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A B S T R A C T

Corticobasal syndrome (CBS) is characterized not only by parkinsonism but also by higher-order cortical dys-
functions, such as apraxia. However, the electrophysiological mechanisms underlying these symptoms remain 
poorly understood.

To explore the pathophysiology of CBS, we recorded magnetoencephalographic (MEG) data from 17 CBS 
patients and 20 age-matched controls during an observe-to-imitate task. This task involved observing a tool-use 
video (action observation), withholding movement upon a Go cue (movement preparation), and subsequently 
imitating the tool-use action. We analyzed spectral power modulations at the source level.

During action observation, event-related beta power (13-30 Hz) suppression was weaker in CBS patients 
compared to controls. This reduction was evident bilaterally in superior parietal, primary motor, premotor and 
inferior frontal cortex. During movement preparation, beta power suppression was also reduced in CBS patients, 
correlating with longer reaction times. Immediately prior to movement onset, however, beta suppression was 
comparable between groups.

Our findings suggest that action observation induces beta suppression, likely indicative of motor cortical 
disinhibition, which is impaired in CBS patients. This alteration may represent a neural correlate of disrupted 
visuo-motor mapping in CBS. The altered timing of beta suppression to the Go cue suggests deficits in learning 
the task’s temporal structure rather than in movement initiation itself.

1. Introduction

The corticobasal syndrome (CBS) is a rare neurodegenerative disease 
that rapidly progresses, with no causal treatment options available to 
this day (Armstrong et al., 2013). The cardinal clinical features are 
parkinsonism, cognitive decline, and apraxia, i.e. the inability to enact 
skilled movements despite intact primary sensory and motor function 
(Park, 2017), often asymmetrically presented at disease onset 
(Armstrong et al., 2013). At first clinical presentation, CBS is frequently 
misdiagnosed due to its variable symptomology (Osaki et al., 2004; 
Joutsa et al., 2014; Alexander et al., 2014; Aiba et al., 2023). The car-
dinal neuropathological hallmark is the accumulation of misfolded tau- 
protein in neurons and glia cells, followed by their degeneration 

(Höglinger et al., 2018). The protein-pathology presumably begins 
subcortically in the basal ganglia and spreads to various cortical sites, 
with widespread effects on the frontal, parietal and temporal lobes 
(Leuzy et al., 2019). Especially motor areas like peri-rolandic, premotor 
and supplementary motor regions are frequently mentioned as cortical 
hubs of tau pathology (Pardini et al., 2019; Cho et al., 2017; Kikuchi 
et al., 2016; Smith et al., 2017) and degeneration (Huey et al., 2009; 
Josephs et al., 2010; Whitwell et al., 2010; Dutt et al., 2016; Matsuda 
et al., 2020).

The electrophysiology of CBS is not well investigated. Electroen-
cephalography (EEG) and magnetoencephalography (MEG) studies hint 
towards widespread spectral slowing of brain activity at rest (Tashiro 
et al., 2006; Barcelon et al., 2019; Krösche et al., 2023), pronounced in 
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frontal and parietal sites (Krösche et al., 2023). The clinical conse-
quences of these alterations, however, remain unclear. Among various 
cognitive functions, frontoparietal networks are implicated in the pro-
cesses of action observation (Molenberghs et al., 2012; Hardwick et al., 
2018), motor imagery (Caspers et al., 2010; Hétu et al., 2013; Hardwick 
et al., 2018) and action execution (Jeannerod, 2001; Hardwick et al., 
2018). All of these processes are associated with a desynchronization of 
motor rhythms in the alpha and beta range (Schnitzler et al., 1997; 
McFarland et al., 2000; Caetano et al., 2007; Fairhall et al., 2007; Eaves 
et al. 2016). On a cellular level, these functions are presumably sup-
ported by mirror neurons, i.e. neurons that discharge similarly during 
execution and observation of goal-directed movements (Di Pellegrino 
et al., 1992; Gallese et al., 1996; Rizzolatti et al., 1996). Mirror neurons 
were first described in nonhuman primates in frontal and parietal re-
gions (Di Pellegrino et al., 1992; Gallese et al., 1996; Fogassi et al., 2005) 
before their discovery in humans (Mukamel et al., 2010). Their activity 
represents the observed action in a motoric neuronal code (Rizzolatti 
et al., 1996; Rizzolatti et al., 2009; Heyes and Catmur, 2022). Damage to 
the mirror neuron system may lead to deficits in performing and 
perceiving goal-directed movements in CBS.

In line with this concept, neuropathology studies demonstrated that 
cortical degeneration in frontoparietal areas is related to apraxia (Gross 
and Grossman, 2008; Park, 2017). The same areas show disease-related 
structural changes in CBS (Huey et al., 2009). On the electrophysio-
logical level, a previous study found pathologically increased left pari-
etal to right premotor beta-band coherence (13-30 Hz) prior to tool-use 
pantomime in three CBS patients with apraxia (Wheaton et al., 2008). 
While these observations align well with the established role of fronto-
parietal networks in goal-directed movement, there is not enough data 
available to draw firm conclusions on how activity in these networks 
relates to CBS symptoms.

To help fill this knowledge gap, the current study investigated the 
association between oscillatory activity and deficits in action observa-
tion and movement preparation in a comparably large sample of CBS 
patients. We made use of an observe-to-imitate task engaging fronto-
parietal networks, which are presumed to be dysfunctional in CBS 
patients.

