scores calculated over all patients (n=9, normalized by the average power during 

regular tapping) for (A) the last regular tap aligned to the timepoint when the stop 

signal would have occurred if it would have been delivered one tap earlier (vertical 

dashed line). The black line shows the tapping movement measured by the goniometer. 

The downward movement was accompanied by a beta decrease and gamma increase as 

expected. The following three columns show changes in response to the stop signal 

(vertical dashed line) (B) irrespective of whether stopping was successful or not, (C) 

during successful stops only, and (D) during failed stops only. Note that when a stop 

signal was present and especially when stopping was successful (column 3), gamma 

increased strongly. Differences between 2-1 and 3-4 are contrasted in Figure 5.4. The 

tapping trajectory of failed stops does not reach the bottom line even though the finger 

touched the table because trajectories were normalized to the minimum of all four 

trajectories, which occured with the last regular tap, where the spring was extended 

more vigorously than during attempted inhibition.   
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Figure 5.4 Contrasts between power changes following the stop signal. (A) T-

scores calculated over all patients of the contrast between power aligned to the stop signal 

(vertical dashed line) averaged across all trials irrespective of stopping performance 

(Figure 5.2B) and the regular tap made before (Figure 5.2A, aligned to where the stop 

signal would have occurred if it would have been presented one tap earlier). Red clusters 

denote that power significantly increased in response to the stop signal. (B) T-scores of 

power differences between successful and failed stops. Red clusters denote that power was 

significantly higher if participants successfully inhibited the upcoming tap (Figure 5.2C-

D).  
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Figure 5.5 Power time-course during regular tapping averaged across all patients . 

Spectra were tested for significant power modulation locked to the tap in a 0:156ms window 

(matched in size to the test-window for the main Figure 5.3) after tap onset (= dashed line). 

As power was normalized by the average power of one full tap cycle including movement, the 

effects were relatively small and would not survive multiple-comparison correction over the full 

time-window. However, movement-related beta decrease and gamma increase relative to a pre-

movement baseline has been repeatedly reported before  (Androulidakis et al., 2007b; Tan et al., 

2013).  

 

Cortical EEGs recorded a low-frequency increase in response to the stop signal in all 

channels (Figure 5.3A), which was – in contrast to STN gamma activity – not 

significantly higher during successful stopping (Figure 5.3B). Only 8-30 Hz power 

over contralateral C3/C4, Cz and Fz was significantly higher when stopping was 

successful. However, there was no overall power increase following the stop signal in the 

8-30 Hz band in these channels when compared to the tap before (Figure 5.3A ), not 

even when only successful stop trials were considered (Supplementary Figure A .3). 

In previous studies, such increase was observed when an action had to be withheld 

before being initiated (Kühn et al., 2004; Swann et al., 2009). 
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Figure 5.6 Power time course in the STN  averaged across patients relative to the 

stop signal.(A) 60-90 Hz gamma power was significantly higher when stopping was successful 

(left, blue line). The first grey dashed line denotes the average time of the last regular tap. The 

grey dashed line after the stop signal (red dashed line) denotes the average time of all failed 

taps. This difference was consistent across patients (middle panel; bold black line denotes the 

average difference between successful and failed trials with the individual differencess in grey; 

n=9). Filled blue areas show cluster-based corrected significant differences. (B) This difference 

was not present in the right STN (n=9; ipsilateral in 6). (C) Gamma in contralateral STN did 

not increase when stopping was not attempted (black line = control condition, the plot in the 

middle column shows individual power time courses in the control condition; n=6). Filled blue 

areas show cluster-based corrected significant differences between successful and unsuccessful 

stopping. The yellow filled area indicated by the purple arrow in the leftmost plot shows where 

power from successful stopping significantly differed from the control condition if uncorrected 

for multiple comparisons. (D) The 3-5 Hz increase in Cz (n=6) was similar irrespective of 

whether stopping was successful (blue), unsuccessful (red) or whether it was not even attempted 

(grey). Shaded areas denote standard errors of the mean.  

 

To exclude that the STN gamma increase merely reflects processing of the salient stop 

cue, six patients additionally performed a control condition before and after the main 

stopping task. The stimulus sequence of the control condition was identical to the main 

condition and the instruction differed only in that patients had to finish the tapping 

sequence with two more taps upon hearing the stop signal instead of inhibiting the tap 

immediately. Importantly, no gamma increase was observed in this control condition, 
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even though the difference between successful and unsuccessful stops was still 

significant despite the reduced sample size of 6 patients (Figure 5.6C ). 

It has been suggested that specifically the right STN may mediate stopping (Aron and 

Poldrack, 2006). To evaluate the role of the right STN alone, individual gamma 

differences between successful and unsuccessful stops of all right STNs are displayed in 

Figure 5.6B , showing no significant increase. Three right-handed patients performed 

the task with the left hand and thus in those the right STN was the contralateral one. 

However, in the remaining six, the right STN was the ipsilateral STN, and thus the 

lack of significant right STN gamma increase indicates that the gamma increase was 

specific to the contralateral STN.  

To further corroborate the functional significance of our finding we also tested whether 

the average gamma increase peaked earlier during successful stops than during failed 

stops. Indeed, the average gamma peak of successful stops at 106 ± (SD) 59 ms 

occurred earlier than the average unsuccessful tap (at 156 ±50 ms), whereas the 

average gamma peak of failed stops occurred later (at 179 ±84 ms). These gamma peak 

timings significantly differed from each other (t8 = -2.9, P = .019, CIdiff = [-131, -16ms], 

Cohen’s d = 1.0). 

We also examined within-subject correlations between movement extent (i.e. inhibition 

failure) and gamma within the stopping window (0-156ms) after the stop signal (see 

Supplementary Figure A.4). This was significant in 8 of 9 patients (uncorrected 

tests; P3’s confidence intervals were borderline significant, Spearman’s rho P = .049) 

when gamma was taken from the contralateral STN, meaning that in all but one 

patient we found that when gamma was higher, movement extent was less and 

stopping was more successful. In contralateral C3/C4 and in ipsilateral STN such a 

relationship was present only in three patients, and in ipsilateral motor cortex only in 

one patient, further indicating specificity to the correlation with contralateral STN 

activity. Note though that correlations might be harder to detect with EEG data due 

to the reduced signal-to-noise ratio in comparison with LFPs. 
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Figure 5.7 Power time course relative to the stop signal in patients who stopped 

fully in at least 5 trials. 60-90 Hz gamma power was highest during full stops (defined as 

<10% movement extent), it increased halfway when the tap was interrupted halfway and it did 

not increase when stopping failed. Thin blue lines denote the time course of full stops from the 

four individual subject. The FDI EMG activity to the left shows that the muscle activity pattern 

was reversed, i.e. EMG activity was absent when gamma increased quickly, which demonstrates 

that gamma did not only increase when the tap was interrupted halfway.  

 

To see if the gamma increase was highest specifically during full stops, we classified the 

movement after the stop signal into full stops (<10% downward movement), 

intermediate stops (>10% but pressure sensor was not touched) and failed stops (all 

trials where the pressure sensor was touched). Only four patients made five or more full 

stops (mean number of full stops = 9.5), so formal statistics were not applied. Still, in 

full stop trials, gamma increased most strongly. It increased moderately for 

intermediate stops and remained flat for failed stops ( 

 

Figure 5.7). As expected, activity recorded from the first dorsal interosseous muscle of 

the tapping hand (presented to the right in  

 

Figure 5.7) suggests an inverse relationship to the gamma increase.  
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Finally, we examined if the cortical 3-5 Hz power increase, which was clearly present in 

the stop condition (Figure 5.3A ), was also present in the CONTINUE control 

condition when movement inhibition was not even attempted. The grey power 

trajectory representing the control condition shows a very similar peak in Cz (Figure 

5.6D , n=6). Significance testing within the crucial reaction time window (ranging from 

the stop signal to the average time of the failed tap, 156 ms later) resulted in no 

significant differences between the control condition and either the power increase 

during failed or successful stopping. The direct comparison between failed or successful 

stops was not significant either. Also, a peak-extraction analysis failed to detect a 

difference between low-frequency peaks (Cz successful stops vs. continue: t5 = 0.2, P = 

.848, CIdiff = [--205.1, 240.2%]; failed stops vs. continue: t5 = 0.5, P = .641, CIdiff = [-

149.4, 220.8%]). The 3-5 Hz increase only seemed to be reduced in the control condition 

in Fz and both M1 (Supplementary Figure A.5), however this was also not 

significant. 
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Figure 5.8 Connectivity changes following the stop signal. Intersite phase clustering 

(ISPC) values are normalized by a -350:0ms baseline preceding the stop signal. The dashed line 

denotes the time of the stop signal. Gamma ISPC between contralateral STN and contralateral 

C3/C4 decreased significantly between 60-80 Hz (encircled in red), whereas ISPC in low 

frequencies between STN and cortical electrodes increased.  

 

5.3.3 Changes in cortex-STN connectivity following the stop signal 

In a next step, we computed intersite phase clustering (ISPC) values between filtered 

oscillations in the EEG recordings and the LFP signal from the STN contralateral to 

the tapping hand. To get an estimate of the temporal development, we subdivided a -

350:160 ms time window around the stop signal into equal bins in which ISPC was 

computed for each trial and then averaged over trials (see Materials and Methods). 

ISPC describes whether phase differences between two sites are randomly distributed 

(small ISPC  low connectivity) or clustered (high ISPC   high connectivity) and 

was obtained by taking the length of the mean vector of all phase differences from all 

time points within one bin.  

 

 

 



100 

 

 

Figure 5.9 Power dif ferences preceding the stop signal averaged across all 

patients. Around 150ms before the stop signal (at 0 ms) gamma activity was significantly 

higher in the STN if stopping was successful. Beta power in ipsilateral C3/C4 was also 

increased prior to successful stops. 

 

 

5.3.4 Power differences preceding the stop signal 

Finally, we assessed if gamma power was already tonically elevated prior to the stop 

signal, before participants knew they had to stop. We tested for significant differences 

within a 350 ms window before the stop signal. If the upcoming tap was inhibited more 

successfully, STN gamma power was already higher prior to the stop signal ( 

Figure 5.9). 20-30 Hz beta power over C3/C4 ipsilateral to the tapping hand also was 

significantly higher preceding successful stops. If the data were re-aligned to the last 

regular tap instead of the stop signal, a second significant cluster at 20-30 Hz over 

C3/C4 contralateral to the tapping hand was found, in line with previous reports 

(Fischer et al., 2016) (Supplementary Figure A.6). 
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5.4 Discussion 

We found that when finger tapping had to be stopped abruptly, the stop signal elicited 

a fast increase in 60-90 Hz gamma activity in the contralateral STN and a pronounced 

theta increase in cortex. However, only the former was significantly higher when 

stopping was successful. The gamma increase occurred within 156ms, which was the 

brief time window between the stop signal and the average failed tap. In a control 

condition, in which participants were presented with the same stop signal while 

tapping, but stopping was not attempted, only cortical theta but not STN gamma 

power increased. This shows that STN gamma activity does not only reflect pro-kinetic 

activity as previously suggested (Litvak et al., 2012) nor does it merely reflect 

processing of the salient stop signal.  

The alternative hypothesis that stopping of the tapping movement itself involved an 

active movement seems unlikely on two grounds. First, the gamma increase was less if 

the tap was terminated mid-flight rather than before the downward finger movement 

was started. Second, gamma connectivity between the STN and C3/C4 also sharply 

decreased directly after the stop cue, which differs from the movement-related increase 

usually observed (Litvak et al., 2012) and may indicate disengagement from the 

obsolete motor plan.  

Two previous studies have reported a different relationship between gamma and 

stopping success to the one that we have found (Alegre et al., 2013; Ray et al., 2012). 

Ray and colleagues (2012b) reported a gamma increase in response to the stop signal as 

we do (see Ray, 2012b: Fig. 4b) but did not detect significantly higher gamma during 

successful stops. This discrepancy may result from extensive temporal smoothing (their 

sliding window was 333ms long), and from the pre-selection of a window of interest 

between 200-400ms after the stop signal, which also would have failed to detect the 

gamma difference in our data occurring right after the cue. If we apply the same 

temporal smoothing to our data, the power trajectories of successful and failed stops 

would look very similar (data not shown) as extensive smoothing flattens the brief 
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gamma increase, such that part of it appears before the stop signal. The late gamma 

increase during failed stopping, which would be too late to affect the stopping outcome, 

would remain as a prominent difference about 300ms after the stop signal.. In Alegre et 

al.’s (2013) study, which differed methodologically in using a visual stop signal, one 

conclusion was that successful inhibition was associated with a bilateral gamma power 

decrease. The precise time-frequency decomposition parameters used in that study are 

unclear and so we have not re-analysed our data in the same way. However, as their 

window of interest was relatively long (0-0.4 s), they might have predominantly 

captured the pro-kinetic gamma component that is relatively reduced when a motor 

response is withheld. Even so, similar as in our study, gamma appeared to increase 

briefly when aligned to the stop signal in patients on medication during both successful 

and failed stopping attempts (Alegre, 2013: Fig. 5) and a drop in STN-M1 coherence 

during successful inhibition also was found (Alegre, 2013: Fig 7). 

