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1. Darstellung der Publikation

Introduction

High-gamma oscillations (60 — 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.



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 ‘Human cortical high-gamma power scales with movement rate in healthy partici-
pants and stroke survivors’ (Haverland et al., 2025), which | 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, ‘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., 2024), in which | 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, | 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.
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PLORUET

Visual cue 4 Button presses Feedback Feedback Rest
16s 2s 10s 60s
B
Preprocessing with artifact rejection
Calculation of headmodel and leadfield
s ' 3
' ™
DICS beamforming Calculation of DICS filters
Time:0-0.6s Time:0-1.5s
L Frequency: 75 Hz + 15 Hz ) Frequency: 75 Hz + 15 Hz
e R s N
Identification of grid points with N Multiplication of filters from grid points
maximal power in M1, PMC, SMA with maximal power with time series
A l J | l J
e R s ™\
Extraction of power values from grid Time frequency analysis of
points with maximal power transformed time series
1 J | J

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.



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 participants’ first to their individual best block, and trial-wise im-
provement, which was defined as the percentage increase from one ftrial 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
(Hamalainen 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.



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, | 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, | first subtracted the event-re-
lated fields from the data to account for evoked theta activity. To increase the SNR of the data,
| 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 “data2bs_univar” (Shahbazi et al., 2014), | 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. | performed two-tailed t-tests to test for group
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differences in bicoherence between 5 and 75 Hz. | 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., | 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: {(19.5)=1.7,
p value corrected for multiple comparisons (pcor) = 0.103, control/young: #41.9) = -2.1, peor=
0.0820, corrected for two comparisons). Due to these results, | did not investigate the relation

between bicoherence and movement rate or improvement in movement rate.
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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).

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).
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Figure 3 Theta power during movement. (A) Theta power during movement (0 — 0.6 s relative to the
first button press) relative to baseline overlayed on a standard brain. (B) Group differences in theta
power (0 — 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

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,
12



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 (Dirschmid 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, | 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 | 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 scales with movement
rate in healthy participants and stroke survivors
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Abstract figure legend Magnetoencephalography data from stroke survivors, healthy, age-matched control participants
and healthy young participants were measured during the execution of a thumb movement task. Movement-related
high-gamma power was evident in all three groups with a maximum over motor cortical areas contralateral to the
performed movement. High gamma power showed a strong positive relation to participants’ movement rate (left),
whereas no significant relation to motor skill acquisition was present (right). Stroke survivors showed reduced cortical
high-gamma power mainly as a result of their reduced movement rate (middle).
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874 B. Haverland and others J Physiol 603.4

Abstract Motor cortical high-gamma oscillations (60-90 Hz) occur at movement onset and are
spatially focused over the contralateral primary motor cortex. Although high-gamma oscillations are
widely recognized for their significance in human motor control, their precise function on a cortical
level remains elusive. Importantly, their relevance in human stroke pathophysiology is unknown.
Because motor deficits are fundamental determinants of symptom burden after stroke, under-
standing the neurophysiological processes of motor coding could be an important step in improving
stroke rehabilitation. We recorded magnetoencephalography data during a thumb movement rate
task in 14 chronic stroke survivors, 15 age-matched control participants and 29 healthy young
participants. Motor cortical high-gamma oscillations showed a strong relation with movement rate as
trials with higher movement rate were associated with greater high-gamma power. Although stroke
survivors showed reduced cortical high-gamma power, this reduction primarily reflected the scaling
of high-gamma power with movement rate, yet after matching movement rate in stroke survivors
and age-matched controls, the reduction of high-gamma power exceeded the effect of their decreased
movement rate alone. Even though motor skill acquisition was evident in all three groups, it was not
linked to high-gamma power. Our study quantifies high-gamma oscillations after stroke, revealing
a reduction in movement-related high-gamma power. Moreover, we provide strong evidence for a
pivotal role of motor cortical high-gamma oscillations in encoding movement rate.
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Key points

® Neural oscillations in the high-gamma frequency range (60-90 Hz) emerge in the human motor
cortex during movement.

® The precise function of these oscillations in motor control remains unclear, and they have never
been characterized in stroke survivors.

* In a magnetoencephalography study, we demonstrate that high-gamma oscillations in motor
cortical areas scale with movement rate, and we further explore their temporal and spatial
characteristics.

¢ Stroke survivors exhibit lower high-gamma power during movement than age-matched control
participants, even after matching for movement rate.

¢ The results contribute to the understanding of the role of high-gamma oscillations in motor
control and have important implications for neuromodulation in stroke rehabilitation.

Introduction 2012) and have been linked to neural communication
o ) (Misselhorn et al., 2019; Ni et al., 2016), as well as to
Gamma oscillations (25-140 Hz) have been found in 3 wide range of cognitive processes (Herrmann et al,

various areas of the human brain (Buzsdki & Wang,  2004). At the onset of motor actions, spatially focused
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movement-related high-gamma oscillations (~60-90 Hz)
occur over the contralateral motor cortex (Miller et al.,
2007), which have been shown to be prokinetic (Cheyne
et al., 2008; Crone et al, 1998; Muthukumaraswamy,
2010; Pfurtscheller et al,, 2003; Ulloa, 2021). High-gamma
oscillations in motor cortical areas have been recorded
from extracellular recordings, namely single- or
multi-unit, local field potentials (LFPs) (Donoghue
et al., 1998; Khorasani et al., 2016), electrocorticographic
(ECoG) recordings (Crone et al., 1998; Hammer et al,,
2016) and non-invasive magnetoencephalography (MEG)
(Cheyne et al., 2008; Quandt et al., 2012) and electro-
encephalography (EEG) (Ball et al., 2008). In particular,
invasive cortical recordings showed that high-gamma
oscillations contain information that allows for decoding
position, velocity and predominantly movement speed
(Anderson et al., 2012; Hammer et al., 2016; Wang et al,,
2017).

Although high-gamma oscillations seem to play a
crucial role in human motor control, they have so
far never been quantified in stroke survivors. Because
over 50% of all stroke survivors suffer from persistent
hand-motor deficits (Pennati et al., 2020), understanding
the neurophysiological processes of motor coding after
stroke is key for the development of interventions to
improve recovery and motor performance (Ward, 2011).
Moreover, the study of human populations with impaired
motor function may shed light on the general role of
movement-related high-gamma oscillations. For example,
if high-gamma oscillations purely reflect movement
kinematics, they should be proportionally scaled down
with impaired motor function. If high-gamma oscillations
rather reflect the intent to move or the cognitive effort,
they would be expected to be preserved or even enhanced
with restricted motor function.

Here, we rigorously characterize the role of
movement-related high-gamma oscillations in motor
control and motor skill acquisition. We acquired a
combined data set consisting of MEG data measured
during a thumb movement task and anatomical and
diffusion-weighted magnetic resonance imaging (MRI),
as well as neurological tests from stroke survivors,
healthy age-matched control participants and healthy
young participants. We hypothesize that motor cortical
high-gamma oscillations are tightly linked to movement
rate as a measure of motor performance and explore their
role in motor control in the chronic phase after stroke.

Methods

Ethical approval

The study was performed according to the Declaration
of Helsinki, except for registration in a database, and all
participants provided their written informed consent. The

Cortical high-gamma oscillations encoding movement rate 875

study was approved by the local ethics committee of the
Medical Association of Hamburg (2021-10410-BO-ff).

Participants and assessment

Three different groups of individuals were recruited
within the study: (i) 16 well-recovered stroke survivors;
(i1) 18 healthy control participants age-matched to the
stroke survivors; and (iii) 30 healthy young participants
(aged 18-35 years). Stroke survivors, with a first-ever
clinical ischemic stroke at least 6 months prior to
inclusion, who experienced a deficit of the upper
extremity for at least 24 h and showed a structural lesion
on a clinical MRI or computer tomographic image were
included in the study. Psychotropic medication was an
exclusion criterion in all three groups. The number of
recruited stroke survivors was based on prior comparable
observational studies (Gerloff et al., 2006; Quandt et al.,
2019). All participants were right-handed according to
the Edinburgh Handedness Inventory. One healthy young
participant and three age-matched older controls had to be
excluded because they did not fulfil all inclusion criteria
retrospectively (neurological conditions, handedness).
Two-stroke survivors were excluded because of extensive
artifacts in the MEG data as a result of metal implants. This
resulted in 14 stroke survivors, 15 age-matched controls
and 29 healthy young participants for the remainder of the
study.