2. Methods

2.1. Participants

In total, 17 CBS patients and 20 healthy controls performed the 
imitation task. Data from two control participants were discarded. One 
participant was taking antidepressants and another one had aphantasia 
i.e. was impaired in motor imagery (Dupont et al., 2022). Four patients 
of the CBS group were excluded. Two patients did not follow the task 
instructions and two further patients were diagnosed with Progressive 
Supranuclear Palsy or Multisystem Atrophy later during clinical follow- 
up. Consequently, the data of 13 CBS patients and 18 control subjects 
were used for analysis. The groups did not differ in age (see Table 1.; t 
(29) = − 1.628, p = 0.114). In the patient group, we performed several 
neuropsychological / neurological tests to evaluate cognitive impair-
ment, parkinsonism, and apraxia. We used the Montreal Cognitive 
Assessment (MoCA) to evaluate cognitive impairment (Nasreddine et al., 
2005), the UPDRS-III for the severity of parkinsonism (Goetz et al., 
2008), the Goldenberg’s Apraxia Test (Goldenberg, 1996) and the Test 

of Upper Limb Apraxia (Vanbellingen et al., 2010) for apraxia. We report 
relative test scores for cognitive impairment as physical disabilities 
prevented testing items on visuospatial orientation reliably in two pa-
tients. The MoCA scores were normalized by dividing the achieved score 
by the maximal score, considering only scorable items. The local ethics 
committee approved the study (study-number: CBS: 2019–447-andere) 
and every participant gave written informed consent prior to partici-
pation, in accordance with the Declaration of Helsinki.

2.2. Trial design

We made use of an observe-to-imitate task, i.e. the observation of an 
action, followed by a delayed request to imitate that same action 
(Fig. 1). Each trial began with the display of a fixation cross (variable 
stimulus duration: 1–3 s) followed by a 2 s video displaying a person 
using a hammer or a screwdriver, either with the left or with the right 
hand, in first-person view. This was followed by text instructing the 
participants to withhold movement (“do not move yet”) until a Go cue 
appeared (movement preparation phase, duration: 5 s). The Go cue was 
on screen for 4 s. Meanwhile, participants imitated the action with the 
cued hand until a Stop cue was presented (stimulus duration: 1 s).

Following 10 practice trials, maximally 4 blocks of 40 trials (21 
screwdriver, 19 hammer trials in random order) were recorded per 
participant. In each block, participants were requested to respond with 
the right hand or with the left hand only (first block randomized, hand 
switch after each subsequent block). We recorded at least one right hand 
block and one left hand block in all but one patient, who completed only 
one left hand block (median: 4 blocks; Range: 1–4; Supplementary 
Table 1). All healthy controls completed all four blocks.

2.3. Recordings

Brain activity was recorded with a 306-sensor MEG system (Vec-
torView, MEGIN, Espoo, Finland) in a magnetically shielded room, with 
a sampling rate of 1000 Hz. During the recordings, participants were 
sitting in upright position with their arms positioned on a table in front 
of them. Electromyograms were recorded from both forearms and ac-
celerometers were attached to the left and right index finger to track 
upper limb motion. In addition, we recorded a vertical and a horizontal 
electrooculogram.

2.4. Data preprocessing

2.4.1. Data cleaning
Data analysis was performed with MATLAB 2018a (MathWorks, 

Natick, MA), Python 3.9.1, and the Fieldtrip toolbox (version 
18.01.2023, Oostenveld et al., 2011). After discarding bad channels, we 
applied temporal Signal Space Separation (tSSS, Taulu and Simola, 
2006) to attenuate the interference of sources from outside the MEG 
helmet (MNE-Python Toolbox 1.3.1, Gramfort et al., 2013). Next, we 
filtered the tSSS-cleaned data with the spectral interpolation algorithm 
(Leske and Dalal, 2019) to remove line noise and its harmonics and 
applied a high-pass filter with a cut-off frequency of 0.5 Hz before 
resampling the data to 250 Hz. Next, we screened the data, removed 
periods of movement artifacts and sensor noise, and applied indepen-
dent component analysis. Independent components of non-brain origin, 
e.g. heartbeat and eye movements, were discarded (median number of 

Table 1 
Summary data of the study cohorts.

Group Mean (Std.) age 
(years)

Gender (f/ 
m)

Diagnosis (poss./ 
prob.)

Mean (Std.) UPDRS-III 
(sum)

Mean (Std.) MoCA 
(normalized)

Mean (Std.) Goldenberg 
(sum)

Mean (Std.) TULIA 
(sum)

CBS 65.23 (9.27) 6/7 5/8 35.92 (22.03) 0.66 (0.21) 56 (21.73) 18.25 (5.86)
HC 69.17 (3.82) 10/8 – – – – –

CBS: Corticobasal Syndrome, HC: Healthy controls.
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ICs removed: 2.5, range: 1 – 5).

2.4.2. Trial definition
The preprocessed time series were segmented into trials of 14 s, 

centered on the Go cue (-10 to +4 s), encompassing baseline (-7.75 s to 
-7 s), video (-7 s to -5 s), and movement preparation phase (-5 s to 0 s). 
Although the extracted trials contained the movement phase, we did not 
analyze this phase, but limited all analyses to events preceding move-
ment onset.

The choice of the baseline period (-7.75 s to -7 s) was motivated by 
the need for a pre-stimulus period that was both close in time to the 
events of interest and distant in time from the movement carried out in 
the previous trial. When defining trials, we additionally included some 
seconds prior to baseline to exclude trials with pre-baseline movement, 
which might result in post-movement beta rebounds contaminating the 
baseline period (see section Trial selection).

2.4.3. Trial selection
We screened all trials and discarded trials containing movement 

artifacts, particularly when artifacts occurred within or just before the 
baseline period. To detect outliers in the baseline period, we applied a 
semi-automatic procedure involving a threshold applied to the first 
principal component of the smoothed accelerometer signals (±2.33 SD). 
If ≥100 ms of data within or prior to the baseline period (-9 s to -7 s) 
were marked as outliers the trial was considered invalid. The results 
were visually checked and corrected if necessary. This meticulous 
screening procedure served to ensure that the data analyzed here do not 
contain movement artifacts.