Periods of high gamma activity in the STN have been reported to coincide with an 

overall increase in firing rate and phase-locking of spikes to the gamma cycle peak 

(Pogosyan et al., 2006; Trottenberg et al., 2006). From the LFP we cannot infer 

changes in firing rate, but it suggests that the number of neurons or inputs to these 

neurons synchronizing at 60-80Hz was coupled with stopping outcome, and that 

increased synchronisation occurred early enough to influence such outcome. After 

observing that the strength of gamma synchronization in the STN or its coherence with 

C3/C4 did not depend on the exact movement performed, Litvak and colleagues 

suggested that STN gamma activity modulates rather than explicitly encodes motor 

commands (Litvak et al., 2012). Our results take this hypothesis further by extending 

the concept of modulation to include a possible role for movement cancelation. This 

notion is also compatible with observations that have linked STN gamma activity to 

effort (Jenkinson et al., 2013; Oswal et al., 2013; Tan et al., 2013) and arousal (Brücke 

et al., 2013; Jenkinson et al., 2013; Kempf et al., 2009). The fact that stopping was 

more likely successful after STN gamma was relatively high already 200ms before the 
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stop cue (i.e. before patients knew they had to stop) may reflect such arousal-related 

function and the need for proactive inhibition.  

The present study is correlative in nature, so we cannot infer that gamma oscillations 

are causally involved in stopping. However, we would like to speculate that a strong 

surge in STN gamma activity may shift the excitable period of the otherwise observed 

pro-kinetic gamma increase such that presynaptic spikes arrive at a period of relative 

inhibition and motor output thus may be interrupted. Inter-individual variability of the 

peak frequency and the strength of the STN gamma increase may have been related to 

differences in disease progression, individual stopping speed or electrode placement and 

type. We did not find a significant gamma increase in cortical electrodes, which may be 

due to the reduced signal-to-noise ratio of the EEG. However, a broad gamma increase 

was observed during stopping in electrocorticography recordings from the pre-

supplementary motor area and right inferior frontal gyrus (Swann et al., 2012), raising 

the possibility of cortical involvement in generating the gamma increase via the 

hyperdirect pathway. 

In comparison to tetrode recordings in rats (Schmidt et al., 2013), our study is limited 

in that the recording contacts may not have been directly in the STN. The SNr is 

located in close proximity, ventrally adjacent to the STN, and thus we cannot exclude 

that we picked up activity from neighbouring structures. However, gamma has been 

reported to be specifically localized in the dorsal part of the STN (Trottenberg et al., 

2006), so that contacts selected according to the strongest gamma modulation are likely 

located closer to the dorsal border of this nucleus. However, this remains speculative. 

It may also be argued that stopping may have involved muscle contractions, which 

were not picked up by the FDI EMG. But the short latency of the gamma increase and 

the absence of a similar increase in motor cortex in combination with the decrease in 

connectivity between STN and C3/C4, which would be expected to increase during 

movements (Litvak et al., 2012), renders this possibility unlikely. Additionally, we 

observed that gamma increased most strongly in trials where participants were able to 
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stop fully instead of interrupting the downward movement halfway, showing that 

gamma increased not only during braking in the middle of a movement but that it 

increased even more in the absence of any movement.  

As reported in Chapter 5, we confirmed a link between higher post-movement C3/C4 

beta activity and subsequently improved stopping performance, which we suggest was 

related to fluctuations in cognitive load (Fischer et al., 2016). Beta has also been 

implicated in time estimation (Kononowicz and van Rijn, 2015), thus it may also 

reflect an intention to delay the next tap’s timing, which would allow for more time to 

stop. Stopping success indeed was correlated with the tap-to-sound offset of the last 

regular tap in seven patients, such that relatively early taps (early with respect to the 

sound, which should be compensated for by delaying the next tap) were followed by 

higher stopping success. Note that this effect was not present in the STN. We also 

observed significantly higher beta power over contralateral motor and frontal cortex 

when stopping was successful in comparison to when it failed. As beta oscillations are 

less likely to occur during movement execution (Feingold et al., 2015; Kilavik et al., 

2013), this difference was expected. In the past, a number of studies have suggested 

that beta plays an active role in motor inhibition (Bastin et al., 2014; Brittain et al., 

2012; Wessel et al., 2016a). Importantly, in the present study no beta increase was 

observed after the stop signal in comparison to the previous regular tap – not even 

when only successful stop trials were considered. Thus it seems unlikely that bursts of 

beta oscillations per se implemented active braking in our task. Increased beta in other 

studies may have reinforced the resting position as current motor state to be 

maintained (Gilbertson et al., 2005). Such resting posture was not present in our task 

given that the stop signal was delivered during ongoing tapping.  

How can we reconcile the above with the results reported by Benis et al. (2014), who 

observed a weaker STN beta decrease during “proactively inhibited” go-trials 

(“proactively inhibited” as participants were aware that a stop signal may come after 

the cue, although it did not appear in these trials) in comparison to go-trials with a 

cue, which was never followed by a stop signal and thus resulted in faster reaction 
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times? The stronger beta decrease may have been related to a more vigorous response 

in fast go-trials (Tan et al., 2015, 2013) or reduced response uncertainty (Tzagarakis et 

al., 2010) and thus does not necessarily need to reflect an inhibitory process. A stronger 

difference in beta decrease between the two trial types was also linked to shorter stop 

signal reaction times across patients. But this correlation may be mediated by 

symptom severity, as more severe symptoms could result in less beta reactivity (Little 

et al., 2012), reduced modulation of response vigour and longer stop signal reaction 

times.  

Finally, our results may also be reconciled with those reported by Wessel et al. (2016) 

if elevated beta activity reflects better connectivity across task-relevant areas (Gross et 

al., 2004) or reduced cognitive load (particularly for <20 Hz beta) (Fischer et al., 2016; 

Rouhinen et al., 2013), it could support motor suppression without actually 

implementing movement inhibition. 

Recently, an influential hypothesis suggesting that motor suppression is implemented 

by  fronto-central low-frequency activity has received further support (Wessel et al., 

2016b). Even though the authors also observed an STN gamma increase concurrent 

with response slowing, this increase was associated with the cognitive demands of the 

verbal working memory task rather than motor inhibition. Similar to classical stop 

signal tasks, our auditory stop cue also elicited a slow-wave power increase. However, 

this increase occurred also when stopping was not even attempted. If the slow-wave 

power increase over Cz would have induced slowing or braking, then the intertap 

interval in the CONTINUE control condition between the tap before and the tap 

immediately after the stop signal, should have been increased, and this was not the 

case.  

Our data suggest an alternative account, namely that the stop signal-evoked slow-wave 

response does not directly correspond to movement inhibition but instead registers 

salient sensory stimuli and alerts stopping-relevant areas, which in turn may trigger the 

STN gamma increase. The increase in cortico-subthalamic low-frequency connectivity 
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might underpin this sequence, enabling the STN to trigger the stopping process. The 

event-related low-frequency response would thus be necessary for, but not equivalent to 

motor suppression per se. In Fz and M1 the average low-frequency response seemed to 

be diminished in the control condition. We would expect that registration of a salient 

stop signal and efficiency of the transmission process (in terms of speed or extent of 

neuronal recruitment) depends on endogenous fluctuations in arousal, attention and 

cognitive load, which would reconcile the hypothesis of low-frequency power-mediated 

salient stimuli processing with previous results regarding motor inhibition (Wessel and 

Aron, 2014).  

An fMRI study, which investigated the BOLD response in stop and continue trials in a 

similar design, found bilateral IFG activation regardless of whether motor inhibition 

was attempted or not (Sharp et al., 2010). Only pre-SMA activity seemed to be 

specifically related to response inhibition or slowing. The authors proposed that the 

IFG is involved in the evaluation and decision-making processes when registering a 

salient cue, as they are required in both conditions. The fast temporal dynamics of 

neural firing activity in the IFG, which are not captured by fMRI, should nevertheless 

differ depending on the decision outcome. Further electrophysiological studies recording 

simultaneously from cortex and the STN may thus provide a better understanding of 

the temporal sequence of neuronal events that enable sudden stopping.Taken together, 

our results showed that gamma oscillations in the contralateral STN were linked to 

successful stopping. This indicates that gamma oscillations in the STN are not simply 

pro-kinetic, but that they can also increase during movement termination. Though we 

can only infer an association and not causation from observational recordings, our data 

suggest that the observed gamma rhythm may underpin a fast stopping mechanism 

involving the STN. Gamma oscillations therefore seem to support fast changes in 

processing demands not only in cortical but also in cortico-basal ganglia networks in 

line with theories of gamma synchrony establishing effective, precise and selective 

neuronal communication (Fries, 2015). 
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5.5 Summarized findings 

• 60-90 Hz gamma activity increased in the STN during successful stopping  

• Concurrently, phase-based connectivity between the STN and motor cortex 

decreased  

• These effects were specific to the STN contralateral to the tapping hand 

• Beta or theta power seemed less directly linked to stopping as the former did not 

increase relative to the tapping hand and the latter also increased when movement 

inhibition was not even attempted 

• Yet, higher beta power after the last tap before the stop signal was again related 

to better stopping, confirming the results reported in Chapter  5.
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6 Activation of motor networks without moving 

So far we have looked at oscillations in the STN during bipedal coordination, 

sensorimotor synchronization and sudden stopping. In our final experiment, we asked if 

power changes in the beta and gamma band, which both seem to be relevant for 

flexible motor control, can be regulated by intention. We were specifically interested to 

see if the extent of intended muscle contractions would induce changes in the absence 

of movements, which would suggest that these changes do not only passively mirror 

motor activity but may have a causal role in regulating motor vigour. 

 

6.1 Introduction 

Here we hypothesize that motor imagery involves the basal ganglia in humans in a 

similar fashion to real movements. We test this by investigating if activity recorded 

during motor imagery in the basal ganglia is modulated in a task-dependent manner 

similarly as during real movements. It has already been shown that beta activity 

decreases in the subthalamic nucleus (STN) local field potential (LFP) during mental 

imagery of brief wrist extension movements, and that this is not the case during non-

motor visual imagery (Kühn et al., 2006). Similar decreases in beta activity have also 

been reported during passive action observation in the STN (Alegre et al., 2010; 

Marceglia et al., 2009). But it is still not established whether the extent of such beta 

changes depends on the intended effort or force of the movement that is imagined. In 

addition, in motor cortex, mu and beta activity are reduced during motor imagery 

whereas gamma activity tends to increase, with the latter outperforming changes in 

mu/beta for decoding of individual imagined finger movements (Liao et al., 2014). 

Whether gamma activity also increases in the STN during motor imagery is not known. 

However, there is some reason to suspect that reciprocal changes in beta and gamma 

activity in the STN might occur during motor imagery and scale with task demands. 

When patients with Parkinson’s disease perform real manual grips at different force 

levels, beta and gamma activity in the STN are modulated such that the change in the 
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gamma-band subtracted by the change in the beta-band linearly scales with the 

amount of force applied (Tan et al., 2013). If imagined gripping involves similar 

network dynamics as real gripping (Jeannerod, 2001), we would predict not only a beta 

decrease in the STN but also a gamma increase that is amplified with increasing force. 

Here we test this prediction by analysing local field potential recordings from the STN 

in Parkinson’s disease patients who have undergone deep brain stimulation surgery.  