Multimodal imaging was obtained, consisting of MEG
measurements during the execution of a motor task,
as well as structural MR imaging. Standardized clinical
testing was acquired in stroke and age-matched control
participants by means of the Fugl-Meyer Assessment of
the Upper Extremity (UEFM), Action Research Arm Test
(ARAT), Nine Hole Peg Test (NHPT), Box and Block Test
(BBT), whole hand grip force, key grip force, National
Institutes of Health Stroke Scale (NIHSS), modified
Rankin Scale (mRS) and Mini-Mental State Examination
(MMSE).

Motor task

Participants were seated comfortably in the MEG system
in front of a screen with their performing arm fixated
in a splint, next to a two-button response box (Current
Designs, Philadelphia, PA, USA) that was placed in a
position where the thumb of the participant could easily
reach both buttons. The task consisted of alternately
pressing the two buttons for a total of four button presses
in reaction to a ‘ready - steady - go’ cue using the thumb
while keeping the arm as relaxed as possible (Fig. 1A4).
During task execution, the participants were instructed
to focus on a fixation cross that was displayed on the
screen. The task was designed based on a study by Akkad
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et al. (2021), which demonstrated an improvement in
task performance in a similar thumb abduction task
over time without a ceiling effect in a young cohort.
Additionally, they reported an impact of theta-gamma
transcranial alternating current stimulation (tACS) on
task performance, making this type of task well-suited
for investigating high-gamma activity. To increase
the movement time for MEG analyses, we changed
from a pure thumb abduction to a four-button press
task.

First, participants performed 20 trials to familiarize
themselves with the task. Afterwards, they were
instructed to perform the task as fast as possible using

A

Training
20 trials

J Physiol 603.4

standardized instructions. Each participant performed six
measurement blocks with 40 trials each. After each trial,
participants received feedback on their movement rate
and the improvement relative to their mean movement
rate in the current and the previous block. After each
block, additional feedback was given in the form of a bar
indicating the mean movement rate for each completed
block. If participants pressed the button before the go-cue,
took more than 1 s before initiating the first button press
or pressed an incorrect order of buttons, an error message
was displayed. The task was intentionally designed to
prioritize speed over accuracy, with error trials excluded
from further analysis.

Block 4 Block 5

Block 6

~ 45 min

Visual cue

4 Button presses Feedback Feedback Rest
16s 2s 10s 60s
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Figure 1. Motor task and behavioural 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 movement
rate was given after each block. There was a 1 min rest period between blocks. B, movement rate for each trial
averaged in each group. An increase in movement rate over the course of the trials was evident in all groups. Shaded
areas indicate the SD. C, distribution of participant mean of movement rate. Asterisks Indicate significant group
differences. D, distribution of participant mean of block-wise improvement. Block-wise improvement represents
the percentage improvement in movement rate from the first to the individual best block. There were no significant
group differences in block-wise improvement. Significance markers: **P < 0.01, ***P < 0.001.
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There were differences in the experimental set-up
between groups of young and control/stroke participants
to account for behavioural differences and needs between
these groups. Young participants performed the task
with their left (non-dominant) hand, whereas stroke
survivors used the hand contralateral to the lesioned
hemisphere. The performing hand of age-matched control
participants was chosen to match stroke survivors.
Although, in the young group, lights in the measuring
chamber were turned off, the light was kept on for stroke
and older participants because they required additional
light to feel comfortable. The size of the feedback
bar (linear vs. sigmoidal increase) was adapted in the
age-matched control group and in stroke survivors to
account for expected differences in movement rate. The
task was run in MATLAB, R2021b (The MathWorks, Inc.,
RRID:SCR_001622) using Psychtoolbox-3 (Kleiner et al.,
2007) (RRID:SCR_002881).

Data acquisition

MEG data acquisition. MEG data were recorded with 275
axial gradiometers of a CTF-MEG system (CTF Systems,
Coquitlam, BC, Canada) with a sampling rate of 1200
Hz. The head position was continuously measured, and
participants were given instructions to help them return
to their initial head position after each block of the
task (Stolk et al, 2013). Electrooculogram (horizontal
and vertical) and electrocardiogram were recorded via
bipolar channels. Time points of button presses and visual
stimuli were sent to the acquisition program via TTL (i.e.
transistor-transistor-iogic) triggers.

MRI data acquisition. MRI data were acquired from 11
out of 14 stroke survivors, all 15 control participants
and 21 out of 29 young participants. The remaining
participants did not consent to MR-imaging. We
acquired T1-weighted images in all groups and
T2-weighted and multishell diffusion-weighted images

Cortical high-gamma oscillations encoding movement rate 877

Germany) equipped with a 64 channel head coil. For
anatomical imaging in stroke and control participants,
a 3-D magnetization-prepared rapid gradient echo
sequence [repetition time (TR) = 2500 ms, echo time
(TE) = 2.15 ms, flip angle 8°, 288 coronal slices with
a voxel size of 0.8 x 0.8 x 0.8 mm?’] was used. In
young participants, the parameters of the sequence
were slightly different (TR = 2300 ms, TE = 2.98 ms,
flip angle 9°, 256 coronal slices with a voxel size of 1
x 1 x 1 mm®). T2-weighted images were acquired by
using a fluid-attenuated inversion recovery sequence
(TR = 9210 ms, TE = 92 ms, TI = 2500 ms, flip angle
140°, 70 axial slices with a voxel size of 0.9 x 0.9 x
2.0 mm?) for stroke lesion delineation. DWT was obtained
by covering the whole brain with gradients (b= 500,
1000 and 2000 s mm™?) applied along 96 non-collinear
directions with the following sequence parameters:
TR = 5000 ms, TE = 76 ms, slice thickness= 2 mm,
in-plane resolution = 1 x 1 mm. For stroke survivor 14,
the sequence parameters varied slightly: TR = 5000 ms,
TE = 78 ms, slice thickness = 2 mm, in-plane
resolution = 1 x 1 mm.

Data analysis

Clinical and behavioural data. For UEFM, MMSE, ARAT,
NHPT and BBT, we used the absolute test scores of the
performing hand (UEFM: range 0-66, MMSE: range 0-30,
ARAT: range 0-57, NHPT: pegs s !, BBT: blocks min?).
The whole hand grip force and key grip force scores
of the performing hand were divided by the scores of
the non-performing hand to obtain a ratio score. Within
the motor task, the movement rate was defined as the
reciprocal of the time between the first and the fourth
button press in each trial. Improvement was defined in two
different ways:

(i) On a trial level as the percentage increase in
movement rate from the current to the next trial:

movement rate in the next trial — movement rate in the current trial

Trial-wise improvement =

x 100% (1)

(DWI) in stroke and control participants using a 3 T
Prisma MRI scanner (Siemens Healthineers, Erlangen,

movement rate in the current trial

(ii) Across blocks as the change from first block to best
block:

movement rate in the best block — movement rate in the flrst block

Block—wise improvement = x 100% (2)

movement rate in the flrst block
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We chose to compare the first and best blocks to
circumvent the influence of potential fatigue effects in
some patients. Fatigue effects may have led to suboptimal
performance in the last blocks,

Processing of the MEG data. Data analysis was conducted
using the software package FieldTrip (Oostenveld et al,,
2011) (RRID:SCR_004849) in MATLAB. MEG data were
bandpass filtered from 1 to 120 Hz and bandstop filtered
at 49-51 Hz and 99-101 Hz (to eliminate the line noise
artifact and its first harmonic) using a fourth-order
Butterworth filter. Data were segmented into trials from
—3.2 s before, up to 43.5 s after the time point of the
first button press (0 s). Artifacts were carefully removed
by a combination of visual artifact rejection, as well as an
independent component analysis, in which components
representing eyeblinks, cardiac activity or muscle artifacts
were removed from the data. Error trials, trials in which
participants took more than 3 s to complete all four button
presses, as well as trials in which the movement duration
(time from first to fourth button press) deviated more than
three scaled absolute deviations from the individual block
median, were excluded, leaving on average 205.5 + 16
(mean + SD) trials per participant in the young group
(5960 trials in total), 191.5 £ 25.8 trials per participant
in the stroke group (2681 trials in total) and 205.6 &+ 14.6
trials per participant in the control group (3084 trials in
total).

