
Original Research Articles 

Movement-related beta modulation in amyotrophic lateral sclerosis        
depends on muscle strength: A magnetoencephalography study        
Tobias Sevelsted Stærmose, MD, PhD1 a, Lau Møller Andersen, PhD1,2 , Sarang S. Dalal, PhD1 , Christopher J. Bailey, 
PhD1 , Jakob Udby Blicher, MD, PhD1,3

1 Center of Functionally Integrative Neuroscience - CFIN, Institute for Clinical Medicine, Aarhus University, Aarhus, Denmark, 2 Cognitive Science and 
Semiotics, Department of Linguistics, Aarhus University, Aarhus, Denmark, 3 Department of Neurology, Aalborg University Hospital, Aalborg, 
Denmark 

Keywords: amyotrophic lateral sclerosis, magnetoencephalography, motor neuron disease, cortical beta 

https://doi.org/10.52294/001c.159203 

Aperture Neuro 
Vol. 6, 2026 

Movement‑related modulation of the sensorimotor beta‑rhythm (14–30 Hz) reflects 
aspects of cortical excitability, thalamocortical and local neuronal activity. However, its 
behavior in amyotrophic lateral sclerosis (ALS) has been explored almost exclusively 
during self-generated movement. We combined visually cued finger tapping with a 
pneumatic actuator‑driven, kinematically matched passive paradigm while recording 
whole‑head magnetoencephalography (MEG) in 11 ALS patients and 12 healthy controls 
(HC). Mean beta-band power was extracted for rest, event-related desynchronization 
(ERD) and post-movement rebound (event-related synchronization; ERS), and 
movement-related modulation was quantified relative to each participant’s rest window. 
The beta modulations (ERD and ERS) did not differ significantly between ALS patients 
and HC. However, stratifying ALS patients by hand strength revealed that patients with 
weakness showed a markedly shallower ERD than patients with preserved strength. The 
beta modulations (ERD, ERS, and absolute power) did not differ significantly. Movement 
type (active vs passive) did not significantly interact with grouping (ALS versus HC) and 
thus we were unable to confirm our hypothesis of abnormal beta modulation only in 
the active task. ALS does not uniformly attenuate movement-related beta‑power; rather, 
clinical weakness selectively blunts the desynchronization component of the 
movement-related beta-modulation, and this attenuation is equally evident during 
passive proprioceptive stimulation. Passive‑task beta‑modulation therefore could 
potentially offer an effort‑independent, disease‑severity‑sensitive marker related to 
muscle strength in ALS. 

INTRODUCTION 

Amyotrophic lateral sclerosis (ALS) is a fatal progressive 
motor neuron disease that affects both cortical and spinal 
motor neurons. The pathophysiology and origin of ALS are 
still not fully understood.1,2 Diagnostic delays between 
symptom onset and diagnosis are prolonged, with few bio
markers available to support early detection. This usually 
means patients are first diagnosed at widely varying stages 
of the disease.3 While loss of spinal motor neurons is often 
evident from clinical evaluation (loss of muscle force and 
atrophy), upper motor neuron dysfunction is more difficult 
to quantify clinically, as rating scales often rely on quan
tification of pathological reflexes. The current consensus 

criteria for ALS diagnosis (Gold Coast criteria4) allow for 
verification of lower motor neuron loss by electromyog
raphy (EMG) whereas upper motor neuron dysfunction is 
solely based on clinical evaluation, with only supportive ev
idence from magnetic resonance imaging (MRI), neurofila
ment levels and transcranial magnetic stimulation (TMS). 

Cortical disinhibition, as measured by paired-pulse TMS, 
is an early feature of ALS5 and is known to depend in part 
on intracortical GABAergic activity.6 Cortical disinhibition 
is not unique to ALS, as it has been reported for numerous 
other neurodegenerative diseases7 as well as post-stroke.8 

TMS techniques for investigating motor cortex excitability 
measure the size of the elicited motor-evoked potentials 
and are thus inevitably dependent on the integrity of the 
entire pathway from cortex to muscle. Consequently, 
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paired-pulse TMS might not be ideal for investigating cor
tical changes in ALS as the disease affects neurons in both 
the brain and the spinal cord. 

In the present study we use magnetoencephalography 
(MEG) as an alternative method to investigate cortical brain 
changes in ALS. MEG is a non-invasive and comfortable 
method for measuring cortical oscillations with high tem
poral precision (< 1 ms) and good spatial resolution (< 1 
cm).9,10 Neural oscillations occurring in the beta band 
(14-30 Hz) of the sensorimotor cortex are of particular in
terest in ALS as the beta band is modulated by movement 
in a well-known manner with event-related desynchroniza
tion (ERD) before the movement followed by event-related 
synchronization (ERS) after the movement.11,12 Beta power 
at rest, and modulation with movement, are related to 
GABA concentrations in the brain.13,14 Thus, beta band ac
tivity measured with MEG has potential as a biomarker of 
upper motor neuron involvement in ALS without direct de
pendency on the integrity of lower motor neurons, a poten
tial advantage compared to TMS. 

Prior studies investigating movement-related beta oscil
lations in ALS are inconclusive,15 this could in part be due 
to variation in patient performance as the ability to per
form the requested movement deteriorates as lower motor 
neuron burden and loss of muscle force increases. In line 
with this, Yoganathan et al. recently reported reduced corti
comuscular coupling during movement in ALS, supporting 
the idea that measures tied to motor output may be sensi
tive to disease severity and performance.16 In the current 
study, we combine the active movement task with a passive 
finger movement, to explore beta modulation in a task in
dependent of voluntary movement. 