In total, 22.89 % of trials were removed (CBS: 27.27 %, HC: 20.43 
%). The average number of trials after denoising and pooling hammer 
and screwdriver trials was 86.46 for the CBS group (std: 34.45; range: 
28–132) and 124.39 for the HC group (std: 21.21; range: 87–159). In all 
analyses, spectra were excluded if they were based on less than 25 trials. 
Supplementary Table S1 provides more detailed information on the 
available trials per subject.

2.4.4. Movement onset detection
The Teager Kaiser Energy Operator (TKEO, Solnik et al., 2010) was 

computed to determine movement onset in the accelerometer signals. 
TKEO was z-normalized, using the mean of a movement-free reference 
period (-3 to -1 s with respect to the Go cue), and a threshold was applied 
to determine movement onset (>200 SD TKEO of non-moving hand). 
Movement onset estimates were visually inspected and corrected if 
necessary. Reaction times were determined by computing the difference 
between movement onset and Go cue onset.

2.5. Source reconstruction

T1-weighted magnetic resonance imaging (MRI) scans (Siemens 
Magnetom Tim Trio, 3-T MRI scanner, Munich, Germany) were used to 
compute individualized, single-shell head models (Nolte, 2003). Indi-
vidual MR-images were available for all CBS patients and for 15 of 19 

healthy controls. For the remaining participants, we used a template 
brain (Holmes et al., 1998). The coordinate systems of the MEG and the 
MRI data were aligned based on anatomical landmarks sampled with a 
digitizer system (Isotrak, Polhemus, Colchester, Vermont, USA) prior to 
the MEG recordings. Trials were cut into non-overlapping segments of 1 
s length, and we computed one covariance matrix per experimental 
block. Based on the gradiometer covariance, we estimated source ac-
tivity for 567 positions on the cortical surface in Montreal Neurological 
Institute (MNI) space, using a Linearly Constrained Minimal Variance 
beamformer and a regularization parameter of 5 % (van Veen et al., 
1997). Subsequently, we applied singular value decomposition to the x-, 
y-, and z-components of the resulting dipoles and kept the vector with 
the largest eigenvalue. Source reconstruction was based on gradiometers 
only.

2.6. Spectral analysis

Time-frequency decomposition of the source-reconstructed trial data 
was done via Morlet wavelets for frequencies ranging between 4 Hz and 
90 Hz, in 1 Hz steps. The number of cycles for the wavelets ranged from 
4 to 15, increasing as a function of frequency in logarithmic space. 
Wavelets were shifted in steps of 32 ms with respect to the signal. Time- 
frequency spectra were baseline-corrected by subtracting the temporal 
mean of the baseline period (-7.75 to -7 s) from each time-frequency bin 
and dividing the difference by that same value (percent change). Note 
that the baseline was frequency-specific.

2.7. Statistical analysis

We applied two-tailed cluster-based permutation tests with Monte- 
Carlo sampling to quantify between-group effects (Maris and Oos-
tenveld, 2007). In short, the dependent variable was shuffled across 
groups ≥50,000 times. Each time, a cluster-forming threshold was 
applied, t-values were summed for each cluster and the largest sum was 
kept, contributing to the empirical null distribution. Clusters in the 
original (non-shuffled) data were considered significant if their cluster 
sum fell within the extreme 5 % of the null distribution.

As we did not observe differences between hammer and screwdriver 
trials, we pooled trials across tools for statistical analysis. Similarly, we 
pooled right hand and left hand trials after mirroring the activity 
recorded in left hand trials across the midsagittal plane. Both steps 
served to increase the signal-to-noise ratio.

2.7.1. Estimating the rate of beta power suppression
We used linear regression to estimate the rate of beta event-related 

desynchronization per participant. More specifically, we averaged the 
baseline-corrected time-frequency spectra across the beta band (13-30 
Hz), resulting in one beta power value per time step (32 ms) for the 
interval -3.5 s to -0.48 s relative to Go cue onset. The last 480 ms before 
Go cue onset were omitted because this epoch contained overt move-
ment in the HC group (Fig. 2A). Beta power was smoothed with a 
moving-average filter to denoise the signal (width: 160 ms) and 

Fig. 1. Trial design. A) Following the display of the fixation cross (1–3 s), a 2 s tool-use video was displayed involving either a hammer or a screwdriver, operated 
with the left or right hand, depending on the experimental block. This was followed by the instruction to withhold movement (“Noch nicht bewegen…”; 5 s) and a Go 
cue (“Los!”; 4 s). Patients were to imitate the action displayed earlier until presentation of a Stop cue (1 s). A trial lasted between 13 s and 15 s. B) A screenshot of 
each of the four videos used in the task. Mov. Prep.: Movement preparation.

M. Krösche et al.                                                                                                                                                                                                                                Neurobiology of Disease 205 (2025) 106796 

3 



regressed on time to obtain the slope. Slope estimates were compared 
between groups with independent sample t-tests at an alpha-error rate of 
5 %. When relating the beta slopes to reaction time, we pooled values 
across groups and computed Pearson partial correlation coefficients to 
control for possible group differences in slope.

2.7.2. Bayesian statistics
We applied a Bayesian Analysis of Variance to assess the presence vs. 

absence of group effects in different phases of the trial. The analysis was 
performed with R (version 4.4.0) using the BayesFactor package 
(version 0.9.12–4.7). The model included group (HC vs. CBS), hemisphere 
(contralateral vs. ipsilateral) and trial phase (action observation, motor 
preparation, movement initiation) as fixed effects, alongside participant 
(participant ID) as a random effect to account for within-subject vari-
ability. The reported Bayes Factors (BF) quantify the evidence for (H1) 
or against (H0) a group difference per trial phase. They result from post- 
hoc pairwise comparisons, conducted with Bayesian, independent 
sample t-tests, after confirming a group x trial phase interaction. The 
reporting of evidence follows the recommendations of Andraszewicz 
et al. (2015).