Source space activity was estimated using the dynamic
imaging of coherent sources (DICS) beamforming
method (Gross et al., 2001) with regularization (A = 5%).
Head models, giving a geometrical description of the
head, were computed based on individual T1-weighted
MRIs (21 young participants, 11 stroke survivors and 15
control participants) or based on the Colin27 Average
Brain (Holmes et al., 1998) (eight young participants,
three stroke survivors) using the single-shell method
(Nolte, 2003). Source models, specifying the location of
the sources in the brain volume, consisted of a regularly
spaced 8 mm, 3-D grid warped on the individual or
standard head model, respectively. At each location,
a projection matrix describing signal propagation to
the MEG sensors (the leadfield matrix) was computed.
Time-frequency averaged cross-spectral density matrices
for the movement period (0 to 0.6 s) and baseline
period (—1.6 to —1 s) at 75 Hz with + 15 Hz frequency
smoothing (17 Slepian tapers) were computed and source
space activity was estimated at each grid point. To
noise-normalize source power, the difference of power in
the movement period and baseline period was divided
by the power in the baseline period for each trial in
each participant. Thus, the baseline served as the noise
estimate. Brain regions were identified by masking the
source representation with the Brainnetome atlas (Fan

J Physiol 603.4

et al., 2016). For each participant, the grid point with
maximal power in the primary motor cortex (M1, regions
Adhf, Adul, A4ll, A4t and A4tl), premotor cortex (PMC,
regions A6vl, A6cvl, A6dl and A6cdl) and supplementary
motor area (SMA and region A6m) contralateral to their
performing hand was detected. The power values of these
grid points were used for further analyses.

To obtain a time-frequency representation of virtual
channels, we computed real-valued DICS filters at 75 £ 15
Hz frequency smoothing for the periods 0 to 1.5 s
(task period) and —1.6 to —0.1 s (baseline period) and
multiplied the filters of the grid points with maximal
power in each region with the time-series data. In the
resulting source level time-series data, we estimated power
in the range 60-90 Hz (steps of 2 Hz and 0.05 s,
0.25 s moving time window, five Slepian tapers, resulting
in 12 Hz frequency smoothing). We identified the
high-gamma peak frequency for each participant by
averaging the data within the time interval from 0 to 0.6 s
over trials and determined the frequency with the highest
power value.

To quantify the number of peaks in participant-level
frequency-averaged time courses, MEG data were locked
to the first, second, third and fourth button press,
respectively. Time-frequency representation of virtual
channels was obtained as described above. Peaks in the
high-gamma frequency band (60-90 Hz) were detected
using the findpeaks function in MATLAB, within the time
interval of —0.1 s with respect to the corresponding button
press to the next button press. For the fourth button press,
the detection window spanned from —0.1 s to the button
press time plus the interval between the first and second
button presses. Peaks were defined by a minimum width
of 0.04 s and a high-gamma power at least 1% higher than
the neighbouring time points.

Processing of the MRI data

Fractional anisotropy of the corticospinal tract. Pre-
processing and reconstruction of MRIs were performed
using QSIPrep, version 0.16.1 (Cieslak et al, 2021),
which is based on Nipype, version 1.8.5 (Gorgolewski
et al,, 2011) (RRID:SCR_002502). Individual fractional
anisotropy (FA) maps were computed on the pre-
processed DWI imaged using MRTrix3 (Tournier et al.,
2019) (RRID:SCR_006971) function ‘dwi2tensor’ and
‘tensor2metric. The maps were registered on a FA
template in MNI space (FMRIB58_FA standard space
image https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FMRIB58_FA)
using ‘antsregistration’ (ANTs 2.4.0) (Avants et al,
2009) (RRID:SCR_004757). A corticospinal tract (CST)
template mask from the mesencephalon to the cerebral
penduncle (MNI co-ordinates z = —25 to z = —20)
was used to compute tract-related mean FA (for details
refer to the original publication [Schulz et al., 2017]).

© 2025 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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Mean CST-FA values of the hemisphere contralateral
to the performing hand (affected hemisphere in stroke
survivors) were divided by the mean CST-FA values of the
hemisphere ipsilateral to the performing hand to obtain
ratio scores.

Statistical analysis

Statistical analysis was performed in R, version 4.1.3 (R
Core Team, 2022) (RRID:SCR_001905).

Group differences. Differences in stroke survivor
characteristics (Table 1), movement rate (Section:
Improvement in  movement rate), block-wise
improvement (Section: Improvement in movement rate),
CST-FA (Section: Clinical scores and structural imaging),
high-gamma  power (Section: = Movement-related
high-gamma power) and high-gamma peak frequency
(Section: High-gamma peak frequency) were assessed
using two-tailed ¢ tests and Wilcoxon rank-sum tests as
appropriate.

High-gamma power compared to baseline. Two-tailed
paired ¢ tests were calculated in each source grid point
comparing participants’ average high gamma power
during the movement period (0 to 0.6 s) and base-
line period (—1.6 to —1 s) and corrected for multiple
comparisons via a cluster-based permutation analysis
(Maris, 2012; Maris & Qostenveld, 2007) with 1000
randomizations and a threshold for clustering of @ = 0.01.
Data from participants performing the task with the right
hand were flipped across hemispheres prior to the analysis.

Modelling the association of high-gamma power and
behavioural data. To assess the association between
high-gamma power and movement rate (Section:
Relation of high-gamma power and movement rate)
and high-gamma power and trial-wise improvement
(controlling for movement rate), linear mixed-effects
models were calculated across groups for each motor
region (M1 and PMC) on a trial-based level. Group was
added as an interaction term and performing hand as
a fixed effect. Non-significant interaction terms were
described and then removed from the model. Models
included random slopes for movement rate and random
intercepts for participants. To ensure homoscedasticity
and linearity of the residuals, high-gamma power was
transformed to log(100 + high-gamma power). The
constant 100 was added to the high-gamma power to
avoid negative arguments of the log function.

The analysis was repeated not only on a trial-based
level, but also on averaged activity across all trials of each
participant, leading to one robust value per participant
with low noise. To assess the association between
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high-gamma power and movement rate and high-gamma
power and block-wise improvement (controlling for
movement rate in block 1), linear regression models were
calculated across groups for each motor region. Group
and performing hand were included as fixed effects,
These analyses were extended to the time series at each
grid point in source space to map the topographical
distribution of these relationships. To correct for multiple
comparisons, we conducted a cluster-based permutation
analysis (Maris, 2012; Maris & Oostenveld, 2007) with
1000 randomizations. The assignment of high-gamma
power to the variable of interest was shuftled while keeping
the assignment of the group and performing hand-fixed.
Data at single grid points were selected at o = 0.01. We
compared the summed ¢ values of the variable of interest
within each cluster to the distribution of summed f values
from the randomizations to compute the final P value.

The association of high-gamma power with clinical
scores, CST-FA and high-gamma peak frequency was
similarly analysed using linear regression models for each
motor region.

High-gamma power matched for movement rate. To
evaluate whether group differences in high-gamma power
are solely a result of differences in movement rate or
also because of an effect of group, we matched each
trial of each stroke survivor to a trial with the same
movement rate (£1%) of a control participant performing
the task with the same hand, as well as each trial, of each
young participant to a trial of a control participant. Trials
were then averaged within the participants and the group
difference was assessed with a one-tailed f tests with the
alternative hypothesis being that stroke survivors have
less high-gamma power than control participants and that
control participants have less high-gamma power than
young participants. Given the random selection of trials
in the matching process, we performed the analysis 1000
times and used the median P value as the indicator of
significance.

Number of high-gamma peaks. We modelled the
dependent variable number of high-gamma peaks
with independent variables group, movement rate and
performing hand using cumulative link models (CLM,
ordinal package) with a flexible logit link function for the
regions M1 and PMC.

Visual inspection of residual plots did not reveal any
obvious deviations from homoscedasticity or normality,
proportional odds assumption held true in the CLMs. In
linear mixed-effects models and CLMs, significance was
obtained by likelihood ratio tests of the full model against
a reduced model without the effect in question. In the
case of multiple comparisons, P values were corrected
accordingly using the false discovery rate.
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Results
Participants

Fourteen stroke survivors (mean £+ SD age = 654 +
9.3 years, seven females, eight with a lesion of the right
hemisphere, performing hand: 8 x left hand, 6 x right
hand), 15 age-matched control participants (age = 64.5 +
8.4 years, seven females, performing hand: 10 x left hand,
5 x right hand) and 29 young participants (age = 25.4
+ 4.6 years, 13 females) passed the inclusion criteria.
Stroke survivors and control participants showed no signs
of cognitive impairment according to the MMSE (stroke:
mean 28.9 points, range 27-30 points; control: mean
29.7 points, range 28-30 points).