To our knowledge, no prior studies have investigated the 
afferent features of the motor system in a passive move
ment task in ALS. The response to a passive finger move
ment has been shown to mainly contain proprioceptive in
formation.17 Proprioception is highly important for the 
execution of motor function, encoding the position of the 
limbs of the body in its movement range. Passive movement 
activates sensory areas of the brain18 and modulates beta 
band activity in motor areas as well.19 Although ALS is re
garded as a disease primarily affecting the motor system, 
we were curious whether cortical beta modulation with pas
sive movement would be abnormal due to the propriocep
tive input to M1. As MEG is primarily sensitive to dendritic 
activity, input to M1 could elucidate pathological processes 
even in a passive movement task. 

We hypothesized that patients with ALS would exhibit 
altered beta-band cortical modulation during active move
ments compared to healthy subjects, and that this alter
ation would appear only during active tasks if ALS selec
tively affected the pyramidal output cells in M1. Finally, we 
hypothesized that disease severity would correlate with the 
modulation of beta power. 

By the end of patient enrollment, it was evident that the 
patient group could be split into two subgroups with re
spect to disease severity. Half of the patients had moderate 
to severe paralysis in hand and finger muscles as opposed 
to the other half in which strength was normal. 

METHODS 

PARTICIPANTS 

Eleven ALS patients were recruited from the ALS clinic at 
the Department of Neurology, Aarhus University Hospital, 
Denmark. All patients were diagnosed according to the lat
est revision of the El Escorial Criteria at the time.20,21 The 
healthy age- and gender-matched controls were excluded 
if they had a prior history of psychiatric disorder, neuro
logical disease, or any limitation in hand or arm move
ment. All participants were given written and oral informa
tion before providing written informed consent. The study 
was approved by the Scientific Ethics Committee of Region 
Midtjylland, Denmark (ID number: 65059). 

Thirteen healthy controls (HC) were recruited through 
an ad in the local newspaper and additionally from non-
bloodline family and friends of the recruited patients. One 
healthy subject was excluded due to a history of multiple 
minor strokes, leaving 12 subjects in the HC group. 

PATIENTS: CLINICAL EXAMINATION 

Disease severity was evaluated by a neurological examina
tion as well as a rating of function using the revised ALS 
Functional Rating Score22 (ALSFRS-R, range 0–48, lower 
scores indicate greater disability). Upper motor neuron 
(UMN) burden was evaluated using the Penn Upper Motor 
Neuron Score23 (PUMNS, 0-32 points, higher scores indi
cate greater UMN burden). In all patients, muscle strength 
was assessed across 36 muscles and rated according to the 
Medical Research Council scale24 (MRC, 0-5). 

The clinical and functional data were collected within 
two weeks of the MEG session. The same medical doctor 
(author TSS), under supervision of an ALS expert neurolo
gist (co-author JB), performed all clinical assessments. 

TASK DESIGN 

To elicit reliable ERD/ERS responses in both active and pas
sive tasks, we used a simple visual paradigm: Rest (including 
ready) (5-6 s), preparation (yellow circle) = (2 s), action/move 
cue (green circle)(1 s), and back to rest, (see Figure 1). The vi
sual stimuli were back projected using a PROPixx projector 
(VPixx Technologies, Saint-Bruno, Canada) onto a screen 
approximately 1 m in front of the subject. Recordings took 
place in a dimly lit, three-layer, magnetically shielded room 
(Vacuumschmelze GmbH & Co. KG, Hanau, Germany). 

In the active condition, subjects were instructed to push 
a button against light resistant foam (Figure 2a), using their 
right index finger. A total of 100 movements were per
formed in five blocks of 20 button presses separated by four 
30 second rest blocks. All subjects were instructed to time 
the press of the button to the intersection of the yellow 
moving circle and the inner stationary circle (Figure 1). Par
ticipants were told to press the button in a firm and deci
sive manner, “like a firm handshake”. If the patient had lit
tle or no finger movement, they were still given the same 
instructions, even if the attempt to move produced no ac
tual movement. 
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Table 1. Participants 

Mean ± SD (Range) ALS (n=11) Controls (n=12) 

Age (Years) 57.8 ± 16.3 (33-75) 58.7 ± 15.0 (31-77) 

Gender 4F / 7M 6F / 6M 

Handedness 11 Right 12 Right 

ALSFRS-R 36.3 ± 7.7 (22-45) † N/A 

Time since diagnosis (months) 12.5 ± 10.7 (1-41)† N/A 

PUMNS (32 points max, lower is better) 6.5 ± 8.0 (0-28) N/A 

Riluzole treatment active at the time of the study 7 Yes / 3 No† N/A 

Note. One ALS patient was carrier of the C9ORF72 mutation. ALS Functional Rating Score (ALSFRS-R). Penn Upper Motor Neuron Score (PUMNS). † One dataset had incomplete data 
and is not included in this calculation; values are reported for 10/11 ALS patients. 

Figure 1. The visual paradigm: From left to right; Subject focuses on the central cross while resting, “ready” indicates 
that soon the move task will commence. The yellow circle appears and moves in toward the central circle (2s), subjects 
attempted to time their movement to when the yellow circle reaches the inner circle. The green circle moves outwards 
(1s) indicating that the task is done and will return to rest and then repeat. 

The passive condition involved an identical setup and vi
sual cue. A pneumatic muscle (Fluidic Muscle DMSP, Festo, 
Germany) pulled the subject’s index finger to mimic the 
movement of the active condition (5x20 pulls, 4x30s 
breaks) (Figure 2b). Subjects were instructed to keep at
tending the visual paradigm but relax their finger. 