3. Results

3.1. Behavioral results

All patients were able to imitate hammer and screwdriver use, with 
large variability in the quality of imitation. Rather than addressing 
imitation per se, we focused on pre-movement brain activity.

In the pre-movement phase, both groups revealed slight hand motion 
in some of the trials, despite being instructed to withhold movement 
until Go cue presentation. This motion was successfully removed in data 
cleaning (Fig. 2). After data cleaning, the accelerometer data were 
largely similar for CBS and HC except for the period immediately pre-
ceding the Go cue (cluster at -480 ms to 0 s: tsum = -527.109, p = 0.005; 
Fig. 2A). Around this time, controls, but not CBS patients, had already 
initiated their response. Accordingly, controls reacted faster to the Go 
cue than CBS patients (t(29) = 4.124, p < 0. 001, Fig. 2B).

3.2. Action observation

Action observation was associated with a decrease in alpha/beta 

power (9-30 Hz), henceforth referred to as event-related desynchroni-
zation (ERD). The ERD occurred predominantly in sensorimotor and 
parietal areas, and, with lower amplitude, in temporal and occipital 
areas (Fig. 3). It was bilaterally distributed, with a slight emphasis on the 
hemisphere contralateral to movement, particularly in controls. The 
desynchronization outlasted the video by ~800 ms in both groups 
(Fig. 3).

The ERD associated with action observation was more pronounced in 
controls than CBS patients, for whom the ERD had a more posterior 
localization. Specifically, pre- and postcentral gyri as wells as the middle 
frontal gyrus, and parts of the inferior frontal gyrus showed a weaker 
desynchronization bilaterally in CBS patients (Fig. 4B; contralateral 
cluster: tsum = 165.263, p = 0.041; ipsilateral cluster: tsum = 193.029, p =
0.034). The grid points contained in these clusters served as regions of 
interest (ROI) in the following. The effect was specific to the beta band, 
covered the entire observation phase and outlasted it by about 300 ms 
(Fig. 4C; contralateral cluster tsum = 2496.215, p = 0.017; ipsilateral 
cluster tsum = 2479.829, p = 0.017). Group differences in the alpha (8-12 
Hz) and gamma band (60-90 Hz) were not significant.

3.3. Movement preparation

In the 5 s following video offset, participants were waiting for the Go 
cue signaling imitation start. In this phase, we observed a second alpha/ 
beta ERD, intensifying over time (Fig. 3). The pattern of desynchroni-
zation was more focal in comparison to action observation, with a clear 
peak in sensorimotor cortex contralateral to movement. This second 
ERD was again smaller in the CBS group, provided that trials were 
anchored to Go cue onset. Differences emerged in the pre-and post-
central gyri and middle frontal gyri contralateral to the response hand 
(Fig. 4B; cluster tsum = 121.356, p = 0.039). As for action observation, 
the group difference occurred the beta band specifically (Fig. 4C; 
contralateral cluster tsum = 1471.227, p = 0.039; time range: -1.488 s to 
0 s). No significant differences emerged in the alpha or in the gamma 
range. We note that part of the effect might have been mediated by 
differences in overt movement shortly before Go cue onset (Fig. 2A). 
When excluding the last 480 ms of the trial, the statistical effect reduced 
to a trend (cluster tsum = 90.431, p = 0.053).

Fig. 2. CBS patients reacted slower than healthy controls (HC). A) Root mean square (RMS) accelerometer data for the moving (ipsilateral) and the non-moving 
(contralateral) hand before (dashed lines) and after (solid lines) cleaning. HC presented larger RMS values than patients within the [-0.48 s to 0 s] interval (blue 
shading), with 0 s indicating Go cue onset. B) Distribution of trial median reaction time per participant for CBS (median: 0.496 s, range: 0.384 s to 1.054 s) and HC 
(median: 0.362 s, range: 0.272 s to 0.466 s). Bsl.: Baseline; CBS: Corticobasal Syndrome; HC: Healthy controls; RT: Reaction time. (For interpretation of the references 
to color in this figure legend, the reader is referred to the web version of this article.)
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3.4. Trial phase comparison

Interestingly, the differences observed immediately before move-
ment onset (-0.5 s to 0 s) vanished when trials were centered on 
movement onset rather than Go cue onset (Fig. 5; cluster tsum = 8.87, p =
0.411). In fact, the movement-locked ERD was remarkably similar for 
HC (Fig. 5A) and CBS (Fig. 5B) with respect to spatial extent, strength, 
and dynamics, indicating that movement initiation might not be altered 
in CBS patients.

In order to corroborate the absence of a group difference, we con-
ducted a Bayesian analysis, assessing group effects on beta ERD in the 
three different trial phases. Specifically, we averaged baseline-corrected 
power across beta frequencies (13-30 Hz), across locations within the 

ipsilateral and within the contralateral ROI, separately, and across the 
following time intervals: +0.25 s to +2 s relative to video onset (action 
observation), -1.5 s to 0 s relative to Go cue onset (movement prepara-
tion) and -0.5 s to 0 s relative to movement onset (movement initiation). 
This analysis yielded strong evidence for an interaction between trial 
phase and group (BF10 = 19.761). Post-hoc comparisons yielded no 
evidence for a group difference during movement initiation (BF10;contra. 
= 0.727; BF10;ipsi. = 0.697), but strong evidence for action observation 
(BF10;contra. = 29.399; BF10;ipsi. = 25.704) and moderate evidence for 
movement preparation (BF10;contra. = 8.751; BF10;ipsi. = 3.603). The dif-
ference in effect size is illustrated in Fig. 5C.

