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1. Darstellung der Publikation  

Introduction  

High-gamma oscillations (60 ï 90 Hz) emerge during movement in several brain regions, in-

cluding the motor cortex and the basal ganglia. These oscillations have been shown to have a 

prokinetic role in the motor system, but their exact function remains unclear. In invasive cortical 

recordings, high-gamma oscillations have been related to different movement parameters like 

limb position, movement velocity and movement speed (Anderson et al., 2012; Hammer et al., 

2016; Wang et al., 2017). While invasive recordings offer a high signal-to-noise ratio (SNR), 

which is important to be able to detect high-gamma oscillations, they are hard to come by and 

mostly performed in the context of brain surgeries in individuals with a neurological disease. 

Therefore, the number of participants in those studies is limited and there usually is no healthy 

control group. Magnetoencephalography (MEG) offers the opportunity to record oscillatory 

data non-invasively with a higher SNR for most sources compared to electroencephalography 

(Piastra et al., 2020). It is hence well-suited to investigate high-gamma oscillations in partici-

pants with impaired movement as well as in healthy participants. 

Several studies have shown that transcranial alternating current stimulation (tACS) with oscil-

lations in the high-gamma frequency range can amplify different aspects of motor performance 

and motor skill acquisition (Joundi et al., 2012; Nowak et al., 2017; Santarnecchi et al., 2017; 

Guerra et al., 2018; Sugata et al., 2018; Bologna et al., 2019; Spooner & Wilson, 2023). Fur-

ther, a recent study by Akkad et al. (2021) showed that high-gamma oscillations coupled to the 

peak of a theta oscillation (theta-gamma phase-amplitude coupling (PAC)) increased motor 

skill acquisition, supporting the idea of the involvement of cross-frequency coupling in motor 

control.  

As most studies regarding cortical high-gamma oscillations have been performed in healthy 

young participants, there is limited knowledge on cortical high-gamma oscillations in older pop-

ulations in general and especially in populations with impaired movement. Further, the impact 

of non-invasive brain stimulation such as tACS in these populations is unclear. A common 

disease that causes lasting movement impairments is an ischemic stroke, which often leaves 

survivors with a motor deficit of the upper extremity that can lead to impairments in their daily 

life (Broeks et al., 1999; Ekstrand et al., 2016). Non-invasive brain stimulation in the high-

gamma range could be a tool to help stroke survivors with post-stroke motor recovery and 

improve their ability to perform activities of the daily life. But as of now, we do not fully under-

stand the neurophysiological mechanisms of high-gamma oscillations in the motor cortex and 

there is no literature on whether and how high-gamma oscillations change after an ischemic 

stroke.   



5 
 

This work aims to investigate physiological function and pathophysiological changes of high-

gamma oscillations as well as theta-gamma PAC in the healthy motor system and after an 

ischemic stroke. It further aims to explore the capability of tACS with frequencies in the high-

gamma range to increase motor performance and enhance motor rehabilitation after stroke. 

The work is based on two publications. The first and main publication of this dissertation is the 

MEG-study óHuman cortical high-gamma power scales with movement rate in healthy partici-

pants and stroke survivorsô (Haverland et al., 2025), which I am the first author of. It charac-

terises cortical movement-related high-gamma oscillations in three groups with different levels 

of motor performance, one of which consists of stroke survivors. The study aimed to broaden 

the understanding of the physiological role of high-gamma oscillations in the motor system and 

wanted to investigate changes in high-gamma oscillations after an ischemic stroke. The in-

sights gained in this study laid the groundwork for the second publication, óDifferential effects 

of theta-gamma tACS on motor skill acquisition in young individuals and stroke survivors: A 

double-blind, randomized, sham-controlled studyó (Grigutsch et al., 2024), in which I partici-

pated as a co-author. Here, we investigated the effects of tACS with high-gamma oscillations 

coupled to the phase of theta oscillations on motor performance and motor skill acquisition in 

healthy young participants and stroke survivors. Finally, in an additional analysis not included 

in one of the publications, I investigated theta-gamma PAC and theta power during movement 

in the data used in Haverland et al. 