Answering this question does not only have implications for our understanding of 

motor control but may even lead to clinical applications. It may help us to understand 

why mental imagery, in addition to physical practice boosts motor performance in 

comparison to physical practice alone (Avanzino et al., 2009). Two studies in patients 

with Parkinson’s disease have indicated that physical training combined with mental 

imagery or autogenic training can improve motor performance more than physical 

exercises alone (Ajimsha et al., 2014; Tamir et al., 2007). Accordingly, it has been 

suggested that motor imagery exercises might be useful in improving motor control 

during physical rehabilitation in Parkinson’s disease (Abbruzzese et al., 2015). This 

might be fruitful, as in Parkinson’s disease not only motor execution, but also motor 

planning seems to be impaired (Avanzino et al., 2013; Conson et al., 2014). The idea is 

corroborated by imaging and transcranial magnetic stimulation studies that have 

demonstrated abnormal network activity during motor imagery in this patient group 

(Cunnington et al., 2001; Helmich et al., 2007; Maillet et al., 2015; Rienzo et al., 2014; 

Thobois et al., 2000; Tremblay et al., 2008). However, the neural basis of the 

rehabilitating effect of motor imagery in Parkinson’s disease is still not known. Better 

understanding of the network activity underpinning motor imagery might help inform 

how to optimally leverage this potential therapeutic adjunct to physical rehabilitation 

in Parkinsonian patients.  
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6.2 Materials and methods 

6.2.1 Participants 

We recorded 11 Parkinson’s disease patients who had undergone bilateral implantation 

of deep brain stimulation (DBS) leads in the STN 2-7 days prior to the recording. In 

this relatively small cohort the number of post-operative days before recording had no 

obvious effect on the spectral reactivity patterns. One patient had to be excluded 

because of excessive movement artefacts during real gripping. This patient had Boston 

Scientific DB-2201TM leads implanted. Clinical details of all patients included (mean age 

61.3±7 years, mean disease duration 9.6±4 years, all right-handed, three female) are 

listed in Table 6.1. Recordings were performed in three surgical centres: King’s 

College hospital and University College hospital in London and the John Radcliffe 

hospital in Oxford, UK. For each patient one of the following three macroelectrode 

models was used: Medtronic 3389 (quadripolar, n=6), Boston Scientific DB-2201 

Vercise (octopolar, n=2) and Boston Scientific DB-2202 Vercise directional (octopolar, 

directional, n=3). 

Table 6.1 Clinical details. Age and disease duration are given in years. UPDRS-III: Unified 

Parkinson’s disease rating scale part III. Levodopa equivalent dose was calculated according to Tomlinson 

et al. (2010). JR=John Radcliffe hospital, KC=King’s College hospital, UCL=University College London 

hospital.

 ID Age

/Sex 

UPDRS-

III 

OFF/ON 

levodopa 

Disease 

duration 

M ain 

symptom 

M edication  

(mg / day) 

DBS lead Surgical 

Centre 

1 71/m 22/8 12 Tremor 923 mg Medtronic 3389TM KC, London 

2 55/m 27/8 6 Rigidity, gait 1009 mg Medtronic 3389TM JR, Oxford 

3 56/m 

 

17/9 3 Tremor 328 mg Boston Scientific 

DB-2201TM 

KC, London 

4 75/m 31/10 11 Gait, tremor 565 mg Medtronic 3389TM KC, London 

5 55/f 84/25 7 Gait, dystonia 1618 mg Boston Scientific 

DB-2202TM 

JR, Oxford 

6 62/m 27/4 12 Freezing of gait 955 mg Medtronic 3389TM KC, London 

7 60/m 52/30 8 Freezing of gait 1282 mg Medtronic 3389TM UCL, 

London 

8 59/m 53/18 7 Tremor, 

bradykinesia, 

dyskinesia 

1195 mg Boston Scientific 

DB-2202TM 

JR, Oxford 

9 60/f 56/31 14 Tremor, 

dyskinesia 

1750 mg Medtronic 3389TM KC, London 

10 64/f 66/36 16 Rigidity, tremor 1628 mg Boston Scientific 

DB-2202TM 

JR, Oxford 
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Figure 6.1 Sequence of  visual cues. A) In inter-trial intervals the arms were relaxed and 

the red cursor bars indicating the grip force registered by the dynamometers were down at the 

bottom of the white vertical bars. B) At the start of each trial, a white dot and a red horizontal 

bar appeared either behind the left or the right white bar corresponding to the left and right 

hand respectively. The cue displayed here instructs patients to grip with their right hand at the 

lightest level (15% of maximum sustainable force). C) Patients adjusted their grip force such 

that the red vertical column rises to the same level of the red horizontal bar. D) Example of a 

trial instructing gripping at the strongest level (85% of maximum sustainable force) with the left 

hand. In the imagined condition, the red horizontal cues indicate the force level and effector 

side as during real gripping, however the red vertical bar remained down.  

 

6.2.2 Task 

Patients were seated in a comfortable chair with their elbows flexed at about 90°.  They 

held a dynamometer (G200; Biometrics Ltd, Cwmfelinfach, Gwent, UK) in each hand 

and were asked to grip it with maximal effort three times to obtain the maximum 

sustainable force before starting the main session. They had to hold the grip for as long 

as a white dot was presented on a computer screen (4.5 seconds), and performed this 

procedure separately for each hand. The time point of the most stable force production 

was selected manually in each trial and the maximum sustainable force was then 

computed as the maximum of the three trials. 

In the first part of the main experiment, patients were presented with a red bar on the 

screen that instructed them to grip at 15, 50 or 85% of the maximum sustainable force 

(Figure 6.1). The white dot and red bar both appeared either on the left or right field 

of the screen, which instructed them with which hand they should grip (left or right 

respectively).  These were selected in a pseudo-random order. The red horizontal bars 

were presented at three different heights, corresponding to the different desired forces. 

The horizontal red bars were presented for 4.5 s in each trial. The exerted grip force 

was presented in real time as a vertical red column that increased in proportion to the 
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force delivered. It replaced a vertical 

white column that corresponded to 

maximal sustainable force. The inter-

trial interval was chosen randomly 

between 4 and 4.5 s. The time windows 

and force levels requested were set such 

that fatigue was kept to a minimum in 

the context of a time-limited post-

operative study. Prior to the first 

recorded block, patients performed 

practice trials until they were 

comfortable with the task. We 

recorded three blocks in each 

condition. Each block contained 3-5 trials for each hand and force level (depending on 

the patient’s fatigue, see Figure 6.2). After completion of a block, patients were 

allowed to rest for as long as they wished. This resulted in an overall average number 

of 11 ± (SD) 2.8 trials per hand and force level. 

In the second part of the main experiment, the dynamometers were put aside and 

patients were asked to rest their arms still on their lap for imagined gripping. Patients 

were instructed to imagine the gripping action they had just performed without 

activating any muscles. They were told to keep their arms fully relaxed, and it was 

pointed out that this would be assessed via recordings from the electromyographic 

(EMG) electrodes placed on their forearm (Figure 6.3). However, they were not 

provided with real-time visual feedback of EMG or electrophysiological activity. The 

duration of the cue presentation was shortened to 2.5 seconds for the imagery condition 

to make it easier for patients to maintain imagery at the correct level for the whole 

trial duration and to avoid mind-wandering. Otherwise timings were kept the same as 

above.  The imagery recordings were also split into three blocks allowing for breaks 

Figure 6.2 Time course of one block. The 

inter-trial interval (ITI) was followed by the cue 

onset (horizontal red bar), which remained present 

for 4.5s in the executed gripping condition and for 

2.5s in the imagined gripping condition. Patients 

relaxed their arms between each trial in the ITI, 

which varied randomly between 4-4.5s. Each hand 

and force level was performed 3-5 times depending 

on the patient’s fatigue.  
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between blocks. Each block contained three trials per hand and force level resulting in 

an overall average number of 9 ± 1 trials for each hand and force level.  

 

6.2.3 Recordings  

Monopolar LFPs were recorded with a TMSi Porti amplifier simultaneously with the 

force data from two dynamometers and two EMG electrodes placed on the left and 

right extensor muscles of the forearm. The data were re-referenced offline to obtain 

spatially focal bipolar signals by subtracting the data from neighbouring electrode 

contacts. If single channels were saturated or inactive, the remaining surrounding 

contacts were used instead.  

 

 

Figure 6.3 EM G and dynamometer data averaged across patients.Left panels show 

EMG activity during real gripping (upper row) and imagined gripping (lower row). The three 

columns show the three different force levels requested by the visual cue.  EMG activity at y=0 

in the upper row shows activity of the arm contralateral to the cued one, which was flat and 

shows that this arm remained relaxed. During imagined gripping no muscle activation was 

registered. The rightmost plot shows the average force trajectories. The black traces are slightly 

below the grey ones showing that the maximum force was weaker for the left arm. 

MSF=Maximum sustainable force. 
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Subjective performance ratings after each of the three motor imagery blocks were 

recorded with a questionnaire that asked “How well were you able to imagine 

gripping?” Patients indicated their subjective perception on a visual analogue scale 

ranging from 0 to 10 with 10 corresponding to “Very well” and 0 to “Not at all”. 

 

6.2.4 Data pre-processing 

Trials containing artefacts in the force signal or movement artefacts in the LFP signal 

were removed following visual inspection. Data were down-sampled from 2048 to 1000 

Hz and high-pass filtered with a 5 Hz cut-off (Butterworth filter with a filter order of 6, 

passed forwards and backwards). Continuous wavelet transform with Morlet wavelets 

was then applied using the fieldtrip-function ft_freqanalysis (Oostenveld et al., 2011). 

The wavelet width was set to 8 cycles for frequencies below 30 Hz and to 26 cycles for 

frequencies higher than 50 Hz. For the gamma-band, power was averaged between 55 

and 85 Hz. This range was selected to avoid line interference and to capture the 

reactivity observed particularly in this range (Figure 6.4; results were highly similar if 

statistics were computed with a 55-81 Hz band). 26 cycles thus provided an estimate of 

power within a window of about 0.37s, which was similar to the 0.40s window including 

8 cycles at 20 Hz.  
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Figure 6.4 Time-frequency spectrograms during contralateral gripping .Red is a % 

increase and blue a % decrease relative to baseline, which was the average within -2:-0.5s 

relative to the onset of the visual cue (shown as the vertical dotted line at t = 0). The three 

columns are light, medium and strong force levels (from left to right). The upper row of three 

plots shows gamma (55-90 Hz) and the lower row shows beta (10-30 Hz) power changes in each 

panel during the task. The upper panel (pair of rows of three plots) is for real gripping and the 

lower panel shows power changes during motor imagery. Data averaged across 18 STN from 10 

patients. To reduce noise in these plots, smoothing was applied for each frequency by computing 

the average within a 0.5 s moving window. 

 

Next, the power of the resulting time-frequency decomposition was down-sampled to 50 

Hz and baseline-normalized. After computing the median across trials, a window 

ranging from -2 to -0.5s prior to cue onset was chosen as baseline (-0.5s to limit 

inclusion of any preparatory beta decrease that might have occurred close to the cue). 

We analysed only bipolar contacts that showed a significant movement-related beta 

decrease upon real gripping across all contralateral grip trials irrespective of force level 

(assessed by one-sample t-tests against zero) and thus should be located close to the 
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dorsal, i.e. sensorimotor region, of the STN (Levy et al., 2002; Weinberger et al., 2006; 

Williams et al., 2005). From these bipolar contacts, the bipolar contact and the 

frequency (± 2 Hz) with the largest beta decrease was selected. If none of the bipolar 

contacts of an electrode recorded a significant beta decrease, this electrode was 

excluded from further analyses. In total, 1 of 20 electrodes was excluded.  

To assess the spectral change, we tested the time-averaged normalized power from 0.5 

to 2.5s after the cue for frequencies in the beta range (12-30 Hz in 2 Hz steps). The 

window started at 0.5s to allow for reaction times, which were around 0.5s as displayed 

in Figure 6.3 . EMG activity was filtered between 3-400 Hz (Butterworth filter with a 

filter order of 6, passed forwards and backwards) and rectified. To examine if the 

velocity of grip onset differed between force levels, the peak rate of force generation 

was calculated as the maximum of the differentiated force.  

 

6.2.5 Statistical analyses 

Gripping consists of an onset phase and a later period during which grip force is more 

or less sustained. Thus, we separated the data into an early and late time window. 

Figure 6.3 shows that movement started only about 0.5s after the cue and that it 

took up to 1.7s after the cue to reach the desired level across the different cued grip 

strengths. Thus, the early window was defined to span 0.5-1.7s and the late window 

1.7-2.5s. As durations of executed and imagined movements have been reported to be 

similar (Papaxanthis et al., 2002), we assumed that these windows adjusted to the time 

course observed during real gripping reflected similar time periods related to the motor 

process in the imagined condition  

For each subject, the median power change across trials was computed for each force 

level to obtain a robust estimate of power changes, and then this was averaged within 

the two time-windows. The data were then subjected to the following repeated-

measures ANOVA in SPSS:  
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A 2 (task: real and imagined gripping) * 2 (effector side: contra- and ipsilateral grips) * 

3 (force level: low, medium and high force) ANOVA with the gamma-beta power 

changes (Tan et al., 2013) as dependent variable to test for significant differences 

across force levels and to see if the degree of modulation was lateralized. We then 

examined within-subject contrasts to test if the linear component of the factor levels 

was also significant with beta or gamma modulation alone as dependent variable. To 

test if the linear component of the factor levels was significant, we computed within-

subject contrasts in SPSS.  