Fig. 3. Action observation and movement preparation were associated with a decrease of beta power in sensorimotor cortex. Spectra: group-average time-frequency 
spectra of sensorimotor cortex contralateral to imitation bodyside. Relative power change with respect to baseline (-7.75 s to -7 s) is color-coded. The dashed boxes 
indicate the time-frequency selection used in the source plots below. Left: action observation. Right: movement preparation. Video: -7 s to -5 s. Go cue onset: 0 s. 
Vertical line at -5 s: video offset. A) Healthy controls (N = 18), left hand imitation. B) Healthy controls (N = 18), right hand imitation. C) CBS patients (N = 11), left- 
hand imitation. D) CBS patients (N = 11), right-hand imitation. C) and D): two recordings were excluded because spectra were based on less than 25 trials. HC: 
Healthy controls; CBS: Corticobasal Syndrome.
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3.5. Go cue anticipation

The above analysis suggests that CBS patients and controls did not 
differ in motor cortical beta power suppression before moving (Fig. 5). 
Nevertheless, we observed group differences in beta ERD in the move-
ment preparation phase (Fig. 4). We hypothesized that these findings 
can be reconciled by accounting for the difference in reaction time. CBS 
patients reacted slower than controls, which presumably went along 
with a slower suppression of beta power. In order to test this idea, we 
estimated the linear decay rate of beta power (beta slope) in the 
movement preparation phase and compared it across groups.

The estimated slopes of the beta ERD were smaller in the CBS group 
than in controls (Fig. 6A; contralateral ROI: t(29) = 3.103, p = 0. 004; 
ipsilateral ROI: t(29) = 3.761, p < 0. 001). Furthermore, the slope es-
timates of the contralateral hemisphere correlated with reaction times, 
confirming that steeper beta slopes are related to faster reaction times 
(Fig. 6B; Pearson partial correlation; contralateral ROI: rBeta⨯RT|Group =

0.417, p = 0.022; ipsilateral ROI: rBeta⨯RT|Group = 0.212, p = 0.26). The 
correlations remained significant when excluding the outlier with RT >
1 s. These findings suggest that CBS patients were less oriented in time, 
resulting in insufficient suppression of beta power at Go cue onset and 

longer reaction times.

3.6. Correlations between beta ERD and CBS symptoms

In CBS patients, we found no correlation (Spearman’s ρ) between the 
beta ERD in the contra- or ipsilateral region of interest and test scores 
quantifying apraxia (TULIA: |ρ| < 0.375, p > 0.23; Goldenberg: |ρ| < 
0.396, p > 0.182), cognitive impairment (MoCA: |ρ| < 0.385, p >
0.194), or parkinsonism (UPDRS III: |ρ| < 0.251, p > 0.409). We neither 
found correlations between test scores and beta slope estimates (|ρ| < 
0.509, p > 0.076).

4. Discussion

Little is known about the patho-electrophysiolgy of CBS. In this 
paper, we provide a comprehensive characterization of the electro-
physiological differences between CBS patients and healthy age- 
matched controls in an observe-to-imitate task, requiring functions 
believed to be impaired in CBS, such as visuo-motor mapping and motor 
preparation. We found that action observation and GO cue anticipation 
were associated with beta power desynchronization in motor and 

Fig. 4. Comparison of event-related beta power desynchronization between CBS patients and healthy controls. A) Difference in group-average baseline-corrected 
beta-power (13-30 Hz) for action observation (-6.75 s to -5 s) and movement preparation (-1.5 s to 0 s). Warmer colors indicate weaker event-related beta 
desynchronization (beta ERD) in patients. Left- and right-hand trials were pooled after mirroring the activity of left-hand trails across the sagittal plane (left 
hemisphere: contralateral to imitation). B) Whole-brain statistical comparison, beta ERD in CBS patients vs. HC. Non-significant changes masked. Highlighted areas 
in the left column of B) served as regions of interest (ROI). C) Statistical comparison of time-frequency maps for the contralateral ROI (B, left column, left hemisphere) 
and for the ipsilateral ROI (B, left column, right hemisphere). Significant differences indicated by solid black contour. The black horizontal line marks the epoch 
containing movement in HC (see Fig. 2A). Vertical line at -5 s: video offset. AO: Action observation; MP: Movement Preparation. CBS: Corticobasal Syndrome; HC: 
Healthy controls.
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parietal areas. These modulations, timed to action-relevant, visual in-
formation presented before movement onset, were weaker in CBS pa-
tients than in controls. The degree of beta power suppression 
immediately before movement onset, in contrast, was not different be-
tween patients and controls, suggesting that the effects observed here 
are neural correlates of selective deficits in visuo-motor mapping and 
implicit learning of temporal structure, respectively, rather than of 
impaired movement initiation.

4.1. Action observation

Functional magnetic resonance studies revealed a comprehensive 
brain network encompassing both subcortical and cortical regions 
engaged in the observation of meaningful actions. Subcortically, acti-
vation occurs in the cerebellum (Gazzola and Keysers, 2009; Molen-
berghs et al., 2012), in the basal ganglia (Errante and Fogassi, 2020; 
Errante et al., 2023), and in the thalamus (Errante and Fogassi, 2020; 
Errante et al., 2023). Cortically, frontal regions such as premotor and 
precentral cortex are involved, alongside the supplementary motor area, 

primary somatosensory cortex, parietal and occipital cortex (Caspers 
et al., 2010; Molenberghs et al., 2012; Hardwick et al., 2018; Errante and 
Fogassi, 2020; Errante et al., 2023).

On the electrophysiological level, action observation is associated 
with a suppression of beta oscillations in sensorimotor areas (Cochin 
et al., 1998; Hari et al., 1998; Babiloni et al., 2002; Muthukumaraswamy 
and Johnson, 2004; Caetano et al., 2007; Sebastiani et al., 2014; Pav-
lidou et al., 2014b; Pavlidou et al., 2014a; Kilner et al., 2009). In 
agreement with the current study, a previous study localized this beta 
desynchronization to frontoparietal areas, and primary sensorimotor 
areas in particular (Sebastiani et al., 2014). Concerning the lateraliza-
tion of beta desynchronization during action observation there is con-
flicting evidence. One study reported bilateral desynchronization 
(Babiloni et al., 2002) while another study reports contralateral 
desynchronization with respect to the target stimulus (Kilner et al., 
2009). In our study, we found that beta desynchronization during action 
observation shows a mild contralateral predominance, which might 
have resulted from the need to imitate the observed, unilateral hand 
movement later in the trial.