 

Methods  

Study 1: Human cortical high-gamma power scales with movement rate in healthy participants 

and stroke survivors, Haverland et al. 

The publication is based on multimodal data recorded in 30 young participants, 16 stroke sur-

vivors, and 18 control participants, age-matched to the stroke survivors. We recorded MEG 

data during the performance of a thumb movement task. We further recorded MRI images and 

raised several clinical scores, including the Fugl-Meyer Assessment of the Upper Extremity. 

After applying the exclusion criteria, 29 young participants, 14 stroke survivors, and 15 control 

participants were included in the study. 

We designed the motor task which the participants performed during the MEG measurement 

based on a simple thumb abduction task used by Akkad et al. (2021) in their publication. We 

modified the task in a way that it required the participants to perform four alternating button 

presses as fast as possible in six blocks with 40 trials each (Figure 1A). We deviated from the 

thumb abduction task to have a larger time window of interest for the data analysis, which was 

important to capture more robust oscillatory data and allow for the analysis of theta oscillations 
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and therefore cross frequency coupling between theta and gamma oscillations. Another goal 

of the task design was to make the task easy enough to perform so that stroke survivors were 

able to quickly understand and perform it while still having enough complexity to show finer 

differences in the young participant group with overall high levels of motor performance.  

 

 

Figure 1 Motor task and analysis pipeline of MEG data . (A) The motor task contained one training 

block with 20 trials and six measurement blocks with 40 trials each. In each trial, participants had to 

perform four alternating button presses as fast as possible in response to a visual cue. They received 

feedback on their movement rate in each trial. Additional feedback showing the block mean of move-

ment rate was given after each block. There was a 1-minute rest period between blocks. (B) Main 

analysis pipeline of the MEG data. The results were high-gamma power values of the grid point with 

maximal power in M1, PMC and SMA as well as a time frequency representation of these grid points. 

Figure and caption of (A) adapted from Haverland et al., (2025), Figure 1A.  
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Movement rate was defined as the reciprocal of the time it took the participants to press all 

four buttons and was used as a measure of motor performance. We defined two measures for 

motor skill acquisition: Block-wise improvement, which was defined as the percentage increase 

in movement rate from the participantsô first to their individual best block, and trial-wise im-

provement, which was defined as the percentage increase from one trial to the next trial. For 

block-wise improvement, we decided to use the individual best block rather than the last block 

to avoid potential fatigue effects that might have occurred especially in stroke survivors. 

We decided to use MEG to capture the brain oscillations as it offers high spatial discrimination 

(Hämäläinen et al., 1993) and has been successfully used in several publications to detect 

high-gamma oscillations (Cheyne et al., 2008; Muthukumaraswamy, 2010; Bardouille & Bailey, 

2019). The MRI data were used to calculate head models for the source reconstruction of the 

MEG data as well as the analysis of the integrity of the corticospinal tract in stroke survivors 

and control participants.  

Custom-written MATLAB (R2021b, The MathWorks, Inc.) scripts and the Fieldtrip toolbox 

(Oostenveld et al., 2011) in MATLAB were used for preprocessing, frequency analysis, source 

analysis and cluster-based permutation statistics (Maris & Oostenveld, 2007; Maris, 2012) of 

the MEG data. The remaining statistical analyses were performed using R (R Core Team, 

2022). 

To get a representation of the oscillatory data at the source level, we used the dynamic imaging 

of coherent sources (DICS) beamforming method (Gross et al., 2001) with a time window of 0 

to 0.6 s relative to the first button press and a frequency of 75 Hz ± 15 Hz frequency smoothing 

(Figure 1B). The result was baseline corrected using the time window of -1.6 to -1 s as noise 

estimate. For subsequent analyses, we used the power values of the participant-specific grid 

points with maximal power in the primary motor cortex (M1), premotor cortex (PMC), and the 

supplementary motor area (SMA) according to the brainnetome atlas (Fan et al., 2016). We 

further calculated a time-frequency representation of these grid points with maximal power in 

each of the regions. 