Clinical scores and structural imaging

Stroke survivors mostly showed only mild impairment
of the upper extremity (mean UEFM = 61.1) (Table 1),
with a significant difference between stroke and control
participants in UEFM, ARAT, NHPT and BBT (UEFM:
W =30.5,P < 0.001, ARAT: W=51.0, P=0.004, NHPT:
tigg = —2.7, P = 0.016, BBT: t;9, = —3.8, P = 0.001)
but no significant difference in whole hand (W = 64.0,
P=10.077) and key grip force ratio (t;55 = 0.4, P = 0.688).
CST-FA values were not significantly different between
stroke and control participants (t 5 = 1.1, P = 0.269)
(Fig. 2B) when measured inferior to the level of the stroke
lesion.

Improvement in movement rate

On average, stroke survivors had a significantly lower
movement rate than control participants (t43 = —3.6,
P, = 0.001; corrected for two comparisons) (Fig. 1C),
and control participants had a significantly lower
movement rate than young participants (fy03 = —7.4,

A

Figure 2. Stroke survivor characteristics
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P.or < 0.001; corrected for two comparisons). All three
groups improved their average movement rate from block
1 to block 6 (stroke survivors: tj; = —4.7, P.,, < 0.001,
control participants: t;s = —6.9, P, < 0.001, young
participants: t,3 = —8.9, Py, < 0.001; corrected for
three comparisons) (Fig. 1B). Comparing the first and
the individual best block, stroke survivors increased
their average movement rate by 22.6 £ 12.2 % (mean
=+ SD), control participants by 15.3 = 7.1 % and young
participants by 18.0 & 10.9 %. Block-wise improvement
showed no significant differences between the three
groups, even without correction for multiple comparisons
(stroke/control: fp5 = 1.9, P = 0.066, control/young;
tz06 = —1.0, P = 0.332) (Fig. 1D).

Movement-related high-gamma power

We observed an increase in high-gamma power during
the movement period (0-0.6 s, 60-90 Hz) relative to
baseline with a maximum over the contralateral motor
cortices (Fig. 3A). The increase of high-gamma power
during movement was significant compared to base-
line in each group (stroke survivors: P, = 0.006,
control participants: P, = 0.003, young participants:
P, = 0.003; corrected for three comparisons). The
increase in high-gamma power occurred with movement
onset and was most pronounced in M1 and PMC
(Fig. 3D), prompting us to focus further analysis on
these regions. Stroke survivors had significantly lower
high-gamma power than control participants in the grid
point with maximal power in regions M1 and PMC (M1:
f]g,g — -—2.2, Pcor = 0037, PMC: f19‘4 = -—2.3, Pwr = 0037,
corrected for four comparisons) (Fig. 3B) and control
participants had significantly lower high-gamma power
than young participants (M1: t344 = —2.3, Py, = 0.037,
PMC: t;, = —2.9, P, = 0.032; corrected for four
comparisons). When matching performance (movement
rate) and handedness in stroke survivors and age-matched
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A, stroke lesions of the 10 survivors with available MRI lesion data, overlayed on a T1-weighted image in MNI
standard space. Colour indicates the number of stroke survivors with a lesion at the voxel. Left-hemispheric lesions
were flipped to the right hemisphere. 8, distribution of CST-FA ratios. There was no significant group difference.
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Figure 3. Characteristics of high-gamma power

A, group mean high-gamma power (0-0.6 s, 60-90 Hz) overlayed on a standard brain. The colour indicates the
percentage increase in high-gamma power compared to the baseline. The activity of participants that performed
the task with the right hand was flipped across hemispheres. High-gamma activity is evident mainly in motor
regions contralateral to movement. 8, distribution of participant mean high-gamma power in M1 and PMC.
Asterisks indicate significant group differences. C, group difference (control participants vs. stroke survivors)
in high-gamma power when matched for movement rate and performing hand. Boxplots and dots show the
mean high-gamma power of each participant over 1000 repetitions of the matching process. D, group-level
time-frequency spectrograms. The time point of the first button press corresponds to 0 s. Dotted lines indicate
the average time points of button presses. Note the different scaling of the colour bars in the different groups.

High-gamma power in M1 and PMC was much more prominent than in SMA, we therefore excluded SMA from
further analysis. Significance marker: *P < 0.05.
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Table 2. Linear mixed-effects models of high-gamma power and movement rate.
Model summary Model comparison
DV Vs Estimate SE t x2 df. P
Log(100 + HGP M1) Fixed effects
Movement rate 0.16 0.04 3.8 12.6 1 <0.001
Group 1.7 2 0.42
Group (stroke) —0.04 0.05 —0.9
Group (young) 0.02 0.05 0.5
Performing hand (r) —0.01 0.05 -0.3
Random effects Variance sD
Participant (intercept) 0.07 0.26
Movement rate (slope) 0.05 0.23
Log(100 + HGP PMC) Fixed effects
Movement rate 0.17 0.04 4.1 14.2 1 <0.001
Group 35 2 0.17
Group (stroke) —0.07 0.06 —-1.2
Group (young) 0.05 0.06 0.9
Performing hand (r) —0.05 0.06 -0.8
Random effects Variance sD
Participant (intercept) 0.09 0.30
Movement rate (slope) 0.05 0.22

Performing hand indicates the effect of the right hand in comparison to the left hand, group indicates the effect of the respective
group in comparison to the control group. Model comparison against a reduced model without the fixed effect in question. P values
are uncorrected for multiple comparisons. Significant P values are highlighted in bold.

DV, dependent variable; d.f., degrees of freedom; HGP, high-gamma power; Vs, independent variables.

controls (trials in each group 1206.0 £ 2.7; mean =+ SD),
stroke survivors still had a significantly lower high-gamma
power than control participants in both motor regions
(M1: tyy, = —1.9, P.,r = 0.0383, PMC: ;50 = —2.1,
P, = 0.0383; corrected for two comparisons) (Fig. 3C).
However, when including all data and accounting for
movement rate as a covariate in a linear mixed-effects
model, no significant group effect was observed (M1:
P = 0.422, PMC: P = 0.173). The group difference
in high-gamma power between young and control
participants was not significantly different anymore after
matching for movement rate, even without correction for
multiple comparisons (trials in each group: 1470.9 £ 2.1,
MI1: tgz_'; = —07,P= 0239, PMC: tu;_q = —11, P= 0144)

Relation of high-gamma power, structure and clinical
scores

High-gamma power in stroke survivors from either motor
region was not significantly related to the structural
integrity of the CST (CST-FA) (M1: P = 0.634, PMC:
P =0.454). Furthermore, there was no significant relation
between high-gamma power in either motor region
and residual motor function assessed by clinical scores

(UEFM: M1: P = 0.738, PMC: P = 0.468; ARAT: M1:
P=0.0852, PMC: P=0.318; NHPT: M1: P=0.872, PMC:
P = 0.587; BBT: M1: P = 0.799, PMC: P = 0.555; grip
force: M1: P = 0.807, PMC: P = 0.975; key grip force: M1:
P =0.818, PMC: P = 0.843).

Relation of high-gamma power and movement rate

We computed linear mixed-effects models to assess the
relationship between high-gamma power and movement
rate, including an interaction term between the fixed
effects movement rate and group. As this interaction was
non-significant (M1: P = 0.338, PMC: P = 0.615), it was
removed from the final model. Interaction plots for the
different groups (Fig. 4B) are derived from the initial
model that included the interaction, whereas all further
analyses are based on the models without the interaction
term.

Movement rate significantly related to high-gamma
power in linear mixed-effects models across all groups
in both motor regions, as trials with higher movement
rate were associated with greater high-gamma power
(M1: P, < 0.001, PMC: P, < 0.001; corrected for
two comparisons) (Fig. 4A and Table 2). To investigate
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whether a single group drove the effect of movement rate,
we plotted the relationship between high-gamma power
and movement rate in each group individually (Fig. 4B),
which showed a positive association of high-gamma
power and movement-rate in each group. Further
evidence for the positive relation between high-gamma
power and movement rate is provided by participant-level
analyses across all groups. In those linear models, the
same significant positive relation between movement rate
and high-gamma power was evident (M1: P,,, = 0.00816,
PMC: P, = 0.00816; corrected for two comparisons)
(Fig. 4C and Table 3). This participant-level linear model
was sufficiently stable to be computed in any region of
the brain, even if the overall level of high-gamma power
was low. Thus, to further infer on the spatial distribution
of the association of high-gamma power and movement
rate, we modelled the relationship for activity at each grid

b
o]

All groups

Young
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point. The positive relation was apparent even without
the preselection of the grid point with maximal power
in motor regions. Importantly, the significant cluster
only covered motor areas with a particular focus on the
contralateral hand knob (P = 0.048) (Fig. 4D).