The passive setup was based on Piitulainen et al.25 Par
ticipants were seated in an MEG-compatible chair and 
rested their arms on a side table (similar to an armchair po
sition). The pneumatic controls were provided by a pneu
matic artificial muscle stimulator (Aalto NeuroImaging, 
Aalto University, Espoo, Finland).25 The active/passive but
ton was mounted slightly above the table surface to place 
a slight extension on the subject’s index finger used for the 
experiment (see Figure 2). 

In both conditions, the subject’s finger was placed in a 
hard plastic sheet to hinder the movement of the distal 
joints and thus restrict the movement to the metacar
pophalangeal (MCP) joint. 

Both active and passive devices had the same restricted 
range of motion of ~2cm vertical movement. 

MEG ACQUISITION 

All subjects were scanned using a 306-channel TRIUX MEG 
system (Megin Oy, Finland). Simultaneous bipolar record
ings of EMG from flexor digitorum profundus and extensor 
indicis as well as right eye vertical electro-oculogram, using 
disposable gel-filled electrodes (Neuroline 720; Ambu A/
S, Denmark) were collected during the scan. Prior to the 

Figure 2. (A) Active task setup. (B) Passive task setup, the 
pneumatic muscle was connected to a control device 
outside of the magnetically shielded room. 

MEG recording, subjects had their head shape digitized us
ing the Polhemus FASTRAK (Vermont, USA) system and 4 
head position indicator coils were placed on the head to 
track movement. An accelerometer (ACC) (ADXL335, Ana
log Devices, Inc., USA) was mounted on the fingertip of 
the right index finger to record movement. The accelerome
ter is a non-magnetic sensor that uses low-amplitude volt
age and phase differences to determine acceleration beyond 
a defined baseline. The control/measurement unit is posi
tioned outside the magnetically shielded room and relays 
analog signals to additional MEG analog channels. Its use 
in MEG experiments is well documented26‑28 and the de
vice is MEG-compatible. The MEG data were recorded at a 
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Figure 3. Visualization of selected sensors. The green box 
indicates selected contralateral sensors (to the performed 
movement), ipsilateral sensors were selected as the 
mirrored sensors. (A) Controls, Active condition ERS, (B) 
ALS, Active condition ERS. Topographical activation for 
ERD and Passive conditions show similar locations. 

1000 Hz sampling rate with online 0.1 Hz high-pass and 330 
Hz low-pass filters. 

PATIENT STRATIFICATION 

As the task primarily involved dominant-hand strength, 
clinical severity grading was based on the clinical evalu
ation of muscle force in the right hand, using the MRC 
scale. Five muscle groups were evaluated — finger flexion, 
finger extension, first dorsal interosseous, abductor digiti 
minimi, and abductor pollicis brevis — yielding a combined 
hand-strength score ranging from 0 to 25. Of the 11 pa
tients, six had normal right-hand strength (“Unaffected-
ALS”), whereas five had significant weakness (average total 
strength score of 12.2 MRC, range 8–16) and were cate
gorized as “Affected-ALS”. The analysis addressing correla
tion with hand muscle impairment was based on these sub
groups. 

DATA AND STATISTICAL ANALYSIS 

Head movement correction and noise suppression were 
performed using MaxFilter (Version v2.2.15; Elekta Oy, 
Helsinki, Finland), followed by processing in MNE-Python 
v0.23.429 in Python v 3.9.5. Nine gradiometer pairs (3×3 ar
ray) over the sensorimotor cortex of each hemisphere were 
selected (Figure 3). Any remaining ocular and cardiac arti
facts were removed via automated MNE-Python functions 
“.find_bads_ecg” and “.find_bads_eog” based on indepen
dent components analysis (ICA) after visual confirmation. 
The MaxFiltered and ICA cleaned data were then epoched 
using MNE-Python. 

For the active movement condition, movement onset 
was manually identified from the accelerometer trace and 
used as the trigger to align epochs and reduce reaction-
time related variability. For the passive movement condi
tion, the trigger that activated the pneumatic muscle was 
also used to align epochs. 

The time-window of interest was set to -4 s to 5 s relative 
to the trigger for both conditions. Further processing in
cluded rejecting epochs with gradiometer peak-to-peak 
amplitudes >300 pT/m. This resulted in few epochs being 

rejected, typically less than 4%. Before time–frequency 
analysis, epochs were mean-centered per epoch and chan
nel using MNE’s baseline setting baseline=(None, None) 
(i.e., subtracting the mean over the full epoch to remove DC 
offsets/slow drifts). This mean-centering is separate from 
the Rest-referenced baseline correction used to compute ΔZ 
(described below). The surviving epochs were then used to 
compute time-frequency representations (TFR) from 3-120 
Hz using discrete prolate spheroidal sequences (DPSS) ta
pers. 

Three time-windows were selected to capture Rest, de
synchronization (ERD), and rebound (ERS) respectively. 
Slightly different windows were used to capture peak ERD/
ERS for the active condition (ERD: −1.2 to 0.3 s; ERS: 1.0 to 
2.5 s) and passive condition (ERD: −1.0 to 0.5 s; ERS: 2.5 to 
3.8 s). The “rest window” was identical in both conditions 
(-3.0 s to -2.0 s) (see Figures 4 and 5). 