We used different kinds of statistical models in the publication. For analyses on the trial level, 

linear mixed-effects models were well suited to account for non-independence in the data that 

got introduced into the dataset by including several trials from each participant. The advantage 

of doing analyses on the trial level was that no information got lost by averaging over partici-

pants. On the participant level we mostly used linear models or in one case cumulative link 

models, depending on the data structure. 

 



8 
 

Study 2: Differential effects of theta-gamma tACS on motor skill acquisition in young individuals 

and stroke survivors: A double-blind, randomized, sham-controlled study, Grigutsch et al. 

The study cohort after application of the exclusion criteria consisted of 78 healthy, young par-

ticipants and 20 survivors in the chronic phase after an ischemic stroke. The study was pre-

registered and performed double-blind, the assignment of experimental groups was pseudo-

randomized. Participants performed a thumb movement task while undergoing tACS that tar-

geted the motor cortex contralateral to the hand the participants performed the task with. For 

young participants, there were three experimental groups with different stimulation protocols: 

Stimulation with 75 Hz high-gamma oscillations coupled to the peak of 6 Hz theta oscillations 

(theta-gamma peak, TGP) as active condition, stimulation with 75 Hz high-gamma oscillations 

coupled to the trough of 6 Hz theta oscillations (theta-gamma trough, TGT) as active control 

condition and sham stimulation. For stroke survivors there were two groups, TGP and sham 

stimulation. The thumb movement task was closely adapted from the one used in Haverland 

et al., with small changes to account for the experimental setup and addition of a baseline 

block. 

The primary outcome motor skill acquisition was defined as relative improvement in duration 

between the first and fourth button press (movement duration) between the baseline block and 

the block with the lowest mean movement duration. Thumb acceleration was measured with 

an accelerometer and the peak acceleration during each trail was calculated. 

The difference in the primary outcome motor skill acquisition between stimulation conditions 

was assessed by two-tailed t-tests or Wilcoxon rank-sum tests as appropriate. Further anal-

yses for the effects on movement duration and peak acceleration were investigated using lin-

ear mixed-effects models. 

Additional analysis of the data of Haverland et al.: Theta-gamma phase-amplitude coupling 

and theta power during movement 

In an analysis not included in the final publication, I analysed theta-gamma PAC in the MEG 

data of Haverland et al. using bicoherence (Shahbazi Avarvand et al., 2018; Bartz et al., 2019). 

For this analysis and the subsequent analysis of theta power, I first subtracted the event-re-

lated fields from the data to account for evoked theta activity. To increase the SNR of the data, 

I then performed a spatio-spectral decomposition (SSD) in the theta and gamma range and 

obtained a component with optimized SNR for each of the two frequency ranges by multiplying 

the resulting spatial filter with the time series (Nikulin et al., 2011; Haufe et al., 2014). Using 

the MATLAB function ñdata2bs_univarò (Shahbazi et al., 2014), I calculated the bispectra of 

the summed up components from 0 to 0.6 s in relation to the first button press for each partic-

ipant and for visualization across all participants. I performed two-tailed t-tests to test for group 
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differences in bicoherence between 5 and 75 Hz. I further performed a beamforming analysis 

analogous to the analysis for high-gamma frequencies described above for the frequency 5 Hz 

± 2 Hz frequency smoothing and extracted theta power values of the same grid points that 

were used for the high-gamma analyses (grid points with maximal high-gamma power in M1 

and PMC). Wilcoxon rank-sum tests were performed to test for group differences in theta 

power.  

 

Results  

Study 1: Human cortical high-gamma power scales with movement rate in healthy participants 

and stroke survivors, Haverland et al. 

