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Reduced beta bursting underpins loss of 
corticomuscular coherence in amyotrophic 
lateral sclerosis
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Biomarkers of disease activity that holistically capture motor system dysfunction are needed to accelerate drug discovery in 
amyotrophic lateral sclerosis. Magnetoencephalography is a sensitive, non-invasive measure of cortical neurophysiology. 
Corticomuscular coherence reflects the functional coupling of cortical oscillations with downstream muscle activity recorded by elec
tromyography. Cortical beta frequency bursting is known to represent a core feature of the neurophysiology underpinning movement. 
This study aimed to characterize disruption of beta frequency activity in both cortex and muscle to refine the understanding of corti
comuscular coherence loss in amyotrophic lateral sclerosis. The study analysed 42 people living with amyotrophic lateral sclerosis and 
33 healthy age-matched controls. Participants undertook an isometric hand gripping task during magnetoencephalography. Muscle 
contraction was measured using bipolar surface electromyography recordings at both forearms. All participants performed 120 trials 
of the gripper task bilaterally, and 60 trials unilaterally on each side. For each trial type, the mean corticomuscular coherence over 
trials was calculated for each participant and the groups were compared via cluster-based permutations tests. Beta burst metrics 
were calculated for the motor cortex (magnetoencephalography) and flexor forearm muscles (surface electromyography) including 
burst fractional occupancy, burst duration and amplitude. During muscular contraction, beta frequency corticomuscular coherence 
from the motor cortices contralateral to the gripper task was markedly reduced in amyotrophic lateral sclerosis patients, despite no 
significant difference in grip strength compared with controls. Source localization analysis showed globally reduced corticomuscular 
coherence in amyotrophic lateral sclerosis with significant differences in the motor regions contralateral to the engaged hand. There 
were no significant beta frequency activity changes in the engaged-hand electromyography signal in amyotrophic lateral sclerosis com
pared with controls. In contrast, analysis of the cortical motor regions revealed reduced rate of beta bursting and higher amplitude 
during the contraction phase of the task in amyotrophic lateral sclerosis. The corticomuscular coherence disruption in amyotrophic 
lateral sclerosis appears driven more by cerebral pathology than by muscle denervation. Equal grip strength during the task implies 
compensatory pathways in disease that are not captured by corticomuscular coherence. Interneuronal dysfunction may underlie the 
disruption to motor cortex beta bursting. Motor cortical beta frequency metrics have potential as secondary outcome measures in 
therapeutic trials and need exploration as prodromal markers in asymptomatic individuals genetically predisposed to amyotrophic 
lateral sclerosis.
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Graphical Abstract

Introduction
Amyotrophic lateral sclerosis (ALS) is a neurodegenerative 
disorder characterized by progressive neuromuscular weak
ness that reflects degeneration of a broader motor-neuronal 
system spanning cortex to muscle.1 A lack of disease modify
ing therapies is due, in part, to a paucity of biomarkers that 
reflect disease activity within a pathologically and clinically 
heterogeneous disorder.

Magnetoencephalography (MEG) offers a non-invasive 
means of recording cortical neurophysiology with millisecond 

temporal precision, enabling detailed observation of neural 
dynamics.2 Neurophysiological activity measured by MEG 
is oscillatory in nature and divided into canonical frequency 
bands. Cortical beta-band (13–30 Hz) activity is known to 
be instrumental in the planning, initiation, and maintenance 
of movement.3,4

Cortical beta oscillations exhibit complex spatial dynam
ics, including wave-like propagation across motor regions 
during motor tasks like squeezing a gripper.5 In the healthy 
brain, the initiation of movement corresponds with a fall in 
beta power (beta desynchronization, ‘releasing of the beta 
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brake’), which then rebounds after the movement (beta 
resynchronization, ‘application of the beta brake’).6,7

However, in ALS, the normal modulation of beta power in 
relation to movement is disrupted.8 Disrupted cortical beta 
oscillations may reflect impairment of efficient motor com
munication and could represent broader neural communica
tion deficits within the motor system in ALS.9

More recent studies have suggested that analyzing short- 
duration bursts of beta power, termed ‘beta bursts’, allows a 
richer understanding of beta disruption compared with 
trial-averaged beta power.3 For example, composing one beta 
power value exists any combination of bursting frequency, 
bursting length, or bursting amplitude. Changes in individual 
beta bursting metrics like bursting frequency, have been shown 
to be directly caused by changes to activity of specific neuronal 
populations, allowing for increased interpretability of results.10

Beta bursts have been previously investigated in neurodegen
erative conditions such as Parkinson’s disease.11,12

Beta oscillations are also visible in muscle activity, 
detectable through non-invasive electromyography (EMG). 
Coherence analysis provides crucial insights into the temporal 
organization between brain activity and muscle contraction. 
Corticomuscular coherence (CMC) specifically measures the 
synchrony of electrical activity between the motor cortex 
and muscle activity during movement.13,14 In ALS, evidence 
of reduced CMC reflected by cortical beta frequency MEG 
changes has been identified; however, beta bursting properties 
have not been thoroughly investigated.15,16

This study aimed to further characterize CMC in ALS by in
vestigating beta power and beta bursts in both cortex and muscle 
simultaneously, to better understand ALS neuropathophysiol
ogy and to assess the biomarker potential of these metrics.