Within each subject, after selecting the contralateral/ip
silateral sensor set and averaging beta (14–30 Hz) power 
across sensors and frequencies, the resulting beta-power 
time course was standardized (z-scored) across the full 
analysis epoch (slightly cropped to avoid edge artifacts: 
−3.8 to 4.8 s), separately for condition (active/passive) and 
laterality. Window means (Rest, ERD, ERS) were then com
puted on these standardized time courses, and Rest-ref
erenced (baseline-corrected) beta modulation was defined 
as ΔZ = z(window) − z(Rest), where ‘window’ denotes the 
ERD or ERS time window. This Rest-referenced ΔZ metric is 
distinct from the per-epoch mean-centering step described 
above. In the remainder of the manuscript, we refer to ΔZ as 
“baseline-corrected beta modulation” and to absolute beta 
power (without Rest referencing) as “baseline-uncorrected 
beta”. 

We used a standardization pipeline similar to previous 
studies involving movement-related beta modulation from 
our group30 and others (e.g.,31). Baseline-corrected beta 
modulation (ΔZ) was computed for each subject for every 
combination of condition (active/passive), laterality (con
tralateral/ipsilateral), and window (ERD/ERS), yielding 
eight values per subject. Data were imported to R32 for fur
ther statistical analysis. In R we set up two factorial mod
els using the analysis of variance (ANOVA). The significance 
threshold was α = 0.05. 

~ = symbol dividing the dependent (left) and inde
pendent variables (right). 
† = signifies that the main effects and interac
tions of the independent variables are modeled. 

The 4-way ANOVA model for the group level (ALS / HC): 
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(ΔZ beta power ~ Time window (ERD, ERS) † 
Group (ALS, HC) † Condition (Active, Passive) † 
Laterality (Contralateral, Ipsilateral)). 

The 4- way ANOVA model for stratification of patients 
based on hand muscle strength: 

(ΔZ beta power ~ Time window (ERD, ERS) † Type 
(Unaffected, Affected, HC) † Condition (Active, 
Passive) † Laterality (Contralateral, Ipsilateral)). 

Shapiro–Wilk tests on the model residuals did not indi
cate meaningful departures from normality (Group model: 
W = 0.994, p = 0.639; Sub-type model: W = 0.989, p = 0.182). 
Visual inspection of QQ-plots (Supplementary Figure 3) re
vealed only mild deviations. 

Levene’s test confirmed homogeneity of variance 
(Group: F = 1.105, p = 0.356; Type: F = 1.027, p = 0.435). 

To further explore group and subtype differences at each 
time point (ERD and ERS), we performed post hoc analyses 
using one-way ANOVA models separately for each time 
window. For each time-specific model, Tukey’s Honest Sig
nificant Difference (Tukey HSD) test was applied to assess 
pairwise differences between groups (ALS vs HC) and types 
(HC, ALS-Unaffected, ALS-Affected). These analyses were 
only conducted when more than one level was present for 
the grouping variable. The baseline window was excluded 
because ΔZ is defined relative to the Rest window (i.e., Rest 
serves as the reference). 

Baseline differences were assessed using Welch two-
sample t-tests on (i) beta power without baseline correction 
and (ii) baseline z-scores (standardized baseline levels). 

Because baseline beta power differed between subtypes a 
one-way ANOVA and Tukey’s HSD for baseline-uncorrected 
beta was run on the absolute mean beta power (without 
z-baseline standardization) of the ERD and ERS time win
dows. 

For the three-level subtype comparison at baseline (HC, 
ALS-Unaffected, ALS-Affected), we additionally performed 
a one-way ANOVA on z-scores followed by pairwise Welch 
t-tests with Holm correction. 

Additionally, within the ALS cohort, Pearson correla
tions related contralateral baseline-corrected beta modu
lation (ERD/ERS referenced to Rest, in standardized units) 
to clinical scores (ALSFRS-R and PUMNS), separately for 
ERD and ERS and for active and passive conditions. We re
port ρ with 95% CIs and p-values; p-values were Holm-ad
justed within each Measure: Condition family (ERD, ERS). 
One ALS participant without a complete ALSFRS-R score 
was excluded from ALSFRS-R correlations. 

RESULTS 

GROUP LEVEL 

The four-way ANOVA (Time Window - Group - Condi
tion - Laterality) on baseline-corrected beta modulation 
(ΔZ; ERD/ERS referenced to Rest, in standardized units) 
reproduced our expected main effects of Time Window 
(ERD - ERS; F = 706.03, p < 0.001), Laterality (hemisphere to 
the movement) (contralateral - ipsilateral; F = 24.58, p < 
0.001) and Condition (active - passive; F = 5.66, p = 0.018). 

The Group main effect did not reach significance (ALS vs 
HC; F = 3.47, p = 0.064), and no Time Window × Group in
teraction was observed (F = 0.26, p = 0.610). 

Post-hoc Tukey’s HSD tests showed no ALS–HC differ
ence at ERD (Diff=0.016, 95% CI [-0.049-0.081], p = 0.63) 
and no difference at ERS in ALS (Diff=-0.101, 95% CI 
[-0.207-0.006], p = 0.064). 

TYPE LEVEL 

When patients were stratified by right-hand strength, the 
subtype four-way ANOVA model (HC - ALS(Affected) - 
ALS(Unaffected)) yielded a significant Type (HC vs ALS(Un
affected) vs ALS(Affected)) main effect (F = 4.84, p = 0.009) 
and no Time Window - Type interaction (F = 0.18, p = 
0.836). This model confirmed the prior results with signifi
cant main effects of Condition (active or passive) (F = 5.65, 
p = 0.019) and Laterality (ipsilateral or contralateral hemi
sphere) (F = 24.55, p < 0.001). (See Table 2 for details). 