All three groups improved in movement rate over the course of the six blocks of the task by a 

comparable margin. Mean movement rate averaged per participant was significantly lower in 

stroke survivors compared to control participants and lower in control participants compared 

to young participants. We detected similar group differences in high-gamma power in M1 and 

PMC, with stroke survivors having significantly lower high-gamma power than control partici-

pants and control participants having significantly lower high-gamma power than young partic-

ipants.  

The concurrence of the group differences in high-gamma power and movement rate suggested 

that the reduced movement rate might be related to the reduced high-gamma power in stroke 

survivors. We used two different analyses to test this hypothesis. In an analysis where we 

matched trials with the same movement rate and performing hand between stroke survivors 

and control participants, stroke survivors still had significantly less high-gamma power than 

control participants. When performing this analysis between young and control participants, 

the previously existing group difference was not significant anymore. A linear mixed-effects 

model with high-gamma power as dependent variable and group, movement rate and perform-

ing hand as fixed effects, however, did not show a significant effect of group. 

Further analyses showed a significant positive effect of movement rate on high-gamma power 

in M1 and PMC on the trial and the participant level. In a whole brain cluster-permutation anal-

ysis, we showed that the relation between movement rate and high-gamma power is apparent 

in grid points in cortical motor regions contralateral to the performed movement, even without 

the preselection of grid points with maximal power.  

When plotting group level time frequency spectrograms in the different groups, we noticed that 

a greater number of definable high-gamma activations (high-gamma peaks) could be seen in 

the groups with overall lower movement rate. We investigated this phenomenon and found that 
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the number of high-gamma peaks over the course of a trial depends on movement rate rather 

than group. 

High-gamma peak frequency was significantly higher in young participants than in control par-

ticipants but did not show a significant association with movement rate. Both trial-wise and 

block-wise improvement did not show an association with high-gamma power. 

Study 2: Differential effects of theta-gamma tACS on motor skill acquisition in young individuals 

and stroke survivors: A double-blind, randomized, sham-controlled study, Grigutsch et al. 

The primary outcome motor skill acquisition was not significantly different between the stimu-

lation conditions in young participants, and condition did not show a significant effect on move-

ment duration in a linear mixed-effects model in young participants. tACS therefore did not 

show a significant effect on movement duration or motor skill acquisition in young participants. 

In stroke survivors, participants in the TGP group exhibited significantly less motor skill acqui-

sition than participants in the sham group. There was a significant effect of a condition x block 

interaction on movement duration with a steeper slope in the sham stimulation group in a linear 

mixed-effects model. This showed that participants in the TGP group improved less in move-

ment duration over the course of the task. 

In an analysis of the peak acceleration, a linear mixed-effects model showed a significant effect 

of stimulation condition on peak acceleration in young participants. Post-hoc tests revealed a 

significantly higher peak acceleration in the TGP and TGT groups compared to sham. There 

was no significant difference between TGP and TGT conditions. In stroke survivors, there was 

no significant effect of stimulation condition on peak acceleration. 

Additional analysis of the data of Haverland et al.: Theta-gamma phase-amplitude coupling 

and theta power during movement 

In an additional analysis that was not included in Haverland et al., I analysed the relationship 

between theta-gamma phase-amplitude coupling (PAC) and movement rate as well as im-

provement in movement rate. PAC was quantified using bicoherence. No notable amount of 

bicoherence between theta and gamma frequencies was observed visually (Figure 2A) and 

there was no significant difference between the participant groups in bicoherence between 5 

Hz and 75 Hz after correction for multiple comparisons (Figure 2B, stroke/control: t(19.5) = 1.7, 

p value corrected for multiple comparisons (pcor) = 0.103, control/young: t(41.9) = -2.1, pcor = 