Materials and methods
Participants
This was an observational, cross-sectional study utilizing task- 
based MEG. Individuals living with ALS (n = 42) and healthy 
age-matched controls [healthy control (HC), n = 33] were re
cruited. HCs were established through prior study cohorts, 
and generally spouses of patients, or recruited through Join 
Dementia Research.17 They were matched for age and sex, 
with no significant medical history. ALS patients were recruited 
from the Oxford Motor Neurone Disease Care and Research 
Centre and met the Gold Coast criteria for ALS.18 Exclusion cri
teria included a first degree relative with ALS or frontotemporal 
dementia, or the prior detection of common pathological genet
ic variants through routine clinical screening. All participants 
underwent cognitive screening using the Edinburgh Cognitive 
and Behavioural ALS screen (ECAS). Clinical assessments in
cluded the revised ALS Functional Rating Scale (ALSFRS-R, 
0–48), where a lower score indicates greater disability, and an 
upper motor neuron (UMN) score derived from the number 
of pathological reflexes detected on examination (0–15).19

Handedness was assessed using the Edinburgh Handedness 

Inventory.20 Written informed consent was obtained from all 
participants, and the study received approval from the 
National Research Ethics Service Committee (17/SC/0277).

MEG acquisition
MEG data were acquired using an Elekta Neuromag system 
with 306 channels, sampling at 1000 Hz. A Polhemus 
EastTrach 3D tracking system was used to record the shape 
of each participant’s head relative to fiducial points on the na
sion and right and left preauricular areas before starting the 
MEG scan. Continuous tracking of head position during the 
scan was achieved with five head position indicator (HPI) 
coils, aligned with the nasion and bilateral supra-orbital and 
posterior auricular landmarks. The positions of the HPI coils 
and fiducials were digitized to create a subject-specific carte
sian head coordinate system. Cardiac activity, eye movements, 
and eye blinks were monitored using ECG electrodes on the 
right clavicle and left hip bone, and electrodes near the eyes 
for recording horizontal and vertical electro-oculograms.

MEG gripper task and procedure
Participants engaged in three isometric gripper tasks (bilat
eral, unilateral—right hand grip, unilateral—left hand 
grip), accompanied by concurrent MEG scanning and bipo
lar EMG recordings at both forearms, with electrodes placed 
over the flexor digitorum superficialis muscles.15 For bilat
eral gripper tasks, visual cues included two bars on either 
side of a central fixation cross, indicating the matching force 
to be exerted by each hand, represented by the height of red 
lines on each bar. All participants were required to maintain 
a light grip force of between 12 and 17 Newtons for 3 s after 
the trigger was shown. Low force levels were utilized because 
prior research has demonstrated that motor cortical neurons 
exhibit the highest sensitivity within this force range.21,22

The grip strength was recorded using MEG-compatible 
fibre-optic force sensors. For unilateral tasks, a single bar 
was presented corresponding to the active hand. Participants 
completed 120 bilateral trials (60 per force condition) and 
60 unilateral trials per side (30 per force condition for each 
side), with a 2 s rest interval between trials. Direct visual feed
back was provided throughout the task and graphical re
presentation can be found in Supplementary Fig. 1.

MRI acquisition
Participants underwent a T1-weighted structural MRI 
scan with a Siemens Trio 3T (settings: three-dimensional, 
whole-brain, magnetization-prepared rapid-acquisition 
gradient echo sequence, repetition time = 2040 ms, echo 
time = 4.7 ms, flip angle 8°, 1 mm isotropic resolution, 6 min 
acquisition time) on the same day for MEG co-registration.

Data preprocessing
For data processing and analysis, the Oxford Software Library 
(OSL) version 0.6.0 pipeline, which is built on MNE Python23
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was used.24 Initial MEG data preprocessing was conducted 
using MaxFilter software version 2.2, which included tem
poral signal space separation, head movement compensation, 
and automatic detection of bad channels to enhance data qual
ity by minimizing noise and artefacts.25 The EMG signals and 
the Maxfiltered MEG were then bandpass filtered between 0.5 
and 125 Hz using a fifth-order IIR Butterworth filter to retain 
the frequency band of interest. Additionally, specific line noise 
frequencies at 50 and 100 Hz were attenuated through notch 
filtering. To streamline further processing, the EMG and 
MEG sampling rate was reduced to 250 Hz. Bad data seg
ments in the EMG, magnetometers, and gradiometers, based 
on their deviation from expected conditions specific to each 
sensor-type, were identified and excluded. MEG channels 
demonstrating consistently poor performance were also 
marked as bad using the same significance criterion.