See Figure 4 (active) and Figure 5 (passive) for grand-
mean ΔZ time-courses, Figure 6 summarizes window means 
(ERD/ERS) for the Group and Type models. 

Tukey’s HSD contrasts at the ERD window showed that 
the ALS-Affected subgroup suppressed beta significantly 
less than ALS-Unaffected (Diff = 0.358, 95% CI [0.004, 
0.713], p = 0.047). The ALS-Unaffected vs HC contrast 
showed a trend (Diff = −0.282, 95% CI [−0.574, 0.010], p = 
0.061), while ALS-Affected vs HC was not significant (Diff 
= 0.077, 95% CI [−0.235, 0.388], p = 0.828) (See Table 3). 
No subtype differences reached significance during the ERS 
window (all p > 0.176), and the Time - Subtype - Condition 
three-way interaction was non-significant (F = 0.72, p = 
0.488). 

Thus, movement-related modulation of beta power dif
fers across subtypes, driven by shallower ERD in ALS-Af
fected, and this pattern appears independent of movement 
condition. 

RESTING/BASELINE OBSERVATIONS 

Raw baseline beta power did not differ between the overall 
ALS and HC groups (HC: 5.55 ± 2.75 × 10-22 (T m-1)2 Hz-1; 
ALS: 5.58 ± 4.04 × 10-22 (T m-1)2 Hz-1; p = 0.97). Within 
subtypes, baseline means were 7.36 ± 4.42 × 10-22 (T m-1)2 

Hz-1 for ALS-Unaffected and 3.44 ± 2.11 × 10-22 (T m-1)2 

Hz-1 for ALS-Affected. 
Across subtypes, a one-way ANOVA showed a significant 

effect (F(2,89)=8.37, p<0.001). Holm-adjusted pairwise 
Welch tests indicated ALS-Affected < HC (p=0.0027) and 
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ALS-Affected < ALS-Unaffected (p=0.0015), whereas ALS-
Unaffected vs HC was not significant after adjustment 
(p=0.076); see Supplementary Table 4). 

Baseline z-scores. Mean baseline z-scores did not differ 
between ALS and HC (HC: 0.044 ± 0.317; ALS: 0.160 ± 
0.414; Welch’s t(80.36) = −1.50, p = 0.137). Across subtypes, 
a one-way ANOVA indicated a significant effect of Type 
on baseline z-scores (HC: 0.044 ± 0.317; ALS-Unaffected: 
0.281 ± 0.347; ALS-Affected: 0.015 ± 0.449; F(2, 89) = 4.24, 
p = 0.017). Holm-adjusted pairwise tests showed ALS-Unaf
fected > HC (p = 0.022), insignificant ALS-Unaffected > ALS-
Affected (p = 0.075) and ALS-Affected vs HC not significant 
(p = 0.799). Because the primary metric baseline-corrected 
beta modulation (ΔZ) is computed as a within-subject dif
ference, these baseline offsets do not account for the effects 
reported above. 

POST HOC TESTING: BASELINE-UNCORRECTED BETA 
(ERD/ERS WINDOWS) 

Because baseline beta power differed across subtypes, we 
additionally ran one-way ANOVAs and Tukey’s HSD on raw 
beta power in the ERD and ERS windows to assess whether 
baseline-corrected effects might reflect simple scaling by 
baseline. Both ERD (DF = 2, Residuals = 89; F = 3.78, p 
= 0.027) and ERS (DF = 2, Residuals = 89; F = 6.10, p = 
0.003) showed significant subtype differences. Tukey HSD 
indicated that ALS-Affected had lower raw beta power than 
ALS-Unaffected in both ERD (p = 0.021) and ERS (p = 0.002), 
and lower ERS than HC (p = 0.035). Other pairwise contrasts 
were not significant (ERD: ALS-Affected vs HC p = 0.124; 
ALS-Unaffected vs HC p = 0.457; ERS: ALS-Unaffected vs 
HC p = 0.294). 

MOVEMENT VERIFICATION BETWEEN GROUPS 

Accelerometry data from the tip of the moved finger was 
further investigated to verify movement and acceleration 
agreement between groups, see Supplementary Figure 2 for 
active movement accelerometer plots. 

The accelerometer data confirmed two key points. First, 
the overall movement pattern was very similar across all 
groups. Second, in the active sessions, the two ALS sub
groups differed, but patients with no hand-muscle impair
ment showed no difference from healthy controls. 

When comparing the groups in the acceleration peak pe
riod (0.05s - 0.25s), a t-test with Holm adjustment across 
the four planned comparisons showed no significant differ
ence in average amplitude for the overall ALS group vs HC 
(p (Holm) = 0.224) or for ALS (unaffected hand) vs HC (p 
(Holm) = 0.387). However, ALS (affected hand) exhibited a 
significantly lower amplitude than HC (p (Holm) = 0.027), 
and the difference between ALS (affected hand) and ALS 
(unaffected hand) was also significant (p (Holm) = 0.024), 
again lower acceleration amplitude for affected ALS sub
jects. 

Figure 4. Baseline-corrected beta modulation (14–30 Hz) 
in the active condition for the contralateral (top) and 
ipsilateral (bottom) sensor sets. Solid lines show group 
means (Control = blue; ALS (all) = orange; ALS Affected = 
red; ALS Unaffected = green); shaded ribbons indicate ± 
SEM. Vertical markers denote the analysis windows: 
Baseline (black, −3.0 to −2.0 s), Desynchronization/ERD 
(teal; active: −1.2 to 0.3 s), and Rebound/ERS (magenta; 
active: 1.0 to 2.5 s). t₀ is movement onset as observed from 
the accelerometer. Time courses were obtained by z-
scoring each subject’s beta-power time series across the 
full analysis epoch (−3.8 to 4.8 s) and referencing each 
time point to the subject’s Rest mean (−3.0 to −2.0 s); 
values < 0 reflect ERD (suppression relative to Rest) and 
values > 0 reflect ERS (rebound above Rest). 