Fig. 5. Beta power dynamics were similar for CBS patients and healthy controls immediately before movement onset. A) HC and B) CBS patients. Group-average 
time-frequency spectrum of sensorimotor cortex contralateral to imitation bodyside, anchored to movement onset (0 s). Relative power change with respect to 
baseline (-7.75 s to -7 s) is color-coded. The dashed boxes indicate the time-frequency selection used in the source plots below. Left- and right-hand trials were pooled 
after mirroring the activity of left-hand trails across the sagittal plane (left hemisphere: contralateral to imitation). C) Baseline-corrected power, averaged across beta 
frequencies, time points within the respective trial phase, and grid points contained within the two regions of interest (Fig. 4B, left column). HC: Healthy controls; 
CBS: Corticobasal Syndrome; ROI: Region of interest; AO: Action observation; MP: Movement preparation; MI: Movement initiation. ERD: Event-related 
desynchronization.
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Providing movement context is known to affect the beta desynch-
ronization associated with action observation, although the nature of 
these effects is not fully understood. Muthukumaraswamy and Johnson 
(2004), for example, found that the observation of meaningless move-
ments leads to less beta suppression than the observation of goal- 
directed movements. Pavlidou et al. (2014b), in contrast, found that 
biologically implausible movement is associated with a stronger ERD 
than plausible movement, which was attributed to a difference in effort 
when matching visual information onto motor representations. These 
reports imply that beta modulations emerging during action observation 
are related to cognitive processes rather than being limited to movement 
parameters.

4.2. Similarities between action observation, motor imagery, and 
movement execution

The electrophysiological signature of action observation is remark-
ably similar to that of movement execution and motor imagery. Before 
participants begin to move (Toro et al., 1994; Fairhall et al., 2007), or 
imagine a movement (Pfurtscheller and Neuper, 1997; Schnitzler et al., 
1997; McFarland et al., 2000; Eaves et al. 2016), beta power decreases in 
primary sensorimotor areas. Given the substantial evidence supporting 
an inhibitory role of beta oscillations in motor control, stemming from 
studies on Parkinson’s disease (Kühn et al., 2004; Swann et al., 2011; 
Alegre et al., 2013; Toledo et al., 2014) and response inhibition (Swann 
et al., 2012; Picazio et al., 2014; Schaum et al., 2021), this beta power 
suppression likely reflects a transient disinhibition of primary sensori-
motor cortex, which is otherwise constantly inhibited by the response 
inhibition network, including pre-supplementary motor area (Swann 
et al., 2012; Picazio et al., 2014; Schaum et al., 2021), inferior frontal 
cortex (Swann et al., 2012; Picazio et al., 2014; Schaum et al., 2021) and 
the subthalamic nucleus (Kühn et al., 2004; Alegre et al., 2013; Chen 

et al., 2020). Notably, this transient disinhibition does not necessarily 
result in overt movement. It rather reflects an “active network state” 
(Pogosyan et al., 2009; Little et al., 2019; Muralidharan and Aron, 2021) 
common to action observation, motor imagery and movement execu-
tion. In line with this interpretation, a recent meta-analysis of fMRI 
studies has demonstrated that the activation maps of action observation, 
motor imagery, and motor execution considerably overlap in premotor, 
sensorimotor, and rostral parietal areas (Hardwick et al., 2018).

4.3. Differences between action observation, motor imagery, and 
movement execution

Besides the abovementioned similarities, several differences have 
been identified between action observation, motor imagery, and motor 
execution. Notably, movement execution engages a rather focal cortical 
network centered on primary sensorimotor areas, with a limited acti-
vation of premotor and inferior parietal regions (Hardwick et al., 2018). 
Action observation and motor imagery, in contrast, recruit a more 
extended network, including premotor, pre-SMA and various parietal 
areas (Hardwick et al., 2018). These additional frontoparietal regions 
might be required for visuo-motor mapping, i.e. the integration of the 
visual percept and the motor representation of an action, which is 
particularly important in observe-to-imitate tasks.

Substantial parts of the frontoparietal network are affected by 
pathological changes in CBS, likely explaining why we observed the 
strongest CBS-related alterations in the action observation phase. 
Pathological alterations include both gray matter degeneration (Huey 
et al., 2009; Josephs et al., 2010; Whitwell et al., 2010; Dutt et al., 2016; 
Matsuda et al., 2020) and damage to white matter tracts that link frontal 
with parietal cortices and/or subcortical regions, such as the superior 
longitudinal fasciculus (Ferrea et al., 2022; Uchida et al., 2023). The 
subcomponents of the superior longitudinal fasciculus linking parietal 
and frontal regions (Makris et al., 2005; Nakajima et al., 2020), in 
particular, might facilitate visuo-motor mapping during action obser-
vation (Hecht et al., 2013).