After data cleaning, co-registration was performed using 
OSL’s RHINO tool to align each subject’s structural MRI 
data with their Polhemus head-shape points (>100) and fidu
cials (left preauricular, right preauricular, nasion). Forward 
modelling was then carried out using the boundary element 
method to construct a single-layer model of the inner skull sur
face. A bandpass filter between 1 and 80 Hz was applied to the 
MEG data prior to source localization. Coregistered and cleaned 
MEG data were then beamformed to a regular, volumetric 8 × 
8 × 8 mm dipole grid using a linearly constrained minimum vari
ance beamformer with a data covariance matrix regularized to a 
rank of 60, with dipole orientations calculated by maximizing 
each dipole’s power. Next, the predefined Glasser52 atlas in 
MNI space was used to compute 52 parcel time courses.26

Principal component analysis was applied to the time series 
from all voxels assigned to a parcel, and the first principal com
ponent was used for the parcel time course. Spatial leakage was 
reduced by applying symmetric orthogonalization.27

For each participant, task-specific MEG data files were seg
mented into epochs based on detected event triggers. Specific 
channels were selected for analysis, which included parcellated 
brain regions and auxiliary channels such as EMG and gripper 
channels. The epochs were defined from −1 to +5 s relative to 
the event onset producing a 6 s time course for each trial. 
Epochs exhibiting artefacts or excessive noise, identified 
through variability metrics, were excluded from the analysis.

Behavioural analysis
Behavioural metrics extracted from the gripper data included 
reaction time (time from trigger to gripper squeeze), propor
tion of correct responses (the proportion of trials that achieved 
the requested grip strength indicated by the height of the hori
zontal lines on screen), grip length (the total duration of grip), 
and grip strength (the mean grip strength over and above the 
required grip strength during the grip-on period).

CMC estimation
CMC is a classical coherence measure (i.e. a time-averaged va
lue) and returns a matrix of coherence values between regions 

of interest. CMC can be calculated across a frequency range 
(e.g. beta) as in the ‘Whole-brain beta CMC topography’ sec
tion or for individual frequencies at regular intervals (e.g. 
1.25 Hz intervals) as in the ‘Motor CMC’ section.

Motor CMC
For each task (bilateral, unilateral right, unilateral left) and 
participant, epoched EMG and MEG data were extracted. 
Data from motor cortices (index 4 and 30 of the Glasser52 
parcellation, corresponding to the right and left superior 
somatosensory and motor cortex, respectively) and EMG 
channels (right and left) were baseline-corrected separately 
(the trial average was subtracted from each time point using 
the equation X(t) = U(t)−M(t) where U(t) is the original 
(trial-averaged) signal time series and M(t) is the average 
across trials at each time point (t)). This method of baseline 
correction was employed to allow for examination of the 
modulation of CMC in response to the task, rather than 
raw (un-baselined) CMC, which would be confounded by 
the baseline CMC value. EMG signals were rectified. CMC 
was estimated between 8 and 40 Hz at 1.25-Hz intervals 
across the 2- to 4-s period post-stimulus using the multitaper 
method to build a CMC matrix (window length = 200 sam
ples). Right and left contralateral and ipsilateral CMC were 
calculated by taking the corresponding edges of the matrix.

Whole-brain beta CMC topography
A further analysis estimated beta CMC, pairwise, between 
each EMG channel and each brain region thereby producing 
a topographical map of CMC strength over the cortical sur
face. CMC was calculated as detailed above, but this time 
mean beta CMC was calculated by taking the average 
CMC across 13–30 Hz and 1–3 s post-trigger (2–4 s of 
each trial) to create a whole-brain CMC connectivity matrix.

Trial-averaged beta power and beta 
burst analysis
Trial-averaged beta power and beta bursts were estimated 
for each of the three tasks (bilateral, left grip, right grip). 
To estimate power spectral density, time courses from the bi
lateral motor cortices and EMG channels were first standar
dized by converting them to z-scores (i.e. subtracting the 
mean and dividing by the standard deviation). The 
MNE-Python package was used to estimate a time– 
frequency representation (Morlet wavelet) of the standar
dized (z-transformed) and baseline-corrected (per-trial 
average subtracted) raw MEG and EMG time courses. 
Power in the beta (13–30 Hz) frequency band was calculated 
from the time–frequency transform of each epoch. The 
average beta power across trials was calculated to produce 
a per-participant mean beta power time course.12

To investigate whether baseline beta power was 
different between the groups, mean standardized, but 
un-baseline-corrected beta power was calculated between 
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−1 and 5 s and −1 and 0 s, of each trial across right and left 
superior somatosensory and motor regions (the same period 
was used for CMC estimation).28

Burst detection involved filtering the raw data within the 
beta frequency range (13–30 Hz), extracting amplitude en
velopes via Hilbert transformation, and normalizing these 
envelopes using the per-trial-mean. Bursts were defined by 
applying a 75th percentile threshold and excluding events 
shorter than the minimum duration of one cycle of the lowest 
frequency. For each participant, burst fractional occupancy 
[the proportion of time (between 1 and 3 s post trigger) taken 
up by beta bursts], mean burst duration (the average length 
of each burst), and mean burst amplitude (the average power 
of a burst when it occurred) were computed.

Statistical analysis
Python, GLM Tools, MNE, and Scipy packages were used 
for all statistical analyses.29-33 Non-parametric permutation 
testing, using 5000 permutations, was chosen to test for sig
nificant differences in neurophysiological data between HC 
and ALS as this method makes very limited assumptions 
on the distribution of the data.34

MNE’s cluster-based permutation testing was employed 
for the motor CMC, beta power time course and beta burst 
time course analyses.35-37 Clusters were defined in the two 
dimensions of time and frequency. Multiple comparisons 
were accounted for across frequencies (for the motor CMC 
analysis) and across timepoints (for the beta power and 
beta burst time course analyses). Additionally, Bonferroni 
correction was applied to account for multiple comparisons 
across tasks (bilateral, unilateral right, unilateral left) and 
hemispheres (right motor CMC and left motor CMC). 
Cluster P-values of <0.05 were reported after all multiple 
comparison corrections.