CORRELATION WITH CLINICAL MEASURES 

Within ALS, no correlations survived Holm adjustment be
tween contralateral baseline-corrected beta modulation 
and ALSFRS-R (function) or PUMNS (UMN burden) in ei
ther ERD or ERS, for active or passive movement (Supple
mentary Table 3; Supplementary Figure 1). For ALSFRS-R, 
effects were small-to-moderate and non-significant (e.g., 
Active/ERS: ρ = −0.41, 95% CI [−0.83–0.29], p = 0.234; Pas
sive/ERD: ρ = −0.59, 95% CI [−0.89–0.06], p = 0.072; Pas
sive/ERS: ρ = −0.70, 95% CI [−0.92–0.12], p = 0.025, Holm-
adjusted p = 0.051). For PUMNS, all correlations were small 
and non-significant after adjustment (e.g., Active/ERD: ρ = 
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Figure 5. Baseline-corrected beta modulation (14–30 Hz) 
in the passive condition for the contralateral (top) and 
ipsilateral (bottom) sensor sets. Solid lines show group 
means (Control = blue; ALS (all) = orange; ALS Affected = 
red; ALS Unaffected = green); shaded ribbons indicate ± 
SEM. Vertical markers denote the analysis windows: 
Baseline (black, −3.0 to −2.0 s), Desynchronization/ERD 
(teal; passive: −1.0 to 0.5 s), and Rebound/ERS (magenta; 
passive: 2.5 to 3.8 s). t₀ marks movement onset from the 
accelerometer/MM. Time courses were obtained by z-
scoring each subject’s beta-power time series across the 
full analysis epoch (−3.8 to 4.8 s) and referencing each 
time point to the subject’s Rest mean (−3.0 to −2.0 s); 
values < 0 reflect ERD and values > 0 reflect ERS. 

−0.31, 95% CI [−0.77–0.36], p = 0.359; Passive/ERS: ρ = 0.35, 
95% CI [−0.32–0.78], p = 0.295; adjusted ps ≥ 0.59). 

DISCUSSION 

In this study, we investigated the modulation of cortical 
beta power during active and passive movement tasks using 
MEG. The experiments elicit cortical, movement-related 
changes in line with previous studies: beta power modula
tion differs between active and passive movement tasks33 

and between the ipsilateral and contralateral hemisphere 
relative to the hand movement.34‑36 The general appear
ance of the beta modulation is also as expected.12,37 (See 
Figures 4–6 for representative time-courses and window 
means). 

Using baseline-corrected beta modulation (ERD/ERS ref
erenced to Rest, in standardized units) as our primary met
ric, we found that movement modulated beta power differ
ently across ALS subtypes. In the Group model (ALS vs HC), 
the Group main effect did not reach significance (p = 0.064) 
and the Time Window - Group interaction was not signifi
cant, while robust main effects of Time window, Laterality, 
and Condition were replicated. When stratifying by hand 
strength, the Type main effect was significant (HC, ALS-
Unaffected, ALS-Affected; p = 0.009), driven by a shallower 
ERD in ALS-Affected relative to ALS-Unaffected (Tukey, p = 
0.047), whereas ERS differences remained modest and non-
significant. Baseline z-scores did not differ between ALS 
and HC, and subtype offsets were small; because the pri
mary metric is Rest-referenced within subject, such offsets 
are unlikely to explain the observed effects. 

BASELINE BETA POWER 

Dukic et al. recently published an EEG study and found 
resting-state beta power to be significantly lower in ALS 
and a negative correlation between beta band power and 
fine motor- and lower motor neuron scores.38 In our data, 
baseline-uncorrected beta at rest was lower in the clinically 
weak subgroup compared with the strength-preserved sub
group, broadly consistent with reduced resting beta in more 
affected patients. This could possibly be due to the different 
modalities (EEG versus MEG) or related to the global nor
malization procedure performed in Dukic et al. 

Changes in beta have been explored in healthy subjects; 
GABA concentration modulates the beta frequencies and 
power in the sensorimotor areas of the brain.13,14 Modulat
ing GABA activity by administration of benzodiazepines39 

leads to a baseline increase in beta power and a larger ERD 
with movement. Thus, the decrease in ERD (less beta sup
pression) we find in clinically weaker ALS could be consis
tent with reduced inhibitory GABAergic activity. 

MOVEMENT RELATED BETA-MODULATION AND 
BASELINE DEPENDENCY 

Because baseline-corrected beta modulation is computed 
within subject (ERD/ERS referenced to Rest on a standard
ized time course), the main effects do not hinge on be
tween-group baseline differences. Complementary analyses 
of baseline-uncorrected beta (Results; Supplementary) nev
ertheless showed lower absolute beta power in both ERD 
and ERS for ALS-Affected versus ALS-Unaffected. Together 
with the baseline-corrected finding of a shallower ERD in 
ALS-Affected, this supports a genuine reduction in move
ment-related beta modulation rather than a simple rescal
ing by baseline. 