High-gamma peak frequency

High-gamma peak frequency significantly differed
between young (MI: f?cak=79.4 Hz) and control
participants (M1: fpeak:m.? Hz), with significantly
lower high-gamma peak frequency in the older controls
(M1: W = 465, P, < 0001, PMC: W = 550,
P.,r = 0.001; corrected for four comparisons) (Fig. 5).
High-gamma peak frequency was not significantly
different between stroke survivors (M1: fpeakz 71.9 Hz)
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Figure 4. Relation between high-gamma power in M1 and movement rate

A, effect plot of the fixed effect movement rate in a trial-level linear mixed-effects model across groups for the
relation between movement rate and high-gamma power. B, effect plots of the interaction between movement rate
and group in trial-level mixed-effects models for the relation between movement rate and high-gamma power. For
each group individually, the direction of the relation is positive. The plots are limited to actual ranges of movement
rates in the respective groups. C, effect plot of the fixed effect movement rate in a participant-level linear regression
model across groups for the relation between movement rate and high-gamma powver. D, resulting cluster of a grid
point-wise analysis for the relation of movement rate and high-gamma power. For activity in each grid point in the
brain, a linear model between movement rate and high-gamma power was computed and results were tested for
significance with a cluster-based permutation analysis. The colour indicates the model estimates of movement rate.
Asterisks indicate the significance of the effect movement rate. HGP: high-gamma power. Significance markers:

**P < 0.01, ***P < 0.001.
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Table 3. Linear regression models of high-gamma power and movement rate.
Model summary Whole model
DV Vs Estimate SE o P F d.f. P
HGP M1 Movement rate 34.7 12.4 2.8 0.007 71 4,53 <0.001
Group (stroke) 4.3 8.8 —0.5 0.63
Group (young) 4.0 10.5 0.4 0.71
Performing hand (r) 5.6 8.5 -0.7 0.51
HGP PMC Movement rate 40.0 14.5 2.7 0.008 10.2 4,53 <0.001
Group (stroke) -7.0 10.3 —-0.7 0.50
Group (young) 15.0 12.2 1.2 0.23
Performing hand (r) —-11.9 99 —-1.2 0.24

Performing hand indicates the effect of the right hand in comparison to the left hand, group indicates the effect of the respective
group in comparison to the control group. P values are uncorrected for multiple comparisons. Significant P values are highlighted in

bold.

d.f., degrees of freedom; DV, dependent variable; HGP, high-gamma power; IVs, independent variables.

and control participants (M1: W = 107.0, P, = 0.947,
PMC: W = 100.5, P, = 0.947; corrected for four
comparisons). Linear regression models across groups
showed no significant relation between movement
rate and high-gamma peak frequency even without
correction for multiple comparisons (M1: P = 0.147,
PMC: P = 0.0663).

Number of high-gamma peaks

High-gamma power time courses revealed differences in
high-gamma power evolution over time between the three
groups (Fig. 6A and B). After correction for multiple
comparisons, there were no significant group differences
in the number of high gamma peaks during task execution
(control/young: M1: W = 276.5, P, = 0.141, PMC:
W = 274.5, P,,, = 0.141; stroke/control: M1: W = 138.5,
P, = 0.141, PMC: W = 149, P,, = 0.141). When
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Figure 5. Characteristics of high-gamma peak frequency
Distribution of participant’s mean high-gamma peak frequency.
Asterisks indicate significant group differences. Significance marker:
P < 0.001.

modelling the number of high-gamma peaks as a function
of group and movement rate, we observed a significant
effect of movement rate (M1l: P, = 0.0172, PMC:
Py~ 0.0315; corrected for two comparisons) (Fig. 6C
and Table 4), but not group (M1: P, = 0.759, PMC:
P, = 0.759; corrected for two comparisons). Hence,
participants with faster movement rate had a significantly
higher probability of having fewer high-gamma peaks.
Specifically, in MI, if the movement rate was greater
than 1.95 s™! (corresponding to ~7.8 presses s~'), the
probability was highest that the participants would exhibit
only one high-gamma peak. In contrast, if the movement
rate was below 1.17 s™' (corresponding to ~4.7 pre-
sses s~'), the probability was highest that the participant
would exhibit one individual high-gamma peak for each
button press.

Relation of high-gamma power and improvement

Neither improvement across trials, defined as the
percentage increase in movement rate from the current to
the next trial (trial-wise improvement), nor improvement
across blocks, defined as the change from first block to
best block (block-wise improvement) showed a significant
association with high-gamma power (trial-wise: MI:
P = 0.775, PMC: P = 0.480; block-wise: M1: P = 0.132,
PMC: P = 0.383). In line, a cluster-based permutation
analysis, modelling the association of activity in each grid
point separately, showed no significant relation between
high-gamma power and block-wise improvement.

Discussion

Our study characterizes cortical high-gamma oscillations
at differing performance levels across age groups and
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in stroke survivors. We have demonstrated that a faster
movement rate is robustly related to increased cortical
high-gamma power over motor areas during movement
onset. By contrast, improvement in performance did not
significantly relate to high-gamma power. Moreover, with
lower movement rates, we observed distinct high-gamma

A Young Control

B. Haverland and others

J Physiol 603.4

peaks for each movement, whereas, in faster movements,
high-gamma activation became smeared over time. Even
though movement rate showed the strongest association
with high-gamma power, a difference in high-gamma
power between the stroke and the control cohort persisted
even after matching for movement rate.

Stroke
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button press
Locked on second
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Figure 6. High-gamma power time course in M1

1.0 2.0
Movement rate (1/s)

A, group-level time-frequency spectrograms locked on each individual button press. Time zero corresponds to
the time point of the respective button press. In stroke survivars, one high-gamma peak is visible around each
button press. In the young and control group, the peaks tend to be blurred. B, group-level high-gamma power
time courses, locked on the first button press. Dotted lines indicate the average time points of button presses.
Shaded areas indicate median absolute deviation. C, effect plot of the independent variable movement rate in a
cumulative link model that models the relationship between number of high-gamma peaks, movement rate and
group with participant-level data from all three groups combined. The effect of movement rate was significant
compared to a reduced model, the effect of group was not significant (not shown). The data shown are from the
grid point with maximal power in M1. Significance markers: *P < 0.05.
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Table 4, Cumulative link models of the number of high-gamma peaks, movement rate and group

Model summary

Model comparison

DV IVs Estimate SE z %2 d.f. P
nPeaks M1 Movement rate -2.91 1.15 —-2.5 6.9 1 0.009
Group 0.6 2 0.76
Group (stroke) 0.45 0.76 0.6
Group (young) 0.51 0.90 0.6
Performing hand (r) -0.18 0.73 -0.2
nPeaks PMC Movement rate —2.39 1.14 -2.1 4.6 1 0.03
Group 1.8 2 0.42
Group (stroke) 1.00 0.79 13
Group (young) —0.06 0.92 -0.1
Performing hand (r) 0.19 0.74 0.3

Performing hand indicates the effect of the right hand in comparison to the left hand, group indicates the effect of the respective
group in comparison to the control group. Model comparison against a reduced model without the fixed effect in question. P values
are uncorrected for multiple comparisons. Significant P values are highlighted in bold.

d.f., degrees of freedom; DV, dependent variable; IVs, independent variables; nPeaks, number of high-gamma peaks.