Permutation-based general linear models (GLMs) were 
constructed for the whole-brain beta CMC topography ana
lysis and to compare beta power and beta burst metrics. 
Multiple comparisons were accounted for using the max
imum t-statistic correction method across tasks, hemispheres 
and regions (for the topography analysis) and across metrics 
for the beta power/bursts analysis.34 Age, sex, and missing 
structural MRI were included as (confound) regressors in 
the model. Contrast of Parameter Estimates (copes) was 

estimated to illustrate the size of effect of each contrast.34

A design matrix can be found in Supplementary Fig. 2. 
Results were reported using the notation [t-statistic(degrees 
of freedom), P] when P < 0.05 after multiple comparison 
corrections.

Demographics, clinical scores (e.g. ECAS scores), and be
havioural data (e.g. grip reaction times) were compared be
tween groups using Welch’s t-test (for continuous) and the 
Chi-squared test (for categorical) with Bonferroni correction 
across measures. CMC correlation with clinical scores was 
estimated using Pearson correlation and the Pearson correl
ation coefficient reported using the notation r.

Results
All P-values are reported after multiple comparisons 
correction.

Demographics
There was no significant group difference in age, handed
ness, education, or maximum voluntary contraction grip 
strength (P > 0.1) (Table 1). Further characteristics charac
terizing the ALS cohort can be found in Supplementary 
Table 1.

Behavioural analysis
There were no significant differences between ALS 
and HC in reaction time, proportion of correct 
responses, or grip strength
Median reaction time revealed no significant differences be
tween the groups in bilateral and unilateral tasks (Fig. 1A). 
There was no significant difference in the proportion of cor
rect responses in bilateral and unilateral tasks, showing that 
both groups achieved the same minimum grip strength 
(Fig. 1D). There was no significant difference in grip strength 
(over and above minimum required grip strength) between 
the groups in bilateral and unilateral tasks (Fig. 1C). The 
ALS group did, however, show increased grip length in the 
unilateral left task (t = 3.307, P = 0.017), but not in bilateral 
(t = 2.416, P = 0.221) or unilateral right (t = 1.928, P = 0.694) 
tasks (Fig. 1B).

Table 1 Cohort characteristics

Mean ± SD ALS (n = 42) Healthy controls (n = 33) Adjusted P-value

Age (years) 62 ± 12 62 ± 16 1.00
Males (%) 65 49 0.19
Right MVC strength (N ) 25 ± 15 31 ± 11 0.33
ECAS (/136) 113 ± 9 118 ± 10 0.11

ALS-specific (/100) 85 ± 6 90 ± 8 0.14
Non-ALS specific (/36) 27 ± 5 29 ± 4 1.00

Full time education age (years) 20 ± 5 23 ± 5 0.28

This table summarizes the demographic and clinical characteristics of the study participants, comparing amyotrophic lateral sclerosis (ALS, N = 42) with healthy controls (N = 33). 
There were no statistically significant differences in age, sex distribution, handedness, education, MVC strength, or cognitive scores between the patient and healthy control groups, as 
indicated by the adjusted P-values via Bonferroni correction. MVC, maximum voluntary contraction; ECAS, Edinburgh Cognitive and Behavioural ALS screen; N, Newtons.
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CMC analysis
Motor CMC
CMC in contralateral motor cortex was reduced in ALS 
compared with controls

During the bilateral gripper task, contralateral CMC was di
minished in both the right (13–22.5 Hz, P = 0.023) (Fig. 2A) 
and left (12–21.5 Hz, P = 0.018) (Fig. 2B) motor cortices in 
individuals with ALS compared with HC. In the right gripper 
task, individuals with ALS showed significantly reduced 
CMC compared with HC in only the left motor cortex 
(9.9–15.5 Hz, P = 0.018) (Fig. 2D); and for the left gripper 
task, individuals with ALS showed significantly reduced 
CMC compared with HC in only the right motor cortex 
(14–19 Hz, P = 0.047) (Fig. 2E).

Whole-brain beta CMC topography
Significantly reduced CMC in ALS compared with controls 
was limited to motor cortical areas

Whole-brain beta CMC analysis revealed that reduced CMC 
in individuals with ALS compared with HC was limited to 
contralateral motor regions in all tasks (Fig. 3). For the bilat
eral task, these contralateral CMC reductions were limited 
to the left and right superior somatosensory cortices 

[non-significant (t(78) = −0.831, P = 0.083) and (t(78) =  
−0.815, P = 0.090), respectively] (Fig. 3A). For the right 
gripper task, left superior somatosensory cortex contralat
eral CMC showed significant reductions in ALS compared 
with HC [t(78) = −0.997, P = 0.020] (Fig. 3B). For the left 
gripper task, ALS showed significant reduction in ALS com
pared with HC in right premotor area contralateral CMC 
[t(78) = −0.915, P = 0.042] and in superior and inferior 
right sensorimotor contralateral CMC (non-significant 
[t(78) = −0.850, P = 0.072] and [t(78) = −0.871, P =  
0.062], respectively) (Fig. 3C). A topography heatmap 
showed that beta CMC was uniformly reduced in ALS com
pared with HC in an area confined to motor regions 
(Supplementary Fig. 3).