Correlations of power changes (beta, gamma and gamma-beta power changes) between 

the real and imagined gripping at the strongest force level were computed as 

Spearman’s rank correlation coefficients with bootstrapped confidence intervals using 

the Spearman function from the Robust correlation toolbox (Pernet et al., 2013). 

Finally, we also tested if the gamma-beta power change from the lightest to the 

strongest level during motor imagery was correlated with subjects’ self-rating of how 

well they were able to imagine gripping (again using the Spearman function). 

6.3 Results 

6.3.1 Behavioural data 

Force and EMG trajectories show that patients were able to adjust their grip force 

according to the cues provided during real gripping (Figure 6.3). The average 

maximum sustainable force was 132 ± (SD) 69 Newtons for the right and 121±54 

Newtons for the left hand. The force applied in the sustained period (1.7-2.5s) during 

low, medium and high force trials was on average 17±3%, 49±4% and 81±8% of the 

maximum sustainable force. A 2x3 ANOVA with peak velocity of the force onset as 

dependent variable and side (left, right) and force levels as factor showed that only the 

factor force level was significant (F2,18 = 6.1, P = .010), and not the factor side (P = 

0.083) nor the interaction (P = 0.780). Peak rate of force generation during light grips 

differed significantly from the peak velocity of medium (P = .002) and strong (P  
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Figure 6.5 LFP recording from one representative patient.The first row shows the raw 

bipolar local field potential (2s drift correction removal applied), the second row shows the beta 

oscillations within the same data filtered between 20-25 Hz and the third row shows the force 

trajectory recorded with the dynamometer. The left panel shows one trial of gripping with the 

contralateral hand and strongest force (4.5s cue duration, onset at 0s). The right panel shows 

the same channel in a trial prompting imagination of gripping with the same hand and same 

force level (2.5s cue duration).  

= .002) grips, whereas peak rate of force generation did not differ significantly between 

medium and strong grips (P = .084). The EMG activity of the arm contralateral to the 

cued one was flat showing that muscles in this arm were not co-activated (Figure 

6.3). 

In the imagined condition, no EMG activity was visible on either side, confirming that 

patients kept their arms relaxed as instructed (Figure 6.3 , bottom row).  Patients’ 

subjective rating of how well they were able to imagine gripping was on average 6.6 ± 

1.3 on a scale from 0 to 10, with 0 meaning “Not at all” and 10 meaning “Very well”. 

 

6.3.2 Contact and frequency band selection 

In one patient, beta was significantly modulated only in the right electrode, and in 

another patient the maximum sustainable force was set too low for one side because of 

a technical error and thus was discarded. In total, 18 STN from 10 patients were 

included for analysis of the LFP data. The average beta frequency with the highest 

movement-related reactivity was 22 ± 6 Hz. Figure 6.5 shows LFP recordings from 

one patient performing a representative trial of executed and of imagined gripping at 
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the strongest force level. The 20-25 Hz filtered beta oscillations decrease clearly with 

cue onset. 

 

6.3.3 Gamma-beta power changes depend on the force level  

To assess if the observed power changes (Figure 6.4) were modulated in a force-

dependent manner, and if these changes were lateralized, we performed a 2 (task: real 

and imagined gripping) * 2 (effector side: contra- and ipsilateral grips) * 3 (force level: 

low, medium and high force) ANOVA with the gamma-beta power changes as the 

dependent variable (see Tan et al., 2013).  

 

Table 6.2 Linear within-subject contrasts of the factor levels. The F-statistic, which 

tests if power changes were linearly related to the increasing force levels, was significant and 

highest for the combined change in gamma - beta. 

 Power  Early window Late window 

Gamma - Beta F1, 17 = 9.4, P = .007 F1, 17 = 9.0, P = .008 

Beta only  F1, 17 = 6.3, P = .023 F1, 17 = 6.2, P = .024 

Gamma only F1, 17 = 5.9, P = .027 F1, 17 = 5.0, P = .040 

 

All three main effects were significant for both the early (task: F1, 17 = 13.8, ɛ = 1.0, P 

= .002; effector side: F1, 17 =28.8, ɛ = 1.0, P < .001; force level: F2, 34 = 5.0, ɛ =.98, P 

= .013) and the late time window (task: F1, 17 = 14.1, ɛ = 1.0, P = .002; effector side: 

F1, 17 = 37.9, ɛ = 1.0, P < .001; force level: F2, 34 = 4.3, ɛ =.92, P = .026). Post-hoc 

pairwise comparisons between force levels are shown in Figure 6.6. Within-subject 

contrasts were also computed to test if the linear component of the factor levels was 

significant, which was confirmed again for both the early and the late time window ( 

Table 6.2). 
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Figure 6.6 Force-dependent changes of gamma-beta activity averaged 

across task and effector side.Force-dependent contralateral power changes are 

separately displayed for each task in Figure 6.6 . In both the early and late time window 

force increases with force level. The difference between power at the highest and lowest 

force level is significant in both windows. * denotes that power significantly differed 

between levels after controlling for multiple comparisons with FDR-correction (*<.05, 

**<.01).   

 

In addition to the main effect, we found a significant interaction of effector side*task in 

both the early (F1, 17 = 6.4, ɛ = 1.0, P = .022) and late window (F1, 17 = 5.2, ɛ = 1.0, P 

= .037). Post-hoc pairwise comparisons for both windows showed that power differed 

between contra- and ipsilateral grips only significantly in the real gripping condition 

(early window: realContra = 26.0 ± 17.9, realIpsi = 10.9 ± 15.4, P < .001; late 

window: realContra = 22.6 ± 14.3, realIpsi = 8.7 ± 15.0, P <.001) and not in the 

imagined condition (early window: imaginedContra = 9.9 ± 10.1, imaginedIpsi = 6.2 ± 

10.3, P = .111; late window: imaginedContra = 7.6 ± 9.6, imaginedIpsi = 3.5 ± 10.4, P 

= .063). The beta and gamma power traces in Figure 6.7 also depict this difference 

over time. None of the other interactions were significant (early window: effector 

side*force level P = .503, task*force level P = .835, effector side*task*force level P = 

.231; late window: effector side*force level P = .360, task*force level P = .291, effector 

side*task*force level P = .976). 
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Figure 6.7 Subject-averaged power changes (median across trials).The upper and 

lower rows show beta and gamma power changes, respectively. The left column shows 

contralateral grips and the right column ipsilateral grips. Onset of the visual cue is shown as the 

vertical dotted line at t = 0. To reduce noise, smoothing was applied by computing the average 

within a 1 s moving window for this visualization. Shaded regions denote standard error of the 

mean.  

 

Even though the relative power modulation was less in the imagined condition than 

during real gripping, as confirmed by the main effect of task, the fact that the 

interaction task*force level was not significant indicates that the force-dependent 

modulation of power observed during real gripping resembled that during imagined 

gripping.  

We also tested if the individual frequency bands, i.e. gamma or beta alone would result 

in a similar or possibly larger F-statistic for the linear component of the within-subject 

contrast of levels. The linear component was significant in the late window for both 

cases, but the F-statistic was reduced indicating that the combination of the two 

features was superior in detecting a linear relationship ( 

Table 6.2). 
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Figure 6.8 M ean power across patients for the three force levels in the real and 

imagined gripping condition. * above markers denote that beta ERD was significantly 

different from zero (*<.05, **<.01, ***<.001, FDR-correction was applied in each plot for the 

6 multiple comparisons, grey * did not survive FDR-correction).   
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It has not yet been shown whether gamma activity in the STN is modulated during 

motor imagery. Thus we computed pairwise comparisons between the three 

combinations of force levels for the gamma and beta-band separately for the two tasks. 

Figure 6.8 shows how combined gamma-beta power (top row), and how beta and 

gamma power separately change across the three different force levels in the two 

conditions. Beta activity in the sustained period (and in the early window during motor 

imagery) differed most strongly between the lowest level and the highest two force 

levels, whereas for gamma activity the increase seemed to be more linear. Such a floor 

effect of the beta decrease at medium force levels has previously been reported during 

real gripping (Tan et al., 2013). Gamma activity was significantly increased during 

imagination of gripping at the highest force level, particularly in the early time 

window. The average increase in the late time window did not survive FDR-correction. 

To examine if reactivity in one task was related to reactivity in the other condition, we 

also computed correlations between power changes during gripping and imagination at 

the highest force level. This correlation was significant for gamma-beta and for beta 

alone in the early time window (Figure 6.9). 

We also tested if the amount of power reactivity during imagined gripping was 

correlated with patients’ self-ratings of how well they were able to imagine gripping. 

We correlated the relative power change from the light to the strong force level 

(averaged across both STN) with the self-rating (averaged across individual ratings 

following each block). The correlation was positive but it was not significant 

(Spearman’s rho = 0.41, 95% CI = [-0.39, 0.89], P = .244). 
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Figure 6.9 Correlations of power changes between the imagined and real grip 

condition. Each point denotes one recorded STN displaying its power change in the imagined (x-

axis) and real grip condition (y-axis). Correlations were significant only for beta power and the 

combination of gamma-beta power taken from the early window (during grip onset). Plot titles 

denote Spearman’s rho followed by its 95% bootstrapped confidence intervals and p-value. Lines 

were fitted with a least squares linear regression and shaded areas denote 95% confidence 

intervals.  
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6.4 Discussion 

We found that STN LFP activity was modulated by the intended force during 

imagined gripping, suggesting that the STN LFP carries information about force 

intentions even in the absence of actual muscle activity or movement-related 

proprioceptive feedback. In addition, to our knowledge, this is the first report of 

increased STN gamma activity during motor imagery, and shows that the increase of 

gamma activity in the STN is not only associated with actual movement or muscle 

activation. 

This further strengthens the idea that the observed spectral changes relate to motor 

effort rather than force coding per se (Tan et al, 2015) and that they may actively 

regulate movement vigour rather than being merely epiphenomenal. The observed 

modulation of basal ganglia oscillations may then be transcribed into force through the 

motor cortex and related effectors. The evidence that STN LFP activity is modulated 

and linearly scaled with force intentions also helps to motivate the exploration of the 

role of motor imagination in promoting the effects of physical rehabilitation 

(Abbruzzese et al., 2015). In addition, the results suggest that similar spectral 

reactivity might be retained within the STN in patients who cannot move and 

therefore have no movement-related sensory feedback. This is important, as it may 

mean that the STN LFP could provide an ancillary brain-machine-interface signal for 

graded response control, such as grasp force control, in paralysed patients.   

Although within-subject contrasts confirmed linear scaling of spectral changes during 

early and later phases of real and imaginary gripping, the average reactivity of beta 

and gamma oscillations was less in the imagined condition than during real gripping. 

This may have been due to several reasons. Firstly, patients may have been inattentive 

or failed to sustain the imagined grip despite the short duration of the imagination 

blocks. Secondly, although sensory reafference may not be necessary for modulating 

oscillations it may act to reinforce any modulation. Finally, if changes in beta and 

gamma activity reflect effort as previously suggested (Tan et al., 2015), then the 
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reduced modulation might also reflect reduced effort during imagined gripping, 

assuming that motor imagery might present the motor network with fewer demands 

than real movement. 

We also found that beta-gamma reactivity during imagined gripping at the highest 

force level significantly correlated with reactivity during real gripping, in the early time 

window at least. This predominately originated from a relationship within the beta-

band. A similar relationship between beta activity modulation during real and 

imagined movement has also been reported previously in another motor imagery task 

(Kühn et al., 2006). The correlation provides some evidence that the spectral reactivity 

during real and imagined tasks comes from a similar generator within the subthalamic 

area, perhaps the dorsolateral ‘motor’ STN.  Our study thus provides further evidence 

that imagined and real movements share common pathways (Gerardin et al., 2000). 

It should be acknowledged that the observed spectral modulation may not necessarily 

reflect normal physiological activity, however, vividness of motor imagery seems to be 

preserved in comparison to age-matched controls even after medication withdrawal 

(Peterson et al., 2012).  