Decreased cortical high-gamma power in stroke
survivors

In humans, studies on movement-related high-gamma
oscillations are restricted. Most reports on high-gamma
oscillations have utilized invasive ECoG recordings,
which are typically not available in stroke survivors.
Scalp EEG, which can be measured easily in stroke
survivors, can smear the focal high-gamma oscillations as
a result of spatial blurring at the skull. MEG recordings,
however, offer the opportunity to measure motor cortical
high-gamma oscillations non-invasively and with high
spatial precision in survivors with stroke pathology. In
line with the literature in healthy cohorts, we observed
high-gamma oscillations in chronic stroke survivors
at the onset of contralateral movements, located over
the primary motor cortex and premotor cortices. We
observed that chronic stroke survivors, even though they
exhibited largely very mild hand motor impairment,
showed less cortical high-gamma power compared to
age-matched controls. This difference even remained
significant after matching for movement rate. However,
this group effect was only apparent when controlling for
variability, suggesting that, although a difference exists,
it can be challenging to detect amidst the variability
in movement rates. These results are paralleled by an
existing study in rodents, in which the peri-infarct cortex
of mice after stroke showed a deficit in low-gamma
power under anaesthesia (Hazime et al, 2021). The
disproportional decrease of high-gamma power in stroke
survivors supports the notion that high-gamma power
may not purely reflect movement kinematics. This is
further supported by findings of significant high-gamma
power in motor imagery (Fischer et al, 2017; Miller

et al, 2010). The decrease in high-gamma power was
not related to clinical motor function scores or structural
integrity of the corticospinal tract when measured inferior
to the level of the stroke lesion. The lack of a significant
relationship between high-gamma power and structural
integrity of the CST in stroke survivors might possibly
be a result of the low number of survivors on whom we
were able to acquire MRIs rather than the actual lack
of a relationship, as corticospinal connectivity is related
to motor impairment after stroke (Urbin et al,, 2021).
Furthermore, differences in FA at more superior locations
of the CST may exist, potentially accounting for the
observed differences in high-gamma power.

Topological organization of high-gamma oscillations

High-gamma oscillations are more spatially focused
compared to lower frequencies (Crone et al, 1998)
and better aligned with somatotopy (Miller et al., 2007;
Quandt et al, 2012). In comparison, modulation of
beta activity (13-30 Hz) may reflect a more general,
widespread activation signal during and after movement
with only limited specificity for the limb component
that was moved (Pfurtscheller et al, 2003). In simple
motor tasks, high-gamma oscillations have been described
to be localized to M1 (Cheyne et al, 2008; Crone
et al,, 1998; Miller et al., 2007). With complex tasks, a
more widespread cortical area is recruited (Donoghue &
Sanes, 1994), consisting of PMd and PMyv as part of the
network for hand motor control (Chouinard & Paus, 2006;
Rizzolatti et al., 2002). PMC is connected with both the
arm area of the primary motor cortex and the spinal cord
(Dum & Strick, 1991) and is considered to be involved
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in connecting external cues with forthcoming movement
(Chouinard & Paus, 2006). A reason for the observed
elevated high-gamma power levels in PMC might be
that our task is required to constantly maximize motor
performance. It may have thus involved a more complex
network, including PMC, compared to simpler tasks such
as finger abductions or fist clenching.

The role of high-gamma oscillations in motor control

High-gamma oscillations are considered to be prokinetic
in nature and have been shown to strongly synchronize
during active but not passive movements (Briicke et al.,
2012; Liu et al.,, 2008; Muthukumaraswamy, 2010). At
the onset of movement, in addition to the motor cortex,
the basal ganglia and thalamus exhibit gamma-band
oscillations (Androulidakis et al, 2007; Blenkinsop
et al,, 2017; Kempf et al,, 2009; Muthukumaraswamy,
2011). Invasive recordings from the basal ganglia in
patients with deep brain stimulation (Anzak et al,
2012; Briicke et al., 2012; Fischer et al., 2017; Joundi,
Brittain, et al., 2012; Lofredi et al., 2018) revealed that
movement-related high-gamma power from the contra-
lateral subthalamic nucleus and globus pallidus interna
increased with movement amplitude, movement velocity
and force production, stressing its potential significance
in movement coding. Also, links to behaviour have
been established in movement disorders, in which less
high-gamma power in the contralateral subthalamic
nucleus is associated with higher symptom severity in
Parkinson’s disease (PD) (Lofredi et al., 2018). Similarly,
PD patients in the dopamine-depleted state show
pathologically impaired movements and less high-gamma
power (Anzak et al., 2012; Joundi, Brittain, et al., 2012).
In line, dopaminergic medication, as a prokinetic drug,
leads to increased high-gamma power in PD patients
(Litvak et al,, 2012). Furthermore, patients suffering from
hyperkinetic movements, such as medication-induced
dyskinesias, present with pronounced high-gamma power
(Swann et al., 2016). Recent studies have examined the
subcortical-cortical communication in the gamma band
and found that fast reaction times were preceded by
enhanced subcortical spike to cortical gamma phase
coupling (Fischer et al., 2020), underlining the role of
gamma activity within the subcortical-cortical network
for motor performance. In cortical invasive recordings,
high-gamma oscillations up to very high frequencies
(600-1000 Hz) contained decoding information on
position, velocity and predominantly movement speed
(Hammer et al., 2016). Single-unit activity in M1 is
thought to mainly tune direction, whereas larger neural
populations, as reflected by LFPs, appear to represent
movement speed (Anderson et al., 2012; Mehring et al.,
2003; Wang et al, 2017). Here, for the first time using
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non-invasive recording in humans, we demonstrate a clear
association of cortical high-gamma power (60-90 Hz)
and movement rate across three groups with differing
levels of movement rate.

Time course of high-gamma oscillations

High-gamma oscillations have been shown to be most
pronounced around movement onset, subsiding over the
course of movement even when force production is
maintained (Muthukumaraswamy, 2010). With repetitive
movements, a distinct burst of high-gamma power has
been described, with a tendency for individual gamma
bursts to blur at a movement frequency of 3 Hz
(Muthukumaraswamy, 2010). In line, we showed that the
observed intersubject difference in high-gamma peaks
was driven by differences in movement rate, where
with faster movements individual peaks blurred and
the probability to exhibit only one high-gamma peak
increased. This contrasts with observations for power at
lower frequencies: beta-band power modulations have still
been observed at a movement frequency of 4 Hz (Toma
et al, 2002). Hence, for faster repeating movements,
high-gamma oscillations may code the overall motor
action rather than every single movement separately.
In addition, there has been evidence that high-gamma
oscillations seem to also encode cognitive processes rather
than purely active contraction of muscles (Isabella et al.,
2021).

Effects of high-gamma peak frequency

The range of motor high-gamma oscillations has
been reported to be variable across studies, ranging
from 75-100 Hz (Crone et al, 1998) to 60-90 Hz
(Muthukumaraswamy, 2010) and up to 55-375 Hz (Anzak
etal., 2012). In the hippocampal CA1 region, studies have
described a slow-, mid- and fast-frequency gamma band.
It remains unclear whether distinct high-gamma bands
encode separate forms of motor processing. Over the
lifespan, the high-gamma frequency range has been
reported to vary depending on age with an increase from
the very young child to adulthood (Cheyne et al., 2014;
Johnson et al., 2020). Here, we observe a decrease of the
high-gamma peak frequency with age, with the peak
frequency being significantly lower in the older controls
(79.4 Hz vs. 70.7 Hz). These findings are in contrast to
a previous study, which found no association between
high-gamma peak frequency and age in a large cohort
with a simple motor task (Bardouille & Bailey, 2019).
The reason for the differences might be the different
analysis methods or discrepancies in motor tasks. Intra-
participant gamma peak frequency has been reported to
be consistent over recording sessions, over hemispheres
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and for movement of the same body part with differing
movement vigour (Briicke et al., 2012; Cheyne & Ferrari,
2013; Lofredi et al., 2018). Also, in our study, high-gamma
peak frequency did not significantly change with varying
movement rates.

The role of high-gamma power in motor skill
acquisition

Recent work suggested that motor-related high-gamma
oscillations may also be relevant for motor learning
and plasticity (Akkad et al, 2021; Guerra et al., 2020;
Nowak et al, 2018) and that motor skill acquisition
is dependent on changes in local circuitry within M1
(Kida et al., 2023; Kolasinski et al., 2019). Some studies
have shown an increase in motor performance (faster
reaction times, learning of movement parameters) after
high-gamma tACS (Bologna et al.,, 2019; Guerra et al.,
2018; Joundi, Jenkinson, et al., 2012; Santarnecchi et al.,
2017; Spooner & Wilson, 2023; Sugata et al., 2018).
Furthermore, a study analysing transcranial magnetic
stimulation-induced intracortical inhibition reported a
decrease in intracortical inhibition after high-gamma
tACS, correlating with improved motor learning scores
(Nowak et al,, 2017). In our study, the level of motor
skill acquisition was similar in stroke survivors compared
to young and age-matched control participants. Hence,
there seems to be potential for further rehabilitation to
improve motor skills even in a cohort of mildly impaired
stroke survivors. We investigated the relationship between
high-gamma power and improvement in movement rate
over time and did not find a significant association.
Our recent study applying theta-gamma tACS in young
participants and stroke survivors (Grigutsch et al., 2024) is
in line with this finding, whereas, in healthy participants,
thumb acceleration was increased by theta-gamma tACS,
the overall motor skill acquisition was not affected. In
stroke survivors, theta-gamma tACS even deteriorated
overall motor skill acquisition. Our findings suggest that
high-gamma power does at least not strongly relate to
motor skill acquisition in this thumb movement task.