Trial-averaged beta power
Beta power was disrupted in motor cortex but not sEMG

In the motor cortices in response to the bilateral ‘grip’ trig
ger, individuals with ALS exhibited a significantly smaller 
beta desynchronization, indicated by increased beta power 
(averaged across left and right motor cortices) between 
0.352 and 0.888 s (P = 0.042) (Fig. 4A). Furthermore, the 
beta rebound after the ‘grip off’ trigger was also notably 
reduced and delayed in ALS between 3.736 and 4.148 s 

Figure 1 Behavioural analysis. Comparison of behavioural metrics: reaction time (A), grip length (B), grip strength (C), and accuracy (D) 
across each task comparing ALS (N = 42) and HC (N = 33) groups. The analysis was conducted using t-tests, with P-values adjusted for multiple 
comparisons using the Bonferroni correction across three tasks (bilateral, right, and left) and four metrics (reaction time, grip length, grip strength, 
and accuracy). An asterisk (*) indicates a significant difference with P < 0.05. A significant difference was observed in the ALS group, with increased 
grip length in the unilateral left task (P = 0.017) compared with HCs.
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(P = 0.042) (Fig. 4A). There were no significant differences in 
motor cortex beta power during the contraction phase be
tween groups. For EMG, beta power in both groups in
creased following the ‘grip’ trigger and decreased after the 
‘grip off’ trigger (Fig. 4B). There were no statistically signifi
cant group differences in EMG beta power fluctuations in re
sponse to the gripper task (Fig. 4B).

In the unilateral tasks, a similar pattern of changes to the 
bilateral task was seen in ALS, but this only reached 

statistical significance in the right grip task (Supplementary 
Fig. 4) where both the contra- and ipsilateral motor cortices 
showed impaired beta power fluctuations. See 
Supplementary Fig. 5 for left gripper task.

Beta bursts
Beta bursts were disrupted in motor cortex

In the bilateral task, beta bursting probabilities averaged 
across both motor cortices were increased in the ALS group 

Figure 2 Motor cortex corticomuscular coherence (CMC). CMC in the motor cortices during the gripper task, averaged across the 
contraction phase of each epoch (1–3 s post trigger). The plots show CMC for both contralateral (contra) and ipsilateral (ipsi) hemispheres across 
bilateral (A and B), right (C and D), and left (E and F) gripper tasks. Shaded areas indicate the frequency bands where significant differences 
between ALS (N = 42) and HC (N = 33) from cluster-permutations in contralateral CMC were found, with corresponding adjusted P-values 
highlighted. Contralateral CMC was reduced in both the right (13–22.5 Hz, P = 0.023) and left (12–21.5 Hz, P = 0.018) motor cortices during the 
bilateral gripper task. For the right gripper task, contralateral CMC was reduced in ALS in the left motor cortex (9.9–15.5 Hz, P = 0.018). For the 
left gripper task, contralateral CMC was reduced in the ALS group in the right motor cortex (14–19 Hz, P = 0.047) compared with HC.
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compared with HC between 0.184 and 0.620 s (P = 0.025), 
followed by a significant decrease from 1.144 to 1.952 s in 
response to the ‘grip’ trigger (P = 0.003) (Fig. 4C). In con
trast, no significant differences were observed in EMG beta 
burst probabilities between the groups (Fig. 4D).

Similarly to the bilateral task, the unilateral task analysis 
revealed disruptions in beta bursting probabilities in the 
right gripper (Supplementary Fig. 4E and F) and left gripper 
(Supplementary Fig. 5E and F) tasks in both contra- and 

ipsilateral motor cortices. The right gripper task additionally 
revealed increased beta bursting in the left (non-gripping) 
EMG (0.90–0.98 s, P = 0.041).

In the bilateral task, comparative analysis of motor cortex 
beta burst metrics between ALS and HC during the 1–3 s 
interval post-trigger revealed a significant reduction in burst 
fractional occupancy in the ALS group compared with HC 
(P = 0.048) (Fig. 4E). Furthermore, there was a significant 
elevation in mean burst amplitude within the ALS group 

Figure 3 Difference in beta corticomuscular coherence (CMC) topography during gripper task. Topographical maps illustrating the 
difference in contralateral beta CMC between ALS (N = 42) and HC (N = 33) groups during gripper tasks averaged across the contraction phase of 
each epoch (1–3 s post trigger). The first column shows the difference in CMC between the groups. The second column shows adjusted P-value 
maps from the permutations-based GLM comparing CMC between the two groups. P-values < 0.1 are shaded in green. The maps show coherence 
in the right and left motor cortices for bilateral (A), right (B), and left (C) gripper tasks. Contralateral CMC is displayed for both right and left EMG 
for each task. CMC values are color-coded, with a scale from blue to red indicating a negative or positive difference between ALS and HC. The ALS 
group showed reduced CMC globally, but significant differences between HC (P < 0.05) were only present in the motor regions contralateral to 
grip side.
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(P = 0.015) (Fig. 4E). While EMG beta burst metrics did not 
show significant differences overall, an absolute increase in 
mean beta burst amplitude was noted in the ALS group com
pared with HC (P = 0.090) (Fig. 4F). There were no 
significant differences in mean un-baselined beta power 

(−1 to 5 s) or un-baselined beta power (−1 to 0 s) between 
groups.