0.0820, corrected for two comparisons). Due to these results, I did not investigate the relation 

between bicoherence and movement rate or improvement in movement rate. 
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 In light of the absent theta-gamma PAC, theta oscillations during the movement period were 

characterized to investigate potential underlying causes. Overlayed on a standard brain, theta 

power averaged over participants did not show a physiological pattern (Figure 3A). In time-

frequency spectrograms averaged over participants of the grid point with maximal gamma 

power in the primary motor cortex contralateral to the movement, there was a short theta power 

increase around the onset of movement in every group (Figure 3C). Control participants 

showed significantly higher theta power during movement than young participants in both M1 

and PMC (Figure 3B, W = 435, M1: pcor < 0.001, W = 435, PMC: pcor < 0.001, corrected for four 

comparisons).   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 Theta-gamma PAC measured with bicoherence. (A) Absolute value of bicoherence be-

tween frequencies of 0 to 100 Hz in the data of all groups combined. To increase the SNR, one theta 

and one gamma component was identified by performing an SSD. There is no relevant bicoherence 

visible between theta and gamma frequencies. (B) Absolute value of bicoherence in the participant 

groups. There were no statistically significant group differences. Higher values of bicoherence in (B) 

than in (A) are due to calculation of bicoherence in single participants in (B) as opposed to in data from 

all participants combined in (A). 
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Discussion  

In Haverland et al. we showed that high-gamma power relates to movement rate over three 

participant groups with differing motor performance levels. We further found that stroke survi-

vors exhibited less high-gamma power than age-matched healthy control participants. This 

difference persisted after matching for movement rate, which hints at an additional role of 

stroke pathology in the reduction of high-gamma power. We did not find an association be-

tween high-gamma power and improvement in movement rate. 

The association of high-gamma power and movement rate, a measure of motor performance, 

as well as the reduced high-gamma power in stroke survivors, suggest that increasing high-

gamma power via non-invasive brain stimulation, for example tACS, could be a way to increase 

motor performance in stroke survivors. If it would be possible to increase motor performance 

in this way, high-gamma tACS could be used as a tool to help stroke survivors regain motor 

function, depending on the longevity of the effect. 

Grigutsch et al. was inspired by the finding of increased thumb acceleration in young partici-

pants when undergoing TGP tACS compared to sham stimulation (Akkad et al., 2021). Taken 

together with the finding of Haverland et al. that high-gamma power is reduced after stroke, 

   

Figure 3 Theta power during movement . (A) Theta power during movement (0 ï 0.6 s relative to the 

first button press) relative to baseline overlayed on a standard brain. (B) Group differences in theta 

power (0 ï 0.6 s) in the grid point with maximal high-gamma power. Asterisks indicate significance. The 

difference between the control and stroke groups is not significant. The breaks in the y-axis were intro-

duced to show two outliers in the stroke group. (C) Spectrograms of theta frequencies of the grid point 

with maximal high-gamma power in M1. Dotted lines indicate the average timepoints of the four button 

presses in the respective groups. Significance markers: ***p < 0.001 
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we aimed to replicate the findings in young participants and investigate the effect of TGP tACS 

in stroke survivors. We were able to replicate the results of Akkad et al., showing that TGP 

tACS increased thumb acceleration in healthy, young participants compared to sham stimula-

tion. Additionally, we were able to show a positive effect of TGT tACS on thumb acceleration 

as well. There was no effect of theta-gamma tACS on motor skill acquisition in young partici-

pants. As there was no difference between the effect of TGP and TGT on thumb acceleration, 

we interpreted the observed effects as effects of stimulation with the theta- or gamma oscilla-

tion rather than an effect of phase-specific PAC. 

Interestingly, in stroke survivors, TGP tACS reduced general motor skill acquisition compared 

to sham stimulation while showing no effect on thumb acceleration. We hypothesized that tACS 

might have improved kinematic aspects of the movement while not improving other important 

factors for the execution of the task like coordination skills, which led to an overall worse out-

come. 