One alternative explanation is a floor effect in the mea
surements: lower baseline power could limit further desyn
chronization. This possibility is hinted at in Supplementary 
Figures 4–5, where the absolute minimum near the end of 
ERD appears similar across groups. However, the conver
gence of baseline-corrected beta modulation and baseline-
uncorrected beta differences argues that the attenuation 
reflects impaired modulation rather than baseline alone. 
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Table 2. Selected results of the ANOVA test 

Four-way ANOVA – Group (ΔZ) 

Df F value P 

Time window (ERD, ERS)* 1 706.032 <0.001 

Group (HC vs ALS)* 1 3.470 0.064 

Condition (Active vs Passive)* 1 5.656 0.019 

Laterality (Contralateral vs Ipsilateral)* 1 24.577 <0.001 

Time window (ERD, ERS): Group (HC vs ALS) † 1 0.262 0.610 

Time window (ERD, ERS) : Laterality (Contralateral vs Ipsilateral) † 1 0.988 0.322 

Laterality (Contralateral vs Ipsilateral) : Group (HC vs ALS) † 1 3.754 0.054 

Residuals 168 - - 

Four-way ANOVA – Hand stratification (ΔZ) 

Time window (ERD, ERS)* 1 705.163 <0.001 

Type (HC vs Unaffected ALS vs Affected ALS)* 2 4.837 0.009 

Condition (Active vs Passive)* 1 5.649 0.019 

Laterality (Contralateral vs Ipsilateral)* 1 24.547 <0.001 

Time window (ERD, ERS) : Type (HC vs Unaffected ALS vs Affected ALS)† 2 0.180 0.872 

Time window (ERD, ERS) : Laterality (Contralateral vs Ipsilateral) † 1 0.986 0.322 

Laterality (Contralateral vs Ipsilateral) : Type (HC vs Unaffected ALS vs Affected ALS) † 2 2.165 0.118 

Residuals 160 - - 

Note. *Main effect,† Two-way interactions. Time window for Event related desynchronization (ERD) and Event related synchronization (ERS). Conditions; Active and Passive. Group; 
Healthy controls (HC) and ALS patients (ALS). Type; ALS stratified by right-hand strength (Unaffected, Affected). Laterality; the hemisphere of measurements, contralateral and ipsi
lateral. All effects are reported for baseline-corrected beta modulation (ERD/ERS referenced to Rest, in standardized units). Degrees of freedom(Df). Complete ANOVA results in Sup
plementary tables 1 (Group) and table 2 (Hand stratification). 

Table 3. Post-hoc pairwise comparison of baseline-corrected beta modulation among healthy controls (HC), ALS 
patients with preserved hand strength (ALS-Unaffected) and ALS patients with impaired hand strength (ALS-Affected) 

Tukey HSD - Differences at time – ALS type comparison 

Comparison Diff Lower CI Upper CI p-value 

ERD 

ALS (Unaffected) – HC -0.282 -0.574 0.010 0.061 

ALS (Affected) – HC 0.077 −0.235 0.388 0.828 

ALS (Affected) – ALS (Unaffected) 0.358 0.004 0.713 0.047 

ERS 

ALS (Unaffected) – HC  –0.336 -0.780 0.109 0.176 

ALS (Affected) – HC  –0.057 -0.531 0.416 0.955 

ALS (Affected) – ALS (Unaffected) 0.279 -0.260 0.817 0.437 

Note. Figures are Tukey HSD contrasts for desynchronization (ERD) and rebound (ERS) windows. "“Diff” indicates how much higher (positive) or lower (negative) the baseline-cor
rected modulation is in the first group relative to the second. For example, a Diff = +0.358 at ERD means the ALS Affected subgroup shows a higher ΔZ (i.e., less ERD suppression) 
than ALS Unaffected. 95% confidence limits and Tukey-adjusted p-values are provided. 

ACTIVE VERSUS PASSIVE MOVEMENT 

For both the combined ALS group and the stratification 
based on hand strength, we found no interaction between 
the groups and the type of movement performed (active 
versus passive). That is, ALS patients exhibit a comparable 
active > passive contrast to healthy subjects. The patholog
ical signature therefore lies in the magnitude of the beta-
modulation, chiefly the desynchronization in clinically 
weak patients — not in an additional task-specific abnor
mality. Thus, our results do not support our pre-study hy

pothesis that abnormalities in beta-modulation would be 
seen specifically in the active task in ALS. 

These findings converge on a single theme: disease bur
den blunts the dynamic range of the sensorimotor beta 
rhythm, regardless of movement type. The underlying 
physiology explaining beta modulation with passive move
ment is much less studied than is active movement. Thus, 
it is more challenging to explain these findings fully. 

MOVEMENT-RELATED BETA MODULATION IN ALS 

Consistent with previous ALS work, our findings align with 
reports of reduced beta-ERS40 and reduced beta-ERD41 and 
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Figure 6. Baseline-corrected beta modulation during desynchronization (ERD) and rebound (ERS). Left panel: Grand-
mean ΔZ beta-power (mean ± SEM) in healthy controls (HC, n = 12) versus the full ALS cohort (n = 11). Right panel: Same 
data stratified by hand-strength subtype (HC; ALS with preserved right-hand strength (ALS-Unaffected) = “ALS Strong”, n 
= 6; ALS with impaired right-hand strength (ALS-Affected = “ALS Weak”, n = 5). For each subject, modulation was 
computed as the ERD/ERS window mean minus the Rest (−3.0 to −2.0 s) mean from the z-scored time course. Shaded 
ribbons indicate SEM. ERD shows reduced suppression in the ALS-Affected subgroup relative to ALS-Unaffected (Tukey, 
p≈0.047). 

are compatible with reports of slowed beta-ERS.42 Because 
our analyses focused on amplitude, not latency, we cannot 
comment on ERD/ERS timing. 