The pattern of reduced burst fractional occupancy in 
contralateral motor cortex in ALS was replicated in the 
unilateral tasks, but statistically significantly reduced 

Figure 4 Beta power and bursts in bilateral task. Differences in beta metrics between ALS (N = 42) and HC (N = 33) in motor cortex 
(MEG, first column) and muscle (EMG, second column). (A) illustrates beta power modulation in the motor cortex, with baseline correction 
across the entire trial period. Time is shown in seconds with the ‘grip’ trigger set at 0 s. Shaded vertical bars indicate periods of significant 
differences between groups with adjusted P-values marked (P < 0.05) from cluster-permutations analyses. ALS showed a significantly smaller 
desynchronization (increased beta power 0.352–0.888 s) compared with HC in response to the ‘grip’ trigger. Beta rebound was significantly 
reduced (lower beta power) and delayed in ALS in response to the ‘grip off’ trigger (3.736–4.148 s). (B) displays beta power modulation in the 
EMG, also baseline-corrected across the entire trial period. Both groups’ beta power increased in response to the ‘grip’ trigger then decreased 
after the ‘grip off’ trigger. There were no significant differences in EMG beta power between the two groups over time. (C and D) compare beta 
bursting probabilities over time in both groups, with baseline correction as previously. (C) displays bursting probabilities in the motor cortex, in 
which the ALS group, in response to the ‘grip’ trigger, showed significantly increased beta bursting probability (0.184–0.620 s) followed by 
significantly reduced beta bursting probability (1.144–1.952 s). (D) illustrates no significant differences in EMG beta burst probabilities between 
the two groups. (E and F) display bar graphs comparing beta burst metrics between ALS and HC. The metrics displayed include burst fractional 
occupancy, mean burst duration, mean burst amplitude, un-baselined beta power (averaged between −1 and 5 s of the trial) and un-baselined beta 
power (averaged between −1 and 0 s of the trial). A significant difference (P < 0.05) is indicated by an asterisk (*).
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fractional occupancy was seen only in the right gripper task 
(P = 0.048 (Supplementary Fig. 4J)) (compared with 
(P = 0.115) in the left gripper task, Supplementary Fig. 
5I). Furthermore, in the right gripper task, increases in 
ALS of un-baselined beta power averaged between −1 
and 5 s (P = 0.021) and −1 and 0 s (P = 0.017) were ob
served in the left (non-gripping) EMG (Supplementary 
Fig. 4L). Right (non-gripping) EMG un-baselined beta 
power in the left gripper task was also increased but did 
not reach statistical significance (P = 0.086 and P = 0.560 
respectively, Supplementary Fig. 5K).

Clinical correlations
There were no significant correlations between CMC and 
clinical scores in the ALS group

Pearson correlation analyses revealed no significant cor
relation between contralateral beta-band CMC in the bi
lateral task and several clinical parameters including 
ALSFRS-R, UMN score, neurofilament light chain (NfL) 
levels (measured within 1 month of MEG), duration, pro
gression rate, and ECAS scores (Supplementary Fig. 6). 
Additionally, there were also no significant correlations 
between beta-band CMC and metrics of right and left 
grip strength, years of education, ALS-specific and 
non-ALS-specific ECAS scores, or forced vital capacity 
(Supplementary Fig. 7). A supplementary analysis correl
ating CMC to ALSFRS-R handwriting sub-score also re
turned insignificant (P > 0.1).

Discussion
During muscular contraction, beta frequency CMC from the 
motor cortices contralateral to the gripper task were marked
ly reduced in ALS compared with controls, with marked dis
ruptions in the cortical beta power and bursting in contrast 
to a lack of change in muscle recordings. The latter implies 
more complex, perhaps extra-motor, compensatory me
chanisms associated with the relative preservation of 
sEMG beta signal, not captured by CMC.

Previous studies of CMC
Beta cortical signals, shaped by the dendritic architecture of 
corticospinal neurons, modulate descending motor messages 
to spinal motor neurons, which result in muscular contrac
tion.38,39 Impairments in beta CMC, the coherence between 
beta oscillations in cortex and muscle, are evident during 
grip tasks, where ALS patients and even asymptomatic 
gene carriers show reduced CMC compared with HCs.15,16

These reductions underscore a widespread disruption in mo
tor connectivity, which may also extend to intermuscular 
and inter-hemispheric interactions.15,40 Building on these 
observations,15 the present study also included unilateral 
tasks and showed, through source localization, that CMC re
ductions are limited to contralateral motor regions in both 
bilateral and unilateral tasks.