Even though we found that gamma-beta activity during real and imagined gripping at 

~15% of the maximum sustainable force differed from gripping at ~50 or ~85%, the 

latter two levels were not clearly distinguishable in terms of power changes. Moreover, 

the beta decrease during onset of real gripping seemed to be saturated as it was similar 

across all three different levels of force. These findings differ from those in our previous 

report of real gripping (Tan et al., 2013), and may be related to the fact that in the 

current study the peak rate of force development only differed between the lowest level 

and the medium or highest force levels but not between the latter two. In addition, 

Tan et al.’s study had no visual cues and thus task demands may have differed slightly 

considering that the initial effort of matching grip force to a visual cue may be 

similarly high for light and strong grips. Also, power changes were aligned to grip onset 
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in their analysis instead of cue onset as in our study, which was necessary for 

comparing executed and imagined movements lacking a measurable grip onset. 

Although we monitored muscle activity of the arm and closely watched if patients sat 

still during the task, we cannot entirely rule out subtle contractions of other muscle 

groups. However, this is a general problem in BCI control and can only ever be tested 

with certainty in patients who are completely locked-in.  

 

Translational significance of the findings 

Beta and gamma activity was not only modulated during imagined gripping of the 

contralateral, but also of the ipsilateral hand. Significant lateralization only occurred 

during real gripping. Thus, although the STN LFP signal might provide a potential 

substrate for force decoding in applications involving brain machine interfaces, selection 

of an effector would likely require the consideration of additional signals, such as multi-

unit or ECoG activity from motor cortex, which also seems to carry, at least to some 

extent, information about imagined force levels: Cortico-spinal excitability has been 

found to differ between low and high imagined force levels with higher excitability at 

higher forces (Helm et al., 2015). In addition, cortical activity during imagery of 

sustained grasping at different force levels seems to be distinguishable from activity 

during rest and during imagined alternating movements (Murphy et al., 2016; Yin et 

al., 2015). Yet it seems difficult to discriminate between different imagined force levels 

from cortical recordings alone (Murphy et al., 2016; Zaepffel et al., 2013). To our 

knowledge only one study has successfully extracted features that carry information 

about imagined force from scalp EEG (Fu et al., 2014). Feature extraction was based 

only on low-pass filtered data and the contribution of beta or gamma activity was not 

examined. 

Our findings suggest that the combination of gamma-beta is better suited for 

distinguishing different force intentions than either band in isolation for both real and 

imagined actions (see also Tan et al, 2013). Our results also indicate that force levels 
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can be differentiated best in the early phase of movement imagination, raising the 

possibility that STN signals during imagined or fictive gripping of different strengths 

could potentially provide a relatively fast and dynamic substrate for the control of 

neuroprostheses, and in particular communication devices, in patients who otherwise 

cannot move. The only successful approach for communicating with completely locked-

in patients to date used functional near infrared spectroscopy to measure hemodynamic 

changes over sensorimotor and temporal or frontocentral cortex (Chaudhary et al., 

2017, 2016; Gallegos-Ayala et al., 2014). However, this communication technique would 

still benefit from improved decoding accuracy and speed as it depends on relatively 

slow changes in oxygenation levels. 

Another potential application is to combine neuro-feedback and motor imagery to help 

improve motor symptoms in Parkinson’s disease (Subramanian et al., 2011). To this 

end it would be interesting to explore if gamma and/or beta modulation can be 

enhanced by repeated practise of mental imagery with concurrent feedback. 

Importantly, the improvement in motor symptoms in Parkinson’s disease after 

levodopa administration has been linked to a decrease in beta and an increase in 

gamma activity at the level of the basal ganglia (Brown et al., 2001; Williams et al., 

2002). Improved modulation of these oscillations through combined motor imagery and 

neuro-feedback training might thus facilitate symptom improvement, which was 

reported after combined motor and mental imagery exercises in patients with 

Parkinson’s disease (Ajimsha et al., 2014; Tamir et al., 2007). 

Taken together, beta and gamma modulation in the STN seem to help encode motor 

effort or vigour rather than actually executed force per se. Moreover, this study 

suggests that spectral changes in STN activity are not dependent on peripheral 

feedback, opening up the possibility that STN LFP signals might provide a substrate 

for effort and hence force decoding in the control of neuroprosthetic devices. Finally, 

the very fact that STN activity is modulated during motor imagery helps motivate 

further studies of the latter as adjunctive therapy in the physical rehabilitation of 
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Parkinson’s disease (Ajimsha et al., 2014; Tamir et al., 2007; Abbruzzese et al., 2015) 

and of the use of signals from the STN as a basis for neurofeedback training. 

 

6.5 Summarized findings 

• During actual gripping at three force levels, beta and gamma activity is scaled 

• Force-dependent modulation of beta and gamma activity also was observed during 

imagined gripping  

• STN neuro-feedback may be useful for improving motor control training or 

communication via brain-machine interfaces 
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7 General Discussion 

 

The aim of this thesis was to examine the relationship between neuronal population 

activity and movement dynamics during flexible motor control. The questions I set out 

to answer at the beginning of this thesis were: 

o How can two or more limbs be flexibly coordinated and this coordination be 

adjusted to external events in the environment?  

o Are beta oscillations indeed related to stopping? How else may fast stopping be 

mediated? 

o What mechanisms could contribute to regulating the extent and speed of transient 

muscle contractions separately for multiple effectors? Are basal ganglia gamma 

oscillations only present during movement or can they be generated by the intention 

to move? 

 

I studied inter-limb coordination in a stepping paradigm, sudden stopping of rhythmic 

tapping to a metronome, and regulation of movement vigour intentions.  

All three experiments indicate an important role of beta and gamma oscillations in 

flexible motor control. It has long been established that during movement, gamma 

activity increases while beta decreases in cortex and the STN (Litvak et al., 2012; 

reviewed in van Wijk et al., 2012). These and other studies (reviewed in Brown, 2003) 

have formed the basis of theories proposing that beta is an anti-kinetic, or inhibitory, 

and gamma a pro-kinetic rhythm. I will argue that this view needs to be widened and 

will propose a new hypothesis of how beta and gamma activity may complement each 

other to enable flexible interactions with the environment. I will also outline a set of 

testable predictions, draw links to the symptoms of Parkinson’s disease and summarize 

the clinical significance of the present findings.  
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7.1 Beta oscillations for segregated sensorimotor integration 

and timing 

In the introduction, we have outlined different components of fluctuations in beta 

oscillations during motor control: Beta decreases during sensorimotor perturbation, 

increases during sustained contraction or maintenance of a posture and rebounds after 

movement completion.  

The first experiment of this thesis shows that periods of post-movement beta 

oscillations alternate between the two STN during gait-like stepping in place. Beta 

oscillations were elevated when the contralateral foot rested on the floor after each heel 

strike. This finding is well in line with the previously demonstrated lateralization of 

movement-related beta modulation (Androulidakis et al., 2007b) and suggests that the 

20-30 Hz frequency band could carry segregated information about the left and right 

leg when they are moved in alternation. The post-movement beta increase was 

enhanced when auditory cues were provided and step timing accuracy was improved. 

Events of high beta oscillations thus were more likely to appear when patients 

performed well. Recently, the idea has been put forward that suppression of the post-

movement beta rebound reflects updating of a forward model (Cao and Hu, 2016; Tan 

et al., 2016b). The present results seem to confirm that beta oscillations are higher 

when sensorimotor predictions about the timing of a movement are met. If beta 

oscillations indeed mediate top-down control of behaviour as suggested elsewhere 

(Bastos et al., 2015; Buschman and Miller, 2007; Siegel et al., 2012), they may even 

have an active role in adjusting the timing of the next step. A recent study did indicate 

a role of beta in timing (Kononowicz and van Rijn, 2015), and the present significant 

second-level within-subjects correlation between beta power and step timing or step 

interval duration also raises the possibility that elevated beta may contribute to 

delaying the next step. 

In a second experiment, where the rhythmic movement was simplified and reduced to 

unimanual finger tapping, a similar correlation was found between the timing of a tap 
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and the subsequent cortical beta rebound. Updating a forward model to achieve desired 

action outcomes would rely on both bottom-up sensory feedback and top-down 

information about the goal, such as an instruction to tap with the sound and not 

between sounds. This ties in again with plenty of evidence for a role of beta in top-

down control of sensory processing found within the visual system, where beta 

oscillations seem to mediate selective routing of visual information (Richter et al., 

2017). Similar principles may directly translate to selective re-routing of activity or 

connectivity within neuronal assemblies to achieve desired action outcomes. Further 

evidence for a link between beta oscillations and cognitive control stems from 

prefrontal recordings (Siegel et al., 2009). When the order of two objects had to be held 

in short-term memory, this information appeared to be maintained in prefrontal cortex 

by spiking activity that was locked to a 32 Hz oscillation but segregated by appearing 

at two distinct phases according to object order. This phase-delayed chunking of 

activity was specific to 32 Hz, which suggests that beta oscillations in PFC present a 

framework for multiplexed information processing. 

Based on my results and the existing literature, I would like to speculate that beta 

oscillations pose a broad mechanism to integrate sensory information, compare it with 

goal-dependent predictions and help to feed the result of this comparison selectively 

back into the motor system. Periods of high beta oscillations, which I will refer to as 

“beta episodes”, may provide an answer to the all-important question “Can I stick with 

my movement strategy or not?” Only if the answer is yes, when the sampled sensory 

state is well aligned with the desired state, beta power would be high. Hence, not the 

status quo (Engel and Fries, 2010) but more generally the current motor strategy 

would be maintained.  

This is not a new idea. Already 20 years ago, William MacKay suggested that 

“synchronous oscillatory activity may be an integrative sensorimotor mechanism for 

gathering information that can be used to guide subsequent motor actions.” (MacKay, 

1997). More recently, Feingold et al (2015) studied post-movement beta episodes in the 

striatum and cortex and suggested that “a substantial fraction of beta bursts that 
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follow task completion could be related to modifying or maintaining the strengths of 

the connections involved in task performance.” It has further been argued that beta 

oscillations play an important role in consolidating and reinforcing muscle synergies 

(Aumann and Prut, 2015). This seems plausible considering that cortico-spinal beta 

coherence also was found to correlate with complex motor learning (Houweling et al., 

2010).  

Alternatively, high post-movement beta oscillations may not have a functional role but 

may merely appear when less correlated activity is not needed. For motor adjustments 

or learning that would require connectivity changes, less correlated activity may be 

necessary considering that highly correlated activity seems to limit information coding 

capacities (Hanslmayr et al., 2012). The phase of an oscillation has been shown to be 

critical in providing temporal windows within which information can be relayed (van 

Elswijk et al., 2010). If beta oscillations indeed mediate selective information routing 

(Fries, 2015), then one may ask why beta power is reduced during sensorimotor 

updating (Cao and Hu, 2016), which needs to be selective particularly when complex 

movements are updated. Subpopulations may still oscillate at beta frequencies, but 

with a phase shift relative to each other to carry information in a segregated way. If 

that were the case then the superimposition of fluctuations may result in a reduced 

rebound in the population average even though individual ensembles may still be 

entrained to beta rhythms. Phase-locking of STN spikes to cortical beta commonly 

occurs between two consecutive movements but has also been observed during 

movements in some cells despite reduced cortical LFP power (Lipski et al., 2017). 

Some studies reported reduced sensory detection abilities after periods of high beta 

power (Jones et al., 2010; Schubert et al., 2008) while others reported an inverse 

relationship (Donner et al., 2007; Gross et al., 2004; Hanslmayr et al., 2007; Kamiński 

et al., 2012; Linkenkaer-Hansen et al., 2004; Zhang et al., 2008). Beta episodes may 

represent a comparison process that occurs not concurrently with but only after the 

sampling process, i.e. after movement completion (Tan et al., 2014b; Torrecillos et al., 

2015). This comparison process may even impair new sensory information from 
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reaching conscious perception. Motor-evoked potentials were for example found to be 

reduced during periods of high post-movement beta, which indicates that this 

particular brain state attenuates information relay (Chen et al., 1998; Schulz et al., 

2014).  

Anticipation of a tactile stimulus also is preceded by a decrease in pre-stimulus beta 

power (Bauer et al., 2006), which in turn was associated with faster response times 

(van Ede et al., 2011) and particularly with better detection probabilities (Jones et al., 

2010; Schubert et al., 2008; van Ede et al., 2012). When recorded from the scalp, many 

cells would need to oscillate synchronously during high-amplitude beta episodes, which 

presumably implies relatively non-selective processing or low capacity for information 

encoding (Hanslmayr et al., 2012). If the sensorimotor system already anticipates a 

sensory change, then pre-emptive suppression of synchronization may allow for more 

selective and dynamic processing that could mediate enhanced attention. 