Limitations

Several limitations should be considered for this study.
First, the sample size of stroke survivors was limited. It
is therefore possible that we missed findings because of
restricted statistical power. Second, most stroke survivors
exhibited only mild impairment, limiting generalizability
to more severely impaired stroke survivors. Nevertheless,
we were able to show a highly robust relationship
between movement rate and high-gamma power
and significant group differences between stroke and
control participants. The observed group differences in
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high-gamma power, however, were subtle and became
evident only when accounting for variability in movement
rate, suggesting that these findings might vary in other
cohorts or under different conditions. Third, because
we specifically investigated thumb movements, the
generalizability to the movement of other parts of
the upper extremity is unknown. Still, high-gamma
oscillations are elicited by movements of different body
parts in a similar manner (Crone et al, 1998; Miller
et al,, 2007; Muthukumaraswamy, 2010), which suggests
that our findings may potentially generalize to other
movement paradigms. Fourth, our task was not explicitly
designed to investigate the blurring of high-gamma bursts
at higher movement rates, However, we consider this
finding significant and consider that it opens avenues
for future research into this phenomenon. Finally, we
found no association between high-gamma power and
motor skill acquisition, although it is important to note
that our study misses any evaluation of long-term effects
neglecting the learning-performance distinction (Kantak
& Winstein, 2012). We, therefore, are only able to draw
conclusions on short-term motor skill acquisition.

Conclusions

In conclusion, characterizing cortical movement-related
high-gamma oscillations, we found a strong positive
relationship between movement rate and high-gamma
oscillations within the motor network. We quantified
high-gamma oscillations in stroke survivors with motor
impairment, revealing a reduction in movement-related
high-gamma power mostly because of the reduced
movement rate of stroke survivors. We suggest that
enhancing cortical high-gamma activity through neuro-
modulation could potentially serve as a therapeutic
approach to improve motor performance in stroke
survivors.
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The neurophysiological processes of motor coding are still incompletely understood. In particular, high-gamma
oscillations during movement are mainly studied using invasive recordings because non-invasive electro-
encephalography can often not fully detect local high-gamma oscillations (60-90 Hz). However, invasive
recordings in healthy participants or stroke survivors are rare. We therefore recorded magnetoencephalography
data during a thumb movement task in chronic stroke survivors, age-matched control participants and healthy
young participants. High-gamma oscillations were localized in motor cortical areas and strongly related to
movement rate across all three groups. Stroke survivors showed reduced cortical high-gamma power compared
to age-matched control participants, even after matching for movement rate. Our results highlight the relevance
of high-gamma oscillations for fast finger movements, which are important in stroke rehabilitation. Reduced
high-gamma oscillations during slower movements suggest that movement rate could be enhanced with neuro-
modulation which boosts high-gamma oscillations; for example, using brain stimulation or pharmacological
interventions. Specifically, transcranial alternating current stimulation (tACS) in the high-gamma range may
promote high-gamma oscillations and enhance movement rate in stroke survivors.
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3. Zusammenfassung

High-gamma oscillations (60 — 90 Hz) in cortical motor areas play a prokinetic role in the motor
system. They have never been quantified in stroke survivors. Theta-gamma phase amplitude
coupling (PAC) has been shown to influence motor skill acquisition and might be an important
mechanism in motor rehabilitation after stroke. In a magnetoencephalography study, we found
a robust positive association between motor cortical high-gamma power and movement rate
as measure of motor performance in stroke survivors, age-matched control participants and
young participants. Stroke survivors showed less high-gamma power than control participants,
even after matching for movement rate. We were not able to detect relevant theta-gamma PAC
in the data. In a follow-up transcrancial alternating current stimulation (tACS) study, young
participants showed an increase in thumb acceleration during theta-gamma tACS compared
to sham. Stroke survivors exhibited a decreased amount of motor skill acquisition during theta-
gamma stimulation compared to sham. These results do not support the use of theta-gamma
tACS to improve motor rehabilitation after stroke. High-gamma tACS, however, should be fur-
ther investigated to test its effectiveness in improving motor rehabilitation.
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Oszillationen im hohen Gamma Bereich (60 - 90 Hz) in kortikalen motorischen Arealen haben
eine prokinetische Rolle im motorischen System. Sie wurden nach einem Schlaganfall noch
nie quantifiziert. Theta-Gamma Phasen-Amplituden-Kopplung (PAC) beeinflusst den Erwerb
motorischer Fahigkeiten und konnte daher ein wichtiger Mechanismus in der motorischen Re-
habilitation nach einem Schlaganfall sein. In einer Magnetoenzephalographie-Studie fanden
wir einen robusten positiven Zusammenhang zwischen der Power von hohen Gamma-Oszil-
lationen im Motorkortex und der Bewegungsrate als MaR fir die motorische Leistung bei
Schlaganfalluberlebenden, alters-angepassten Kontrollprobanden und jungen Probanden.
Schlaganfalliberlebende zeigten eine geringere Power hoher Gamma-Oszillationen als Kon-
trollprobanden, selbst nach Korrektur fur die Bewegungsrate. Wir konnten keine relevante
Theta-Gamma-PAC in den Daten finden. In einer Folgestudie mit transkranieller Wechsel-
stromstimulation (tACS) zeigten junge Probanden eine Zunahme der Daumenbeschleunigung
wahrend Theta-Gamma tACS im Vergleich zur Scheinstimulation. Schlaganfalliberlebende
zeigten wahrend der Theta-Gamma-Stimulation im Vergleich zur Scheinstimulation einen ge-
ringeren Erwerb motorischer Fahigkeiten. Diese Ergebnisse sprechen nicht flr den Einsatz
von Theta-Gamma-TACS zur Verbesserung der motorischen Rehabilitation nach einem
Schlaganfall. tACS mit hohen Gamma-Oszillationen sollte jedoch weiter in Bezug auf Wirk-
samkeit zur Verbesserung der motorischen Rehabilitation untersucht werden.

22.09.2025 D e ” A

37



4. Literaturverzeichnis

Akkad H, Dupont-Hadwen J, Kane E, Evans C, Barrett L, Frese A, Tetkovic |, Bestmann S &
Stagg CJ (2021). Increasing human motor skill acquisition by driving theta-gamma
coupling. eLife 10, e67355.

Anderson NR, Blakely T, Schalk G, Leuthardt EC & Moran DW (2012). Electrocorticographic
(ECoG) correlates of human arm movements. Exp Brain Res 223, 1-10.

Bardouille T & Bailey L (2019). Evidence for age-related changes in sensorimotor neuromag-
netic responses during cued button pressing in a large open-access dataset. Neu-
rolmage 193, 25-34.

Bartz S, Avarvand FS, Leicht G & Nolte G (2019). Analyzing the waveshape of brain oscilla-
tions with bicoherence. Neurolmage 188, 145-160.

Bologna M, Guerra A, Paparella G, Colella D, Borrelli A, Suppa A, Di Lazzaro V, Brown P &
Berardelli A (2019). Transcranial Alternating Current Stimulation Has Frequency-De-
pendent Effects on Motor Learning in Healthy Humans. Neuroscience 411, 130-139.

Broeks JG, Lankhorst GJ, Rumping K & Prevo AJ (1999). The long-term outcome of arm
function after stroke: results of a follow-up study. Disabil Rehabil 21, 357-364.

Canolty RT, Edwards E, Dalal SS, Soltani M, Nagarajan SS, Kirsch HE, Berger MS, Barbaro
NM & Knight RT (2006). High Gamma Power Is Phase-Locked to Theta Oscillations
in Human Neocortex. Science 313, 1626 LP — 1628.

Cheyne D, Bells S, Ferrari P, Gaetz W & Bostan AC (2008). Self-paced movements induce
high-frequency gamma oscillations in primary motor cortex. Neurolmage 42, 332—
342.

Crone NE, Miglioretti DL, Gordon B & Lesser RP (1998). Functional mapping of human sen-
sorimotor cortex with electrocorticographic spectral analysis. Il. Event-related syn-
chronization in the gamma band. Brain 121 ( Pt 1, 2301-2315.