Laterality
The healthy motor system is inherently asymmetric, with the 
majority of central nervous system motor fibres supplying 
the right peripheral nervous system (right motor system), 
even after controlling for handedness.41-43 A recent review 
summarized the evidence for lateralized ALS pathophysi
ology.44 Some studies have suggested preferential damage 
to the right motor system.45-48 This study supports this con
tention. Of the unilateral tasks, only the right gripper task re
vealed significant changes in cortical bursting, perhaps 
linking to increased right motor system vulnerability in 
ALS. Furthermore, in the right gripper task, ALS patients 
showed increased EMG beta bursting in the left (non- 
gripping) EMG, suggesting a failure of top-down inhibitory 
control resulting in aberrant muscle activation on the ipsilat
eral side.

The unilateral tasks analysis showed that cortical beta 
power and bursting findings were similar across both contra
lateral and ipsilateral motor cortices, even when only one 
hand was squeezed. This provides functional evidence for 
disruption to trans-callosal fibres in ALS.49 MRI evidence 
suggests that functional disturbances of trans-callosal path
ways may precede microstructural changes in the corpus 
callosum.50

Previous studies have explored hemispheric contributions 
to CMC during unilateral hand movements. Chen et al.51 re
ported contralateral CMC over primary motor cortex for 
both hands, and additionally observed CMC over the sup
plementary motor area during right-hand precision grip 
tasks, suggesting task-specific recruitment of midline motor 
areas.51 The present study found that ALS CMC reduction 
was limited to the contralateral motor regions, suggesting 
that CMC disruptions primarily reflect damage to the corti
cospinal tract rather than the cross-callosal fibres which sup
port hemispheric mirroring.

CMC as a biomarker of cortical 
pathology
CMC in stroke patients is markedly reduced immediately 
post insult, followed by a steady improvement, which corre
lates with clinical improvement.13,52-54 Transcranial direct 
current stimulation, a targeted electrical stimulation of the 
cortex, has been used to modulate beta CMC, and may serve 
as a physiological marker for tracking or predicting the ef
fects of therapeutic interventions.55 In Parkinson’s disease, 
CMC is preserved in early disease and is modulated by symp
tomatic treatments like L-Dopa and deep brain stimulation 
(DBS).13,56 Early application of CMC monitoring and 
modulation has been linked with higher therapeutic 
success.57-59 Given that the present study observed no signifi
cant correlation between ALS clinical measures and contra
lateral beta CMC, it may therefore represent a much 
broader measure of loss of motor system integrity in the con
text of a neurogenerative disorder such as ALS compared 
with an acute insult such as stroke.
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A cortically driven process of 
degeneration
In addition to its potential as a dynamic biomarker, reduced 
CMC may reflect specific pathophysiological mechanisms 
within the motor system in ALS. Studies using transcranial 
magnetic stimulation (TMS) have demonstrated cortical hy
perexcitability as an early and defining feature of ALS.60-63

Resting-state M/EEG studies similarly report altered oscilla
tory activity, including increased gamma power and dis
rupted connectivity.8,64 In this context, reduced CMC may 
arise from both impaired corticomotor neuron output and 
altered network synchronization, potentially reflecting a 
breakdown in the coherent integration of cortical and per
ipheral signals. Importantly, cortical hyperexcitability and 
cortical motor neuron dysfunction are not mutually exclu
sive; rather they may represent parallel or sequential pro
cesses in ALS pathogenesis. Thus, diminished CMC could 
index both decreased functional integrity of corticospinal 
projections and maladaptive cortical dynamics.

Beta bursts, short-transient periods of high-power beta os
cillations, are more closely functionally coupled to move
ment65 and more predictive of behaviour66 than oscillatory 
beta power. Research indicates that the altered dynamics of 
beta bursting seen in Parkinson’s disease can improve with 
therapeutic interventions.67,68 Specifically, studies have 
shown that in untreated Parkinson’s disease patients are 
more likely to experience longer and more intense beta bursts 
compared with those who have received treatment.69,70

During the tonic grip phase of the gripper task, ALS 
showed no change in overall beta power, but beta bursting 
probability, burst fractional occupancy and burst amplitude 
were all disrupted. West et al. performed dynamic causal 
modelling of cortical beta bursts and identified that reduced 
connectivity between deep pyramidal and inhibitory inter
neurons, and middle pyramidal and inhibitory interneurons 
results in increased beta bursting.10 It is therefore likely that 
the reduced fractional occupancy of bursts in ALS reflects 
changes in the inhibitory influence of local interneuronal cir
cuits. This pathogenic hypothesis (reviewed in Turner and 
Kiernan71) has a growing foundation of evidence, including 
PET,72,73 histopathology74 and TMS.75 The lack of signifi
cant alterations to either raw beta power or any of the burst 
metrics in the sEMG signals supports a ‘top-down’ source for 
the peripheral neuromuscular dysfunction in ALS.

Although previous resting-state MEG work has shown that 
beta power is reduced in ALS,76 this study found no difference 
between ALS and HC in un-baselined beta power across the 
whole trial (−1 to 5 s) and un-baselined beta power pre- 
movement (−1 to 0 s). The reason for this negative result may 
be that beta power is only reduced in the resting state in ALS, 
whereas averaged across a task, mean beta power is similar to 
HC levels. Prior to each movement (−1 to 0 s), ALS patients 
may have reached a higher beta value relative to their true 
resting-state beta value due to successive trials running sequen
tially, not allowing beta to fall back to its resting-state baseline. 
Alternatively, beta power may have been truly reduced during 

this period, but the measurement was too noisy to detect a sig
nificant difference due to the short time period (1 s) from which 
beta power was calculated.