In the tapping experiment, we also investigated how well an upcoming movement could 

be adjusted, or more specifically, stopped. Stopping was particularly of interest as beta 

has been labelled to be inhibitory or anti-kinetic in the past (Ray et al., 2012; Sacchet 

et al., 2015; Sherman et al., 2016; Wessel et al., 2016a). Thus, if high beta power 

indeed supports movement inhibition, beta power should increase during stopping. We 

found that relatively increased cortical post-movement beta was related to successful 

stopping before participants knew they had to stop in both studies, but not during 

stopping. This thus does not support the notion that cortical beta mediates actual 

inhibition of an ongoing movement. Also in the STN – a crucial node in the motor 

inhibition network (Jahanshahi et al., 2015) – increased beta has been observed in stop 

tasks in the past (Alegre et al., 2013; Bastin et al., 2014; Benis et al., 2014; Ray et al., 

2012). But we found that not even STN beta power increased in our task. Instead, a 

robust and fast gamma increase became apparent, which will be discussed below. 

Previously, periods of increased beta were observed when a resting posture was 

maintained both in Go/NoGo (Kühn et al., 2004) and stop signal tasks (Alegre et al., 

2013; Bastin et al., 2014; Benis et al., 2014; Ray et al., 2012). Successful stopping 
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meant that a brief movement, often a button press, was interrupted before it had been 

initiated. Instead of having a chance to stop halfway, as in our task, the button press 

had to be completely cancelled, otherwise stopping would have failed. Beta oscillations 

thus seemed to appear after the movement initiation process had been stopped and the 

resting posture was maintained, i.e. no change had to be made. Altogether, this rejects 

the idea that abrupt stopping of an already initiated action is implemented by beta 

synchrony. Instead, beta oscillations in motor areas seem to appear when a posture is 

maintained as a consequence of successful stopping rather than as requirement.  

Beta oscillations during stopping were previously found to increase in prefrontal cortex 

and were linked to braking (Aron et al., 2014). Again, if beta oscillations reflect top-

down control, this increase could mediate selective instruction- or goal-dependent 

targeting of only those assemblies corresponding to the effector that needs to be 

stopped, possibly via fronto-striatal inputs as an fMRI study suggested (Majid et al., 

2013). 

Yet interestingly, we observed a relationship between beta and stopping success before 

participants knew they had to stop. Experiment 1 already suggested a possible role of 

beta in timing. Increased beta may have reflected that the next tap was going to be 

slightly delayed, which would thus facilitate stopping. If this was the case, then in 

further experiments, high beta should only correlate with faster stopping of a repetitive 

movement but not with movement initiation of an effector that is not involved in the 

ongoing movement itself. Conversely, if elevated beta did not reflect a subsequent 

movement delay, a relative lack of it may have simply indicated that cognitive 

resources were occupied. If participants spent more conscious cognitive effort on 

synchronizing with the sound, which they probably had to when they were late, then 

reacting to the stop signal likely took longer than when the movement was more 

automatic. If that was the case, reaction times should not only be slowed down for 

stopping but also for secondary, newly initiated movements. 
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Note that when the task was not demanding in the CONTINUE condition, post-

movement beta was again relatively high providing more evidence for a relative beta 

reduction because of high cognitive or attentional load. According to the above outlined 

hypothesis that high beta may reflect maintenance of a motor strategy, awareness of 

the fact that the movement strategy may need to be changed at any one point should 

result in reduced levels of beta activity, similar as in the sensory perception task 

(Bauer et al., 2006; van Ede et al., 2014) and during sensorimotor adaptation (Tan et 

al., 2016b). Importantly, this task comparison also suggests that cortical beta 

oscillations were beyond conscious control. If they had been consciously controlled, they 

should have been more abundant in the STOP than in the CONTINUE condition as 

they seemed to be beneficial prior to stopping.  

Note also, that in the STN we found no such relationship between post-movement beta 

and subsequent stopping success despite superior signal-to-noise ratio of LFPs and 

evidence for a role of STN beta in post-movement evaluation (Tan et al., 2014b). 

In the final experiment, the beta decrease during imagined gripping suggests that beta 

fluctuations in the STN depend on grip force intentions. This indicates that even in the 

absence of muscle activation and sensory feedback, the level of beta oscillations in the 

STN reflects the neuronal recruitment during a movement that was only imagined. 

During prolonged sustained contractions, beta oscillations in the STN reappear 

(personal communication) similar as in M1 (Baker et al., 1997; Spinks et al., 2008) and 

seem to aid sustained activation of the current set of motor units. In unstable grip 

conditions, cortico-muscular beta coherence is relatively reduced (Reyes et al., 2017). 

As the sensory feedback continuously calls for small motor adjustments under unstable 

grip conditions, this is also in line with the proposed link between beta and 

maintenance of the momentary motor strategy 

Finally, the high probability of beta oscillations during rest (Engel and Fries, 2010) 

where motor plans remain the same and about two thirds of sensorimotor cells are 

entrained to 20-40 Hz oscillations (Murthy et al., 1996) also fits well with this idea.  
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7.2 Gamma oscillations for fast motor inhibition and movement 

initiation 

Gamma activity in the STN has repeatedly been interpreted as pro-kinetic rhythm 

(Cassidy et al., 2002; Fogelson et al., 2005; Litvak et al., 2012). But the results of 

Chapter 5 suggest that gamma oscillations within the basal ganglia have a more 

flexible role in motor control that is not limited to movement initiation but also 

extends to motor inhibition. Chapter 6 furthermore suggests that gamma oscillations 

are also important for regulating movement kinematics. 

Why would gamma oscillations be suitable to contribute to these functions?  

Gamma oscillations emerge from recurrent inhibitory and often excitatory activity 

(Gyorgi and Wang, 2012) such that periods of inhibition restrict postsynaptic spiking 

activity to short temporal windows within each cycle (Fries et al., 2007). In the visual 

system, gamma oscillations seem to facilitate synchronization between cells that 

represent coherent objects. This observation has led to theories of gamma oscillations 

enabling ‘binding by synchrony’ (Singer, 1999). Later, gamma oscillations have also 

been theorised to establish ‘communication through coherence’ (Fries, 2005). 

During movement initiation, gamma-rhythmic activity seems to propagate from the 

basal ganglia to motor cortex (Litvak et al., 2012). Movement-related gamma activity 

in the contralateral thalamus also correlates well with reaction times (Brücke et al., 

2013). Gamma-rhythmic activity has been suggested to reflect activation of cortico-

subcortical pathways modulating the output of the indirect pathway to facilitate 

movement execution (Cheyne et al., 2008). In the STN and cortex, neuronal activity 

was found to be phase-locked to the gamma-cycle (Nir et al., 2007; Trottenberg et al., 

2006; Womelsdorf et al., 2007), and thus gamma oscillations indeed come with 

constrained windows of increased spiking probability. In the STN, this was reported 

during rest (Trottenberg et al., 2006) and in cortex during auditory and visual 

processing (Nir et al., 2007; Womelsdorf et al., 2007). The literature also suggests that 
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gamma oscillations at movement onset reflect an active component of motor control as 

no similar increase was observed during passive movements, excluding proprioceptive 

origins (Muthukumaraswamy, 2010). In Chapter 6, we showed that STN gamma 

oscillations were enhanced during imagined gripping, i.e. already during formation of 

movement intentions. The power increase with increasing target force suggests 

recruitment of a larger network of cells oscillating at a gamma rhythm when the motor 

system prepares for stronger muscle contractions. 

It seems that oscillations in the 75-100 Hz gamma range are especially important for 

dynamic control of muscle activation and less so during static contractions as they soon 

subside after initial force production onset even when a tonic contraction is maintained 

(Crone, 1998; Muthukumaraswamy, 2010). The importance of gamma for dynamic 

motor control has further been corroborated by the observation that corticospinal 

synchronization increases during force adjustments (Andrykiewicz et al., 2007; Omlor 

et al., 2007; Schoffelen et al., 2005). Selective motor unit activation thus seems to rely 

on a gamma-rhythmic mechanism to prevent co-activation of non-selected motor units. 

Action stopping as examined in Chapters 4+5, may simply be implemented by 

overwhelming cortically triggered inhibitory drive from the basal ganglia to the 

thalamus. But what if stopping should be more selective? It seems that revving up 

discharge rates of inhibitory cells would not be energy-efficient and may not even 

successfully silence thalamic firing activity considering that discharge of inhibitory 

pallidal neurons can cause rebound spikes and thus complex thalamic activity patterns 

(Goldberg et al., 2013; Person and Perkel, 2005). If the communication-through-

coherence theory (Fries, 2015) also applies to action selection, then phase-cancellation 

may be a more elegant mechanism to interrupt actions midway. According to this 

theory, gamma oscillations, and respective inhibitory neuronal firing activity, allow pre-

synaptic spike integration only in very brief temporal windows. If rhythmic STN firing 

activity is phase-shifted in response to a stop signal, these brief windows, that may 

allow spike integration across the basal ganglia-motor cortical circuit, would also be 

shifted. As a result, pre-synaptic spikes may then arrive when the synaptic gain is 
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strongly reduced.  A sudden surge in gamma, as we observed, could easily imply a 

phase shift and thus might shut the door for descending motor commands, such that 

any upcoming muscle contractions would be cancelled (Figure 7.1).  

We did not observe a gamma increase in the stimulus-matched control condition in 

which patients did not attempt to stop. As the control condition differed only in the 

instruction, this suggests that the gamma increase is driven by frontal areas exerting 

executive control (Robbins, 1996; Stuss and Stuss, 1992). Indeed, stop-signal evoked 

gamma activity was also observed in MEG and ECoG recordings from pre-SMA and 

right prefrontal cortex (Jha et al., 2015; Swann et al., 2012). Particularly prefrontal 

cortex seems to provide a flexible selection mechanism for re-routing information flow 

to allow rapid behavioural changes according to current goals (Stokes et al., 2017). 

This would need to be implemented via changes in effective connectivity that could be 

mediated by altered inter-regional coupling and population synchrony or short-term 

synaptic plasticity (Stokes et al., 2017). 

 

 

  

Figure 7.1 Schematic of temporally shif ted excitatory and inhibitory post-synaptic 

potential f luctuations.  The upper panel shows how afferent spikes arrive within the brief 

excitatory window of each gamma cycle (adapted from Fries, 2015). In the lower panel, the 

windows are shifted by an earlier excitation and spikes would arrive at periods of relative 

inhibition.  
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It seems plausible that the stop-related gamma increase originated cortically and was 

then propagated to the STN via the hyperdirect pathway. In contrast to this, pro-

kinetic gamma oscillations may travel through the basal ganglia via the striatum or 

may even originate within the GPe-STN loop as suggested recently (Blenkinsop et al., 

2017). If the pro-kinetic gamma troughs and peaks are superimposed with a temporally 

shifted stop-related gamma rhythm arriving through the hyperdirect pathway, then 

this collision may derail cortico-basal ganglia-thalamic coherence such that motor 

output gets blocked (Figure 7.1). Abrupt 180° flips in the phase-offset between two 

spatially separated ensembles have already been discovered for frequencies in the beta 

range (Dotson and Gray, 2016; Dotson et al., 2014). These phase-flips occurred between 

prefrontal and parietal populations at the end of a working memory task and have been 

termed phase-flip transitions. To date, it has not yet been shown if similar task-

dependent phase-flip transitions also occur in the gamma range, probably partly 

because such transitions would be harder to detect for higher frequencies.  

Frequencies in the gamma range seem to be intuitively better suited than lower 

frequencies to aid interruption of movement-related discharge rates of more than 30 Hz 

(Baker et al., 2001; Grammont and Riehle, 2003). A recent computational model also 

proposed that movement-related gamma oscillations are not generated by the neurons 

encoding an action (Blenkinsop et al., 2017) but by those coding for actions that were 

not selected. If that were indeed the case, the STN gamma increase in our stop task 

may also reflect stronger activity of cells that would have not been involved in the 

tapping movement.  