These results do not generate new evidence for the supporting role of theta-gamma PAC in 

motor skill acquisition. They rather suggest that high-gamma or theta tACS alone might be a 

promising approach to increase motor performance and motor skill acquisition. There is evi-

dence that high-gamma tACS can improve different parameters of motor performance (Joundi 

et al., 2012; Santarnecchi et al., 2017; Guerra et al., 2018) and that it can improve motor skill 

acquisition (Nowak et al., 2017; Sugata et al., 2018; Bologna et al., 2019). Further studies are 

required to directly compare the effects of uncoupled theta and high-gamma tACS as well as 

theta-gamma tACS on motor performance and motor skill acquisition, especially after stroke, 

to untangle the different stimulation effects. The positive effect of the stimulation on thumb 

acceleration in young participants in Grigutsch et al. aligns well with the results of Haverland 

et al., which showed an association of high-gamma power and movement rate, a parameter 

that partly depends on thumb acceleration. The stimulation, however, did not show an effect 

on movement duration, which is directly linked to movement rate in this task. It therefore might 

be easier to detect oscillatory changes in more complex movements than to influence these 

complex movements in a significant way via tACS. 

Overall, this suggests that the high-gamma component of the stimulation might be the reason 

for the increased thumb acceleration in Grigutsch et al., as was discussed in the publication. 

The question remains whether high-gamma tACS can amplify more complex movements and 

have a lasting positive effect on motor skill acquisition rather than just being able to increase 

individual kinematic parameters like thumb acceleration.  
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Theta-gamma phase-amplitude coupling and theta power during movement 

Theta-gamma PAC describes the amplitude modulation of high-gamma oscillations dependent 

on the phase of a theta wave. It is primarily thought of as a mechanism in memory function 

(Friese et al., 2013; Lopes-dos-Santos et al., 2018; Daume et al., 2024) but has been described 

in the motor cortex (Canolty et al., 2006; Igarashi et al., 2013) and has been found to be asso-

ciated with motor skill acquisition (Dürschmid et al., 2014). In the chronic phase after a stroke, 

theta-gamma PAC was described to be positively associated with motor recovery (Rustamov 

et al., 2022). Unfortunately, I was not able to detect a substantial amount of theta-gamma PAC 

in the data and was therefore not able to gain new insights into the mechanistic role of theta-

gamma PAC in motor control. This was most likely due to difficulties I had with extracting theta 

oscillations from the data. Visually, the theta activation in the brain surface plots do not show 

a physiological pattern (Figure 3A) and even though the increase in theta power in control 

participants compared to young participants might suggest a physiological source of the theta 

oscillations, the unphysiological topographical pattern leads to the interpretation that the theta 

activity is obscured by artifacts. The underlying issue might be the short time window of interest 

that was used in this analysis due to the design of the motor task. The analysis time window 

of 600 ms only contains 2.4 to 4.2 cycles of a theta oscillation (for 4 to 7 Hz), which makes it 

difficult to record a clear theta activation. The solution to this problem could be the recording 

of brain oscillations during a longer movement to allow for a longer time window that catches 

more theta cycles and therefore allows for the reconstruction of a clearer theta activation with 

less artifact contamination. Future studies should further investigate the role of theta-gamma 

PAC after stroke to add to the understanding of oscillatory changes and the neurophysiology 

behind motor rehabilitation after stroke. 

Conclusion 

Taken together, we found a robust association between movement rate and high-gamma 

power in motor cortical areas in participant groups with differing motor performance levels. 

Stroke survivors exhibited less high-gamma power than healthy control participants, even 

when matched for movement rate. We did not find an association between high-gamma power 

and improvement in movement rate. These results led us to think of tACS with high-gamma 

frequencies as a promising approach to improve motor performance after stroke. In a follow-

up tACS study we replicated results that showed that theta-gamma tACS improved thumb 

acceleration in healthy, young participants. It did not, however, improve thumb acceleration in 

stroke survivors and even deteriorated their ability to acquire a motor skill. Based on these 

studies, high-gamma tACS without cross-frequency coupling still seems to be a promising ap-

proach for the improvement of motor rehabilitation after stroke and should be further investi-

gated in future studies. 
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2. Artikel: Human cortical high -gamma power s cales with movement 

rate in healthy participants and stroke survivors  
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