4.4. Movement preparation

The disinhibition of motor cortex during action observation, re-
flected by the first beta ERD in our task, was likely a direct consequence 
of action observation, and thus largely independent of learning. The ERD 
timed to the Go cue, in contrast, was presumably contingent on learning 
the trial’s temporal structure, including the constant interval between 
video offset and Go cue onset. Previous literature has demonstrated that 
beta power adapts to the timing of a predictable, upcoming target 
stimulus (van Ede et al., 2011; Heideman et al., 2018). In line with these 
studies, Tzagarakis et al. (2010) demonstrated that beta desynchroni-
zation is modulated by response uncertainty. Thus, the reduced pre-Go 
beta modulation in the CBS cohort is likely the result of uncertainty 
regarding the onset of the Go stimulus. The fact that patients have a 
slower ERD might thus be indicative of an impairment in learning 
temporal structure. In line with this idea, beta desynchronization 
correlated with reaction time, confirming previous reports (Perfetti 
et al., 2011; Tzagarakis et al., 2010). The deficit in learning temporal 
structure could potentially be due to widespread neurodegeneration in 
frontal cortex, parietal cortex and basal ganglia, which are known to be 
involved in time estimation (Coull et al., 2011; Coull et al., 2013). 
Premotor and parietal cortex are particularly relevant for anticipation of 
cues and response preparation (Coull et al., 2011).

4.5. Movement initiation

Previous findings in humans and non-human primates suggest that 
beta power must be suppressed below a certain threshold for movement 
initiation (Heinrichs-Graham and Wilson, 2016; Khanna and Carmena, 
2017). Here, we observed a slower beta power suppression and 

Fig. 6. The rate of beta power suppression prior to the Go cue differed between 
CBS patients and healthy controls and correlated with reaction time. A. Beta 
power dynamics before Go cue presentation (0 s). The group means are dis-
played as colored lines, and the standard error is indicated by shaded areas. B. 
Linear decay rate of beta power (beta slope) vs. trial-median reaction time. Note 
that we omitted the last 480 ms of the trial in this analysis because it contained 
hand movement (Fig. 2A). CBS: Corticobasal Syndrome; HC: Healthy controls; 
ROI: Region of interest; RT: Reaction time.
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prolonged reaction times in CBS patients relative to controls, but no 
difference with respect to the level of beta power suppression at 
movement onset. This finding suggests that the power threshold for 
movement initiation, relative to baseline, is similar in both groups. The 
timing of beta power suppression to the task, however, might be path-
ologically altered in CBS patients.

4.6. Clinical implications

Our results evidence pathological alterations of beta desynchroni-
zation in CBS patients, presumably caused by neurodegeneration in 
brain circuits involved in visuo-motor mapping and implicit learning of 
temporal structure. These electrophysiological alterations can be eval-
uated easily by presenting a tool-use video, coupled with the instruction 
to imitate, while recording MEG/EEG. Unlike motor imagery, this task 
does not require a high level of patient compliance. These properties 
make our approach potentially interesting for translation into diagnostic 
tools, that might be useful for differentiating Parkinson syndromes in the 
future.

4.7. Limitations and outlook

We did not find significant correlations between clinical scores and 
beta power desynchronization. This might be due to the relatively small 
sample size (N = 13) and the symptomatic variability in our patient 
cohort. Alternatively, it is conceivable that the observed alterations of 
brain activity might relate more to neurodegeneration per se than to 
clinical symptoms, which are known to have different long-term dy-
namics in neurodegenerative diseases (Armstrong et al., 2013; Aiba 
et al., 2023). Lastly, our study lacked several experimental conditions of 
interest, such as a motor imagery task, action observation without the 
need to imitate or action observation from different perspectives.

Whether and how the alterations of oscillatory activity in CBS relate 
to atrophy could be an interesting research question for future studies. 
Atrophy might affect oscillatory activity directly by compromising 
neural oscillators, and indirectly, by slightly increasing the distance 
between sensors and brain tissue.

5. Conclusion

The processing of observed actions is pathologically altered in CBS, 
likely reflecting a selective deficit in visuo-motor mapping. In addition, 
CBS patients show suboptimal timing of beta suppression to the task, 
presumably due to deficits in implicit learning of temporal structure.
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M. Krösche et al.                                                                                                                                                                                                                                Neurobiology of Disease 205 (2025) 106796 

9 

https://doi.org/10.1016/j.nbd.2025.106796
https://doi.org/10.1016/j.nbd.2025.106796
https://doi.org/10.1093/braincomms/fcad296
https://doi.org/10.1016/j.expneurol.2012.08.027
https://doi.org/10.1016/j.expneurol.2012.08.027
https://doi.org/10.1136/jnnp-2013-307035
https://doi.org/10.1136/jnnp-2013-307035
https://doi.org/10.1177/0149206314560412
https://doi.org/10.1177/0149206314560412
https://doi.org/10.1212/WNL.0b013e31827f0fd1
https://doi.org/10.1212/WNL.0b013e31827f0fd1
https://doi.org/10.1006/nimg.2002.1192
https://doi.org/10.3389/fneur.2019.00398
https://doi.org/10.1073/pnas.0702453104
https://doi.org/10.1016/j.neuroimage.2009.12.112
https://doi.org/10.1016/j.neuron.2020.02.012
https://doi.org/10.1212/WNL.0000000000004364
https://doi.org/10.1212/WNL.0000000000004364
https://doi.org/10.1016/S0013-4694(98)00071-6
https://doi.org/10.1038/npp.2010.113


Coull, Jennifer T., Davranche, Karen, Nazarian, Bruno, Vidal, Franck, 2013. Functional 
anatomy of timing differs for production versus prediction of time intervals. 
Neuropsychologia 51 (2), 309–319. https://doi.org/10.1016/j. 
neuropsychologia.2012.08.017.

Di Pellegrino, G., Fadiga, L., Fogassi, L., Gallese, V., Rizzolatti, G., 1992. Understanding 
motor events: a neurophysiological study. Exp. Brain Res. 91 (1), 176–180. https:// 
doi.org/10.1007/BF00230027.

Dupont, W., Papaxanthis, C., Madden-Lombardi, C., Lebon, F., 2022. Explicit and 
Implicit Motor Simulations are Impaired in Individuals with Aphantasia.