Finally, I would like to discuss how some analyses performed on past data from other 

motor inhibition tasks may have been biased by the prior belief that gamma is pro-

kinetic and that theta and beta oscillations instead are meant to be reliable markers of 

stopping (Wessel et al., 2016a; Wessel and Aron, 2016, 2014). Theta was shown to 

correlate with stopping, but this low-frequency phase-reset like response is spatially 

very broadly distributed and does not seem to be temporally or spatially finely enough 

resolved to cancel only parts of an action. Much more likely it reflects the brain’s 
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response to an unexpected salient cue that may subsequently lead to stopping but does 

not implement it. Likewise, the beta increase is also more likely to be epiphenomenal as 

beta seems to be enhanced when a posture is maintained but not when a movement 

was interrupted halfway. Further insights about the sequence of cortico-basal ganglia 

events may be gained from re-analysing past studies that obtained STN LFPs during 

movement inhibition tasks but used extensive temporal smoothing or did not consider 

gamma frequencies at all.  

 

7.3 Predictions about beta and gamma oscillations in  

motor control  

Beta and gamma oscillations appear to complement each other during motor control. 

Beta oscillations seemingly help to integrate and feed sensory feedback into the motor 

system to strengthen or weaken within-loop connectivity (Aumann and Prut, 2015; 

Feingold et al., 2015). In turn, gamma oscillations may provide temporal windows to 

facilitate selection of cell assemblies that are required to execute an action. This 

temporal framework, mediated by gamma oscillations, may likely be provided by the 

basal ganglia (Litvak et al., 2012) and rapidly withdrawn with a gamma increase 

during stopping as discussed above.  

Previous work has shown high spatial overlap between concurrently decreasing motor 

cortical beta power and increasing cortico-spinal gamma coherence during movement 

anticipation (Schoffelen et al., 2005). This may imply that the very same population 

oscillating between 15-30 Hz prior to movement switches to a gamma rhythm at 

movement onset. However, in the STN, the sites of beta and gamma peak activity do 

not always overlap, with gamma being localized more superior (Trottenberg et al., 

2006; van Wijk et al., 2017). 

STN gamma and beta oscillations both also seem to reflect the extent of muscle 

activation. The decrease in STN beta oscillations with increasing vigour (Tan et al., 
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2016a, 2013) is probably epiphenomenal and reflects that for stronger contractions 

more fibres are recruited to fire at increased rates or in a less correlated fashion. If 

more cells break away from oscillating at beta frequencies by increasing their firing 

rates, beta power would necessarily drop.  Note also, that firing activity during 

production of low force levels is not necessarily gamma-rhythmic, as a gamma increase 

was only observed for very high force levels (Tan et al., 2013). Gamma activity thus 

particularly seems to provide a means to regulate the extent and speed of fast, strong 

and transient muscle contractions (Brücke et al., 2012; Joundi et al., 2012), and if 

necessary also to cancel a movement midway. 

In the following section, I will outline two predictions following from the discussed 

observations. My first prediction is that post-movement beta oscillations help to feed 

sensory consequences back to the motor system selectively to the appropriate 

assemblies, such that the next movement can be prepared. Experiments in non-human 

primates may be able to show if post-movement beta episodes indeed play a role in 

returning modality-specific sensory information to the motor system. The animal would 

receive feedback about the direction of the next movement upon movement completion 

either in the visual or auditory domain. I would hope to see that single-cell recordings 

from direction-selective cells that show preparatory activity already before the next 

movement (Confais et al., 2012; Grammont and Riehle, 2003; Rao and Donoghue, 

2014) are entrained to post-movement beta LFP oscillations obtained from the primary 

sensory area through which the relevant stimulus arrives (Figure 7.2). Additionally, 

stimuli may also be presented simultaneously in both modalities while the animal is 

cued to attend only one modality and use its direction information prior to each trial. I 

would again expect significantly higher beta coherence between motor areas and the 

primary sensory area (V1 or A1) that processes the attended auditory or visual 

feedback despite both areas receiving sensory information. If post-movement beta 

oscillations would result in entrainment only to reinforce a motor strategy, and not 

only to assist in motor preparation, I would only expect those cells to be entrained that 

were active in the last movement and will again be active in the next movement.  
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Figure 7.2 Schematic of spike entrainment to post-movement beta oscillations. 

Feedback is provided after each reaching movement to signal that the next reach should be either 

a leftward or a rightward reach. The feedback is either a visual or auditory signal. I would 

expect direction-selective cells that are tuned to the upcoming movement to synchronize with the 

sensory region that receives the feedback in preparation of the next movement. I would predict 

that this inter-site locking occurs at beta frequencies. 

 

My second prediction is that the STN gamma increase contributes to action stopping 

by appearing earlier, with a phase-offset and a higher amplitude than the pro-kinetic 

gamma rhythm that builds up before action onset. If the movement-related increase in 

gamma coherence between STN and motor cortex (Litvak et al., 2012) reflects that 

converging input coincides at a specific phase of the coupled gamma cycle, then a bout 

of phase-shifted gamma activity in one of the nodes of the network (the STN in this 

case) may lead to post-synaptic activity cancelation. Laminar LFP recordings from M1, 



144 

prefrontal and non-primary motor areas, particularly the pre-SMA, in combination 

with LFPs from the STN and motor thalamus and M1 layer 5 single cell activity may 

provide further details of the ongoing dynamic interactions. First, it would be 

interesting to test if the stop-related gamma-increase in the STN is phase-locked to the 

one reported in the pre-SMA (Jha et al., 2015; Swann et al., 2012) or if gamma from 

these two regions is already decoupled, which may be achieved by the recurrent basal 

ganglia loops. Next, the down-stream effects on the thalamus should be evaluated. If no 

gamma increase can be observed in the thalamus, as would be expected during 

movement (Brücke et al., 2013), this would indicate that phase-shift mediated activity 

cancellation already happens before being propagated to the thalamus. Phase-shift 

based activity cancellation may happen already within the basal ganglia itself, e.g. in 

the striatum. Schmidt et al (2013) observed that striatal neurons that would usually 

fire during action execution remained silent during successful action cancellation, i.e. 

that they did not even show a stop signal-related increase. They also observed that 

many STN cells responded to the stop signal only with a single spike. Subsequent STN- 

or even cortically-driven activation of arkypallidal cells (Mallet et al., 2016), however, 

may nevertheless result in reverberations that could be reflected in a stop-related 

gamma power increase.  

If action selection indeed involves disinhibition of the thalamus via pro-kinetic basal 

ganglia gamma oscillations as hypothesized elsewhere (Cheyne, 2013), then two 

opposing gamma rhythms that would result in fluctuating levels of excitation and 

inhibition but meet each other within a node of the basal ganglia circuit, as discussed 

above, may cancel each other out. This may be a very fast and energy-efficient mode of 

action cancellation. In summary, I would like to propose that the gamma increase 

reflects a stop-process that can cancel a striatal go-process if it appears early enough. 
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7.4 Limitations of this thesis 

The speculations in the previous section show that, undoubtedly, we are still far from 

understanding the precise mechanisms behind the functional role of oscillations in 

motor control. We do not know the origin of the observed oscillatory changes and to 

which extent spiking activity was entrained. The LFP reflects a superimposition of 

excitatory and inhibitory synaptic currents, intrinsic membrane oscillations, and fields 

generated by spikes and afterhyperpolarization (Buzsáki et al., 2012). Hence we would 

need multi-unit recordings to link our findings to neuronal firing. Unfortunately, we 

were not able to obtain these in the post-operative recordings. 

We designed three different tasks to infer how STN activity is modulated during 

flexible motor control. One may argue that electrophysiological activity in the basal 

ganglia from Parkinson’s disease patients differs substantially from healthy brain 

activity, which may mean that the generalizability of our findings is limited. Micro-

lesions caused by the electrode insertion procedure may have also affected the spectral 

dynamics of the LFP recordings. But importantly, patients were able to perform all 

tasks, which implies that physiological activity must have been present at least to some 

extent. Basal ganglia and thalamic beta and gamma oscillations have also been shown 

to be task-modulated in non-Parkinsonian populations, as in dystonia patients (Brücke 

et al., 2012), essential tremor patients (Brücke et al., 2013), OCD patients (Bastin et 

al., 2014) and healthy monkeys (Courtemanche et al., 2003). Furthermore, patients 

were recorded on dopamine replacement therapy, which has been shown to partially 

normalize pathological activity (Androulidakis et al., 2007b; Doyle et al., 2005; 

Johnson, 2008). Additionally, some effects, such as increased pre-stop signal cortical 

beta preceding successful stopping, were not only observed in patients but also in 

healthy participants. 

 

As we did not have access to post-operative imaging data of sufficient resolution to 

localize the electrode position, we could not link effect sizes to specific STN 

subdivisions (Lambert et al., 2012) nor can we exclude contribution of activity from 
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nearby structures (Buzsáki et al., 2012) such as the thalamus or the SNr given the 

small size of the STN. However, several studies demonstrated that beta oscillations, 

and thus presumably also modulation of beta oscillations, which was present in all 

tasks, are most pronounced in the dorsolateral sensorimotor region of the STN (Accolla 

et al., 2016; Chen et al., 2006; Horn et al., 2017; Zaidel et al., 2010). Additionally, our 

analyses were performed not with monopolar recordings but with bipolar recordings of 

neighbouring contacts, which were shown to be suitable for detecting locally generated 

neuronal activity (Marmor et al., 2017).  

Due to the correlative nature of LFP or EEG recordings, we cannot infer that any of 

the electrophysiological correlates were causal to the concurrently observed behaviour 

such as successful stopping. As a next step, one could try to intervene with the system 

by stimulation with tACS, TMS or even DBS (Herrmann et al., 2016) at critical time-

points of a task. However, if one fundamental function of oscillations is to segregate 

ensembles that may be located nearby but are not meant to be co-activated, such 

coarse stimulation techniques would fail to mimic how 20 Hz or 60 Hz oscillations 

would otherwise act in a population- and layer-specific manner. Optogenetic methods 

would allow for much more fine-tuned targeting of populations, and can even be used 

to simulate naturally occurring activity (Emiliani et al., 2015). But despite a rapid 

expansion of stimulation methods, careful manipulations of task conditions while 

recording unperturbed brain activity (ideally, at multiple sites and scales) are still an 

important tool to understand the workings of the brain without interference. During 

rhythmic tapping, post-movement cortical beta seemed to relate at least to some extent 

to whether the next tap could be successfully stopped. Stopping success crucially 

depends on the intended time of movement initiation and on whether the stop signal is 

attended with a certain readiness to stop. As detailed above, this suggests that beta 

was relatively high either when the next tap was late or when attention was not 

diverted, which would both imply that post-movement beta oscillations are at least to 

some extent part of a processing chain for adaptive, flexible behaviour. The amplitude 

and timing of beta episodes can be highly variable across trials (Feingold et al., 2015; 



147 

Williams et al., 2005), which seems to be a major challenge for mapping brain activity 

to behaviour. This is certainly related to multiple cognitive processes such as cue 

processing, memory retrieval, movement preparation, time estimation, etc. overlapping 

at any one time, which cannot be accessed or clearly separated. 

 

7.5 Open questions for future studies  

As pointed out in the previous section, it will be important to investigate the link 

between firing activity and the observed LFP changes in future studies. 

Another big open question is, what or where is the origin of the stop-related gamma 

increase? It may be mediated by synchronous input. But why does it propagate 

through the STN? Is the STN crucial because of its position within recurrent basal 

ganglia loops? Or is it its intrinsic organization, with only a small fraction of 

GABAergic interneurons (Levesque and Parent, 2005) that can achieve the 

hypothesized shift in excitable periods for movement cancelation? And how does the 

gamma increase in the STN translate to output onto thalamus and cortex?  

Further important considerations are: How do other parts of the brain, such as the 

cerebellum, contribute to the observed changes? It may well be that the improvement 

of stepping synchronization with auditory cueing was in part due to stronger 

involvement of the cerebellum. For example, stronger recruitment of the cerebellum 

was associated with keeping gait variability relatively low in a similar paradigm when 

patients were on dopaminergic medication (Gilat et al., 2017). An important role may 

also fall to the hippocampus for acting according to an instruction, i.e. for remembering 

whether to stop or to continue, in response to an identical stop signal stimulus. Novelty 

detection, for example, was proposed to occur within a hippocampus-nucleus 

accumbens-ventral tegmental dopaminergic loop using gamma activity (Axmacher et 

al., 2010; Lisman et al., 2005; Marco-Pallarés et al., 2015). If multi-site recordings were 
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available, dynamic causal modelling or Granger causality (Friston et al., 2013) may be 

useful tools to investigate functional or effective connectivity between regions.  