However, the only two prior MEG studies investigating 
movement-related beta modulation reported an increased 
ERD and reduced corticomuscular coherence in ALS,43 and 
thus it is hard to fully conclude on pathognomonic ERD/
ERS changes in ALS. More recently, Yoganathan et al. re
ported reduced contralateral beta corticomuscular coher
ence and altered cortical beta burst dynamics during an iso
metric hand-contraction task in ALS, supporting abnormal 
motor-system beta physiology while also highlighting that 
the direction and expression of beta effects can vary across 
tasks and cohorts.16 Although our presented data of sub-
group differences could explain the varied findings in prior 
studies. 

Our results align with the study by Proudfoot et al.42 that 
interpret attenuation in ERD as potentially related to a loss 
of GABAergic inhibitory activity. 

A loss of inhibition is in line with prior TMS studies 
revealing cortical hyperexcitability even at very early dis
ease stages, as reviewed recently by Timmins et al.2 As 
well as evidence towards GABAergic pathogenesis in a re
cent resting-state MEG study.44 Results from TMS and MEG 
are not easily compared, as the former relies on a motor 
evoked response elicited from stimulation of the motor cor
tex, whereas beta-ERD observed with MEG likely arises 
from activity in the thalamocortical network. Thus, the 
techniques likely reflect different aspects of cortical ex
citability, but in general results indicate a disturbance in 
cortical excitability. 

One potential confounding factor for ERD and ERS in 
the active task is the effective force participants can gener

ate. Because ALS patients often experience reduced muscle 
strength, they may need to exert greater effort to accom
plish the same movement. Although we did measure accel
eration, we cannot rule out differences in effort between 
the groups as patients likely require more effort to pro
duce the same acceleration. However, the lack of a condi
tion interaction in baseline-corrected beta modulation sug
gests any effort-related confound is limited. Future studies 
that also look at imagined movement could possibly elabo
rate on this. 

Disease severity did not appear to relate to motivation or 
the number of trials completed; all participants completed 
all trials. Finally, we did not control for Riluzole use, a drug 
commonly used in ALS patients, which can affect cortical 
function as a glutamatergic modulator.45 

Beta modulation during passive movement may reflect 
the same M1 pathology observed in active movement. Dis
turbed beta power modulation in the passive task could be 
reflecting changes in primary motor cortex. Indeed, sev
eral fMRI studies have shown that primary motor cortex 
is activated during proprioceptive processing.46,47 A very 
recent study using laminar fMRI shows activation of M1 
during both attempted and passive finger movement in a 
locked-in ALS patient.48 The finding further increases ap
plicability of MEG for cortical measurements even in very 
late stages of ALS. Another possible explanation is that the 
modulation of beta power with passive movement reflects 
a spread of ALS pathology beyond primary motor cortex. 
To explore this further, future studies, if designed carefully, 
could combine MEG/MRI/TMS to possibly enable a more 
complete understanding of the beta change in ALS at rest 
and in movement. 
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LIMITATIONS AND STATISTICAL POWER 

The chief limitation of the present work is sample size. 
Although our total cohort (11 ALS, 12 HC) is typical for 
patient MEG studies, subclassification by hand-strength 
leaves only n = 6 “Unaffected” and n = 5 “Affected” patients 
giving ~55 % power to detect effects as large as those ob
served at ERD (Cohen’s d ≈ 0.8–1.3) but <35 % power for 
medium effects. Non-significant findings could therefore be 
false negatives, and the significant contrasts — even though 
large — require replication in a larger cohort. The sample 
size also limits the possibility for specific sub analysis as to 
the effects of ALS in separate hemispheres and movement 
conditions, since this reduction to effectively 1/4 in obser
vations does not allow sufficient power. 

We standardized beta-power time courses within subject 
(after sensor/frequency averaging) to improve comparabil
ity across subjects while keeping the analysis in the beta-
power domain. 

Another limitation of the current study is that we did 
not perform source localization, so we cannot elaborate on 
the direct sources for our data, as such confounding fac
tors such as muscle fasciculations in the ALS group could 
remain in the data. However, these potential muscular ar
tifacts would most likely manifest as broadband interfer
ence, rather than modulations exclusively in the beta band 
like we observed. We did not observe any differences in the 
overall location for the beta band change between groups 
and selected only a small number of gradiometers to inves
tigate local (sensorimotor) changes (See Figure 3). 

BETA MODULATION AND DISEASE SEVERITY 

For both active and passive movement, we find that beta 
modulation is less pronounced in patients with more severe 
hand weakness, indicating a link to disease severity. We 
did not find correlations that survived Holm adjustment 
between contralateral baseline-corrected beta modulation 
and either ALSFRS-R or upper motor neuron burden 
(PUMNS), which is not surprising given the small cohort 
and the broad functional scope of ALSFRS-R. 

CONCLUSION 

ALS alters sensorimotor beta-modulation principally by 
blunting ERD in clinically weak patients, with no evidence 
for a task-specific (active vs passive) abnormality in beta 
modulation. Although baseline-uncorrected beta power at 
rest differs across subtypes, standardized baseline-cor
rected modulation — computed relative to each subject’s 
Rest — cannot be explained by baseline offsets alone. Ab
normalities are present during both self-generated and pas
sive movement. Passive-task beta-metrics thus provide an 
effort-independent window on upper-motor-neuron dys

function that merits further study in larger and longitudi
nal samples. Further studies are needed to confirm the dif
ferences found between patients with and without loss of 
hand muscle force. 
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