Dutt, Shubir, Binney, Richard J., Heuer, Hilary W., Luong, Phi, Attygalle, Suneth, 
Bhatt, Priyanka, et al., 2016. Progression of brain atrophy in PSP and CBS over 6 
months and 1 year. Neurology 87 (19), 2016–2025. https://doi.org/10.1212/ 
WNL.0000000000003305.

Eaves, D.L., Behmer, L.P., Vogt, S., 2016. EEG and behavioural correlates of different 
forms of motor imagery during action observation in rhythmical actions. In: Brain 
and cognition, 106, pp. 90–103. https://doi.org/10.1016/j.bandc.2016.04.013.

Errante, Antonino, Fogassi, Leonardo, 2020. Activation of cerebellum and basal ganglia 
during the observation and execution of manipulative actions. Sci. Rep. 10 (1), 
12008. https://doi.org/10.1038/s41598-020-68928-w.

Errante, Antonino, Gerbella, Marzio, Mingolla, Gloria P., Fogassi, Leonardo, 2023. 
Activation of cerebellum, basal ganglia and thalamus during observation and 
execution of mouth, hand, and foot actions. Brain Topogr. 36 (4), 476–499. https:// 
doi.org/10.1007/s10548-023-00960-1.

Fairhall, Scott L., Kirk, Ian J., Hamm, Jeff P., 2007. Volition and the idle cortex: beta 
oscillatory activity preceding planned and spontaneous movement. Conscious. Cogn. 
16 (2), 221–228. https://doi.org/10.1016/j.concog.2006.05.005.

Ferrea, Stefano, Junker, Frederick Benjamin, Hartmann, Christian Johannes, 
Dinkelbach, Lars, Eickhoff, Simon B., Moldovan, Alexia Sabine, et al., 2022. Brain 
volume patterns in corticobasal syndrome versus idiopathic Parkinson’s disease. 
J. Neuroimaging Off. J. Am. Soc. Neuroimaging 32 (4), 720–727. https://doi.org/ 
10.1111/jon.12971.

Fogassi, Leonardo, Ferrari, Pier Francesco, Gesierich, Benno, Rozzi, Stefano, 
Chersi, Fabian, Rizzolatti, Giacomo, 2005. Parietal lobe: from action organization to 
intention understanding. Science (New York, N.Y.) 308 (5722), 662–667. https:// 
doi.org/10.1126/science.1106138.

Gallese, V., Fadiga, L., Fogassi, L., Rizzolatti, G., 1996. Action recognition in the 
premotor cortex. Brain J. Neurol. 119 (Pt 2), 593–609. https://doi.org/10.1093/ 
brain/119.2.593.

Gazzola, Valeria, Keysers, Christian, 2009. The observation and execution of actions 
share motor and somatosensory voxels in all tested subjects: single-subject analyses 
of unsmoothed fMRI data. Cerebral Cortex (New York, N.Y. 1991) 19 (6), 
1239–1255. https://doi.org/10.1093/cercor/bhn181.

Goetz, Christopher G., Tilley, Barbara C., Shaftman, Stephanie R., Stebbins, Glenn T., 
Fahn, Stanley, Martinez-Martin, Pablo, et al., 2008. Movement Disorder Society- 
sponsored revision of the unified Parkinson’s disease rating scale (MDS-UPDRS): 
scale presentation and clinimetric testing results. Mov. Disord. 23 (15), 2129–2170. 
https://doi.org/10.1002/mds.22340.

Goldenberg, G., 1996. Defective imitation of gestures in patients with damage in the left 
or right hemispheres. J. Neurol. Neurosurg. Psychiatry 61 (2), 176–180. https://doi. 
org/10.1136/jnnp.61.2.176.

Gramfort, Alexandre, Luessi, Martin, Larson, Eric, Engemann, Denis A., 
Strohmeier, Daniel, Brodbeck, Christian, et al., 2013. MEG and EEG data analysis 
with MNE-Python. Front. Neurosci. 7, 267. https://doi.org/10.3389/ 
fnins.2013.00267.

Gross, Rachel Goldmann, Grossman, Murray, 2008. Update on apraxia. Curr. Neurol. 
Neurosci. Rep. 8 (6), 490–496. https://doi.org/10.1007/s11910-008-0078-y.

Hardwick, Robert M., Caspers, Svenja, Eickhoff, Simon B., Swinnen, Stephan P., 2018. 
Neural correlates of action: comparing meta-analyses of imagery, observation, and 
execution. Neurosci. Biobehav. Rev. 94, 31–44. https://doi.org/10.1016/j. 
neubiorev.2018.08.003.

Hari, R., Forss, N., Avikainen, S., Kirveskari, E., Salenius, S., Rizzolatti, G., 1998. 
Activation of human primary motor cortex during action observation: a 
neuromagnetic study. Proc. Natl. Acad. Sci. USA 95 (25), 15061–15065. https://doi. 
org/10.1073/pnas.95.25.15061.

Hecht, Erin E., Gutman, David A., Preuss, Todd M., Sanchez, Mar M., Parr, Lisa A., 
Rilling, James K., 2013. Process versus product in social learning: comparative 
diffusion tensor imaging of neural systems for action execution-observation 
matching in macaques, chimpanzees, and humans. Cerebral Cortex (New York, N.Y. 
1991) 23 (5), 1014–1024. https://doi.org/10.1093/cercor/bhs097.

Heideman, Simone G., van Ede, Freek, Nobre, Anna C., 2018. Temporal alignment of 
anticipatory motor cortical beta lateralisation in hidden visual-motor sequences. Eur. 
J. Neurosci. 48 (8), 2684–2695. https://doi.org/10.1111/ejn.13700.

Heinrichs-Graham, Elizabeth, Wilson, Tony W., 2016. Is an absolute level of cortical beta 
suppression required for proper movement? Magnetoencephalographic evidence 
from healthy aging. NeuroImage 134, 514–521. https://doi.org/10.1016/j. 
neuroimage.2016.04.032.
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