Daume J, Kaminski J, Schjetnan AGP, Salimpour Y, Khan U, Kyzar M, Reed CM, Anderson
WS, Valiante TA, Mamelak AN & Rutishauser U (2024). Control of working memory
by phase-amplitude coupling of human hippocampal neurons. Nature 629, 393—-401.

Dirschmid S, Quandt F, Kramer UM, Hinrichs H, Heinze HJ, Schulz R, Pannek H, Chang EF
& Knight RT (2014). Oscillatory dynamics track motor performance improvement in
human cortex. PLoS ONE; DOI: 10.1371/journal.pone.0089576.

Ekstrand E, Rylander L, Lexell J & Brogardh C (2016). Perceived ability to perform daily
hand activities after stroke and associated factors: a cross-sectional study. BMC Neu-
rol 16, 208.

Fan L, Li H, Zhuo J, Zhang Y, Wang J, Chen L, Yang Z, Chu C, Xie S, Laird AR, Fox PT,
Eickhoff SB, Yu C & Jiang T (2016). The Human Brainnetome Atlas: A New Brain At-
las Based on Connectional Architecture. Cereb Cortex 26, 3508—-3526.

Friese U, Kdéster M, Hassler U, Martens U, Trujillo-Barreto N & Gruber T (2013). Successful
memory encoding is associated with increased cross-frequency coupling between
frontal theta and posterior gamma oscillations in human scalp-recorded EEG. Neu-
rolmage 66, 642—647.

Grigutsch LS, Haverland B, Timmsen LS, Asmussen L, Braal H, Wolf S, Luu TV, Stagg CJ,
Schulz R, Quandt F & Schwab BC (2024). Differential effects of theta-gamma tACS
on motor skill acquisition in young individuals and stroke survivors: a double-blind,
randomized, sham-controlled study. Brain StimulatS1935-861X(24)00155-4.

Gross J, Kujala J, Hamalainen M, Timmermann L, Schnitzler A & Salmelin R (2001). Dy-
namic imaging of coherent sources: Studying neural interactions in the human brain.
Proc Natl Acad Sci U S A 98, 694—699.

Guerra A, Bologna M, Paparella G, Suppa A, Colella D, Di Lazzaro V, Brown P & Berardelli
A (2018). Effects of Transcranial Alternating Current Stimulation on Repetitive Finger
Movements in Healthy Humans. Neural Plast 2018, 4593095.

Hamalainen M, Hari R, liImoniemi RJ, Knuutila J & Lounasmaa OV (1993). Magnetoenceph-
alography---theory, instrumentation, and applications to noninvasive studies of the
working human brain. Rev Mod Phys 65, 413-497.

38



Hammer J, Pistohl T, Fischer J, KrSek P, Tomasek M, Marusi¢ P, Schulze-Bonhage A,
Aertsen A & Ball T (2016). Predominance of Movement Speed Over Direction in Neu-
ronal Population Signals of Motor Cortex: Intracranial EEG Data and A Simple Ex-
planatory Model. Cereb Cortex 26, 2863—-2881.

Haufe S, Dahne S & Nikulin VV (2014). Dimensionality reduction for the analysis of brain os-
cillations. Neurolmage 101, 583-597.

Haverland B, Timmsen LS, Wolf S, Stagg CJ, Frontzkowski L, Oostenveld R, Schén G, Feld-
heim J, Higgen FL, Gerloff C, Schulz R, Schneider TR, Schwab BC & Quandt F
(2025). Human cortical high-gamma power scales with movement rate in healthy par-
ticipants and stroke survivors. J Physiol 603, 873-893.

Igarashi J, Isomura Y, Arai K, Harukuni R & Fukai T (2013). A 6-y oscillation code for neu-
ronal coordination during motor behavior. J Neurosci 33, 18515-18530.

Joundi RA, Jenkinson N, Brittain JS, Aziz TZ & Brown P (2012). Driving oscillatory activity in
the human cortex enhances motor performance. Curr Biol 22, 403—-407.

Lopes-dos-Santos V, van de Ven GM, Morley A, Trouche S, Campo-Urriza N & Dupret D
(2018). Parsing Hippocampal Theta Oscillations by Nested Spectral Components dur-
ing Spatial Exploration and Memory-Guided Behavior. Neuron 100, 940-952.e7.

Maris E (2012). Statistical testing in electrophysiological studies. Psychophysiology 49, 549—
565.

Maris E & Oostenveld R (2007). Nonparametric statistical testing of EEG- and MEG-data. J
Neurosci Methods 164, 177-190.

Muthukumaraswamy SD (2010). Functional properties of human primary motor cortex
gamma oscillations. J Neurophysiol 104, 2873—-2885.

Nikulin VV, Nolte G & Curio G (2011). A novel method for reliable and fast extraction of neu-
ronal EEG/MEG oscillations on the basis of spatio-spectral decomposition. Neu-
rolmage 55, 1528—1535.

Nowak M, Hinson E, van Ede F, Pogosyan A, Guerra A, Quinn A, Brown P & Stagg CJ
(2017). Driving Human Motor Cortical Oscillations Leads to Behaviorally Relevant
Changes in Local GABAA Inhibition: A tACS-TMS Study. J Neurosci 37, 4481-4492.

Oostenveld R, Fries P, Maris E & Schoffelen JM (2011). FieldTrip: Open source software for
advanced analysis of MEG, EEG, and invasive electrophysiological data. Comput In-
tell Neurosci; DOI: 10.1155/2011/156869.

Pfurtscheller G, Graimann B, Huggins JE, Levine SP & Schuh LA (2003). Spatiotemporal
patterns of beta desynchronization and gamma synchronization in corticographic data
during self-paced movement. Clin Neurophysiol 114, 1226—-1236.

Piastra MC, NuRing A, Vorwerk J, Clerc M, Engwer C & Wolters CH (2020). A comprehen-
sive study on electroencephalography and magnetoencephalography sensitivity to
cortical and subcortical sources. Hum Brain Mapp 42, 978-992.

R Core Team (2022). R: A Language and Environment for Statistical Computing. R Founda-
tion for Statistical Computing, Vienna, Austria. Available at: https://www.R-pro-
ject.orgl/.

Rustamov N, Humphries J, Carter A & Leuthardt EC (2022). Theta—gamma coupling as a
cortical biomarker of brain—computer interface-mediated motor recovery in chronic
stroke. Brain Commun 4, fcac136.

Santarnecchi E, Biasella A, Tatti E, Rossi A, Prattichizzo D & Rossi S (2017). High-gamma
oscillations in the motor cortex during visuo-motor coordination: A tACS interferential
study. Brain Res Bull 131, 47-54.

Shahbazi Avarvand F, Bartz S, Andreou C, Samek W, Leicht G, Mulert C, Engel AK & Nolte
G (2018). Localizing bicoherence from EEG and MEG. Neurolmage 174, 352—-363.

Shahbazi F, Ewald A & Nolte G (2014). Univariate normalization of bispectrum using
Holder’'s inequality. J Neurosci Methods 233, 177-186.

Spooner RK & Wilson TW (2023). Spectral specificity of gamma-frequency transcranial alter-
nating current stimulation over motor cortex during sequential movements. Cereb
Cortex 33, 5347-5360.

39



Sugata H, Yagi K, Yazawa S, Nagase Y, Tsuruta K, Ikeda T, Matsushita K, Hara M, Kawa-
kami K & Kawakami K (2018). Modulation of Motor Learning Capacity by Transcranial
Alternating Current Stimulation. Neuroscience 391, 131-139.

Wang PT, McCrimmon CM, King CE, Shaw SJ, Millett DE, Gong H, Chui LA, Liu CY, Ne-
nadic Z & Do AH (2017). Characterization of electrocorticogram high-gamma signal in
response to varying upper extremity movement velocity. Brain Struct Funct 222,
3705-3748.

40



5. Abkurzungsverzeichnis

DICS: Dynamic imaging of coherent sources
M1: Primary motor cortex

MEG: Magnetoencephalography

MRI: Magnetic resonance imaging

PAC: Phase-amplitude coupling

PMC: Premotor cortex

SMA: Supplementary motor area

SNR: Signal-to-noise ratio

SSD: Spatio-spectral decomposition

tACS: Transcranial alternating current stimulation
TGP: Theta-gamma peak

TGT: Theta-gamma trough
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