Another open question is whether the often broadly defined 13-30 Hz beta band should 

be further divided into sub-bands. Healthy subjects seemed to demonstrate a special 

role of 12-20 Hz beta in the tapping task whereas STN beta modulation during 

stepping-in-place was most pronounced between 20-30 Hz. If one takes a closer look at 

the time-frequency spectrogram of stepping in Figure 3.3 . 12-20 Hz beta seems to 

peak twice, i.e. also when the ipsilateral foot was on the ground and the contralateral 

foot was moved. One may speculate whether 20-30 Hz beta may be more important for 

limb segregation (i.e. carrying information about the left and right leg in a segregated 

manner) while 12-20 Hz may be more important for sensorimotor integration and 

timing irrespective of the effector side. In a delayed movement task in monkeys it has 

also been shown that peak frequencies of modulated beta activity were lower during 

temporal expectation than during movement preparation (Kilavik et al., 2012). Shifts 

in peak frequencies may be critical and thus time-frequency results should always be 

presented first in two-dimensional frequency-resolved spectrograms that show power 

changes across a broad frequency spectrum instead of only presenting the average 

power time course of undifferentiated 12-30 Hz beta.  

 

7.6 Links to the symptoms of Parkinson’s disease  

The symptoms of Parkinson’s disease are characterized by rigidity, i.e. failure to 

selectively activate or de-activate appropriate motor units, bradykinesia, which 

resembles failure to invigorate movements, and involuntary stopping as in freezing of 

gait. As outlined in the introduction, patients also exhibit sensorimotor synchronization 

and action switching deficits.  

Although I would argue that beta oscillations do not implement inhibition of an 

ongoing movement, pathological beta oscillations may still have a detrimental effect on 
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motor control in Parkinson’s disease. If beta oscillations mediate selection of coherent 

muscles to perform meaningful actions or to adjust movement strategies, beta 

hypersynchrony may result in co-activation of ensembles, which would otherwise be 

segregated if all cells were intact. This non-selectivity would then result in pathological 

co- and over-activation of muscles as observed in rigidity. In support of this, spiking 

activity recorded from muscles that exhibited rigidity were locked to thalamic beta 

oscillations (Narabayashi and Oshima, 2014), and beta was particularly pronounced in 

patients with rigidity as dominant symptom in comparison to patients with tremor 

(Beudel et al., 2017; Miyashita et al., 2016; Neumann et al., 2017). Furthermore, 

reduced STN beta variability was also related to rigidity (Little et al., 2012). DBS at 

beta frequencies has even been shown to exacerbate motor symptoms (Chen et al., 

2007). This does not seem surprising if 20 Hz DBS would force a large set of cells to 

rigidly follow one and the same rhythm instead of allowing the relevant assemblies to 

tune in and out of different beta rhythms in a flexible way. If beta indeed plays a role 

in timing and integrating sensory feedback as our results suggest, then rhythmic 

interlimb-coordination, and sensorimotor synchronization deficits also likely result from 

dysfunctional beta that would also restrict a functional increase. For example, the post-

movement rebound in patients is reduced (Pfurtscheller, 1998) and only when patients 

were on medication, beta increased in response to a cue signalling that the current 

posture should be maintained (Oswal et al., 2012).  

Interestingly, beta coherence across cortical regions is elevated in untreated patients 

whereas beta power within motor cortex seems to be relatively unchanged or even 

reduced (Heinrichs-Graham et al., 2014; Silberstein et al., 2005). Coherence between 

the STN and motor regions is increased when patients are off DBS (Oswal et al., 2016) 

and medication (Hirschmann et al., 2013), and thus increased phase-locking with cortex 

coincides with local hypersynchrony in the basal ganglia. Yet, the final stage of motor 

control, i.e. M1 cortico-muscular coherence, was not found to be systematically affected 

by deep brain stimulation (Airaksinen et al., 2015) or medication when tremor-free 

data was selected (Hirschmann et al., 2013).  
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I would like to put forward that episodes of synchronized beta oscillations may not 

necessarily cause motor inhibition and akinesia per se, but that Parkinsonian symptoms 

rather originate from a disruption of their original function. It has recently been shown 

that episodes of STN beta synchronization last particularly long when dopamine levels 

are low (Tinkhauser et al., 2017), showing that the synchronization dynamics for 

individual beta episodes are altered. Yet, shorter episodes may still reflect functionally 

relevant and useful beta in the system. 

In patients off dopamine, movement-related contralateral STN gamma synchronization 

seems absent (Androulidakis et al., 2007b) and STN-M1 gamma coherence is reduced 

(Litvak et al., 2012). The STN integrates inhibitory pallidal and excitatory cortical 

input, and thus stark imbalance between these inputs should be detrimental to normal 

function. It has previously been suggested that gamma oscillations in the basal ganglia 

contribute to the regulation of movement vigour (Jenkinson et al., 2013), a key 

function of the basal ganglia (Dudman and Krakauer, 2016). If gamma oscillations 

indeed provide a framework for initiating or invigorating movements, as supported by 

Chapter 6, then bradykinesia could result from a failure to establish the right balance 

or timing of input arriving via the striatum and the hyperdirect pathway such that in 

M1 not all intended ensembles are activated or that unintended ensembles are wrongly 

co-activated. A computational model recently suggested that gamma entrains those 

cells that represent actions that are suppressed instead of activated (Blenkinsop et al., 

2017). The proposed mechanism depends on a fine balance of cross-channel-inhibition 

in the striatum and GPe and cross-channel-excitation from the STN. One can easily 

imagine that proper segregation fails when reduced dopamine levels result in STN 

hyperactivity. 

Following from Chapter 5, Parkinsonian impairments in switching and inhibiting 

actions are likely related to dysfunctional gamma activity as well. Other studies have 

already suggested a role for gamma oscillations in switching in line with this (Anzak et 

al., 2013, 2011) 
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Both, the direct and indirect pathway are co-activated during movement (Cui et al., 

2013; O’Hare et al., 2016), possibly to suppress competing actions. As suppression 

needs to happen selectively, both beta and gamma oscillations could play a role in this 

filtering process considering that oscillations seem to provide a simple mechanism to 

establish temporal coherence between selected assemblies (Cannon et al., 2014).  In 

Parkinson’s disease, movement-related gamma is not only reduced but gamma 

oscillations seem to be trapped by exaggerated beta-gamma phase-amplitude coupling 

(de Hemptinne et al., 2015; van Wijk et al., 2016), as if they would lose flexibility that 

would otherwise be a feature of healthy circuits. 

 

7.7 Implications for using the local field potential as  

feedback signal 

Chapter 6 suggests that beta and gamma activity can be modified by motor imagery 

without moving and without altered proprioceptive feedback. This may be explored as 

neuro-feedback signal to enhance beta and gamma changes during physical exercise. 

Naros et al (2016) have recently demonstrated that motor performance in healthy 

subjects improved after they received contingent neuro-feedback on the strength of a 

motor imagery-induced sensorimotor beta decrease. Patients struggle to move fast and 

are unaware of strategies that may allow them to move faster. If they could practise to 

either decrease beta or increase gamma activity in sessions in which they receive neuro-

feedback, they may improve their mobility by accessing these strategies. Apart from 

the therapeutic benefit, this research may provide evidence for a causal role of gamma 

oscillations in motor control if enhancement of movement vigour would exclusively be 

found after gamma upregulation.  

STN LFP activity may also be used as add-on to fNIRS communication in completely 

locked-in patients to improve decoding accuracy (Chaudhary et al., 2017, 2016; 

Gallegos-Ayala et al., 2014). Cortical EEG has not been very useful to date, however 
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activity from the basal ganglia may outperform EEG activity considering that the LFP 

seems to be a stable signal with a better signal-to-noise ratio (Hanrahan et al., 2016) 

and that imagined gripping poses an easy mental task.  

Finally, I would like to suggest an extension for adaptive deep brain stimulation 

strategies to improve gait control. If adaptive deep brain stimulation is applied 

whenever beta oscillations exceed a certain threshold, it would be active exactly in the 

post-movement period, which I think may be crucial for rhythmic gait. It would not be 

active during movement, although DBS is provided to facilitate movement 

(Klostermann et al., 2010; Kumru et al., 2004). An alternative to this would be to 

stimulate the left and the right STN in an alternating pattern, such that stimulation 

intensity ramps up before the contralateral foot is lifted to support the naturally 

occurring beta desynchronization. Stimulation intensity would be high only briefly, 

such that the post-movement rebound can still occur. Stimulating the two STN at 

different points may also be helpful to prevent hypersynchrony, which could also arise 

from inter-hemispheric cross-talk. It remains to be seen if gait needs to be tracked to 

adjust the stimulation pattern to the gait cycle or if patients automatically adjust to 

the provided rhythm. Considering that rhythmic cues automatically result in motor 

entrainment (Thaut et al., 1992; Yoles-Frenkel et al., 2016), alternating DBS at a 

comfortable pace may even provide benefits without tracking gait. 

 

7.8 Conclusion 

I would like to conclude with calling for a more nuanced view of beta and gamma 

oscillations in motor control. Although with the present experiments I cannot 

demonstrate a causal role, my work suggests that gamma oscillations are not just pro-

kinetic but important for abrupt action stopping as well. Conversely, beta oscillations 

seem to be more than just anti-kinetic or inhibitory. They seem to aid in sensorimotor 

integration, in comparing motor outcomes with expectations and in feeding the result 

back to enable flexible motor control.  
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Appendix - Supplementary Figures 
 

 

 

 

Supplementary Figure A.1 12-20 Hz beta power time course preceding the 

stop signal (vertical dashed line). Data were split into two clusters by using a k-

means clustering algorithm on the movement extent measurement obtained in each trial 

(initial cluster centres were set to 0% and 100%). The blue line denotes the power average 

of trials with small movement extents (=successful stopping) and the red dashed line 

shows the average trials with large movement extents. With this split, the difference in 

Pz did not survive the cluster-based permutation procedure opposite as in Figure 4.6A. 
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Supplementary Figure A.2 Peak frequencies of movement- and stop-related 

power changes. Power for individual frequencies between 3-120 Hz was averaged over 

time between the stop signal and the mean time of failed taps (156ms later) for stop-

related changes (right and middle plot). Bold thick lines show the average across subjects 

and coloured lines show individual subjects. For movement-related power changes (left 

plot), the window was aligned to the time of each tap onset. The movement-related gamma 

increase was broader and weaker than the stop-related increase. Dotted lines show the 

peak frequency in the gamma range (>40Hz). The middle plot shows the difference 

between power in response to the stop signal irrespective of stopping outcome relative to 

the last regular tap (corresponding to Figure 5.3A). The right plot shows the difference 

between successful vs. failed stops (corresponding to Figure 5.3B). Power differences 

in frequencies lower than 50 Hz were highly variable, whereas power was consistently 

increased around 70 Hz in response to the stop signal, especially during successful 

stopping.  
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Supplementary Figure A.3 Power changes following the stop signal when only 

successful stop trials are considered (averaged across all patients).T-scores of 

the contrast between power of all successful stop trials aligned to the stop signal (vertical 

dashed line) and the regular tap done before (aligned to where the stop signal would have 

occurred if it would have been presented one tap earlier). Significant clusters are similar 

as in the main Figure 5.3A . 
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Supplementary Figure A.4 Scatter plot of correlations between movement 

extent (x-axis) and 60-90 Hz gamma relative to baseline (y-axis).Subplots 

show individual participants. For each subject, gamma power yielding the 

maximum correlation (detected anywhere between 60-90 Hz and 0:156ms after 

the stop signal, considering that optimal frequencies and time points may differ 

across subjects) is shown. The number of points can differ within each patient if 

an electrode was more prone to artefacts and thus more trials were excluded. Plot 

titles denote Spearman’s rho followed by its 95% bootstrapped confidence interval. 

In all but one subject correlations were significant in the contralateral STN.  
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Supplementary Figure A .5 3-5 Hz power increase in contralateral and 

ipsilateral M 1, Fz and Pz. In contralateral and ispilateral M1, as well as Fz, the stop 

signal-related theta increase seemed to be smaller in the control condition when stopping 

was not attempted (grey line, n=6) but this difference was not significant. Note also that 

the blue and red shaded areas (successful and failed stops), denoting standard errors of 

the mean, were highly overlapping.  
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Supplementary Figure A.6 Power differences preceding the stop signal with 

the data aligned to the last regular tap before stop signal delivery (averaged 

across all patients). This figure differs slightly from the main Figure 5.8 as the delay 

between the tap and stop signal differed across patients in spite of being the same across 

trials in each subject. With the alignment to the last regular tap the beta difference is 

also significant in contralateral C3/C4. No such difference was present in the STN. 

 