Limitations
The lack of correlation between CMC and NfL levels is likely 
to reflect the distinct physiological domains captured by 
these two biomarkers. NfL is a non-specific indicator of 
the rate of global axonal loss across a range of neurological 
disorders,77 while CMC measures the functional synchron
ization between cortex and muscle, specifically reflecting 
the integrity of corticospinal and sensorimotor networks 
during motor performance. CMC did not correlate with be
havioural metrics, and it is likely that changes in behaviour 
are due to disruption of more complex interactions between 
intra- and inter-regional neurons not quantified by the single 
measure of CMC. None of our patients had unilateral symp
toms. Ideally, a longitudinal study in those with unilateral 
limb weakness might advance understanding of the bihemi
spheric spread of pathology. The heterogenicity of this co
hort may have contributed to the lack of clinical correlations.

The threshold of 75% was used to detect beta bursts and 
was chosen based on previous work.10,70,78 Objective assess
ment of lower motor neuron (LMN) function at the time of 
MEG acquisition was not made, precluding examination of 
the relationship between CMC and LMN integrity, which 
is relevant to motor system dysfunction in ALS. Individual 
structural MRI data were unavailable for eight participants 
(six ALS and two HCs). For these individuals, source ana
lysis was conducted using the MNI152 standard brain tem
plate. The spatial accuracy of this MEG data was likely 
reduced, but a regressor to the GLM was used to mitigate 
any systematic bias introduced by the method.

Conclusion
Changes in CMC may occur prior to overt weakness and 
could serve as an early indicator of potential corticospinal 
tract degeneration, facilitating earlier diagnosis and, eventu
ally, preventative measures. This hypothesis will need to be 
tested in asymptomatic carriers of highly penetrant, ALS- 
causing genetic variants. Meanwhile, in affected individuals, 
beta frequency bursting has potential for use in experimental 
medicine approaches in ALS, which may lead to use as an 
outcome measure in therapeutic trials.

Supplementary material
Supplementary material is available at Brain Communications
online.

Acknowledgements
We extend our deepest gratitude to all participants who 
generously contributed their time and effort to this study. 

Beta bursting in ALS                                                                                                            BRAIN COMMUNICATIONS 2025, fcaf339 | 11

http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcaf339#supplementary-data


We acknowledge the significant contributions of Sven 
Braeutigam, Anna Camera, Nicky Aikin, and Juliet Semple 
in data acquisition.

Funding
K.Y. receives salary funding from the My Name’5 Doddie 
Foundation. This study was supported by the Wellcome 
Centre for Integrative Neuroimaging (203139/Z/16/Z), the 
National Institute of Health Research Oxford Cognitive 
Health Clinical Research Facility, and by the National 
Institute of Health Research Oxford Health Biomedical 
Research Centre (NIHR203316). The views expressed are 
those of the author(s) and not necessarily those of the 
National Institute for Health Research or the Department 
of Health and Social Care. Research work by M.W. was add
itionally supported by the Wellcome Trust (106183/Z/14/Z, 
215573/Z/19/Z), and the New Therapeutics in Alzheimer’s 
Diseases (NTAD) study was supported by the UK Medical 
Research Council (MRC) and the Dementias Platform UK 
(RG94383/RG89702).

Competing interests
The authors report no competing interests.

Data availability
The data that support the findings of this study are available 
on request from the corresponding author. The data are not 
publicly available due to containing information that could 
compromise the privacy of research participants. Example 
code for data processing is available at: https://github.com/ 
mtrubshaw1/Yoganathan_2025_CMC_ALS_task.

References
1. Turner MR, Swash M. The expanding syndrome of amyotrophic 

lateral sclerosis: A clinical and molecular odyssey. J Neurol 
Neurosurg Psychiatry. 2015;86(6):667-673.

2. Proudfoot M, Woolrich MW, Nobre AC, Turner MR. 
Magnetoencephalography. Pract Neurol. 2014;14(5):336-343.

3. Kang L, Ranft J, Hakim V. Beta oscillations and waves in motor cor
tex can be accounted for by the interplay of spatially structured con
nectivity and fluctuating inputs. Elife. 2023;12:e81446.

4. Heitmann S, Boonstra T, Gong P, Breakspear M, Ermentrout B. The 
rhythms of steady posture: Motor commands as spatially organized 
oscillation patterns. Neurocomputing (Amst). 2015;170:3-14.

5. Zich C, Quinn AJ, Bonaiuto JJ, et al. Spatiotemporal organisation of 
human sensorimotor beta burst activity. eLife. 2023;12:e80160.

6. Kilner JM, Baker SN, Salenius S, Jousmäki V, Hari R, Lemon RN. 
Task-dependent modulation of 15–30 hz coherence between recti
fied EMGs from human hand and forearm muscles. J Physiol. 
1999;516(2):559-570.

7. Kilavik BE, Zaepffel M, Brovelli A, MacKay WA, Riehle A. The ups 
and downs of beta oscillations in sensorimotor cortex. Exp Neurol. 
2013;245:15-26.

8. Proudfoot M, Rohenkohl G, Quinn A, et al. Altered cortical beta- 
band oscillations reflect motor system degeneration in amyotrophic 
lateral sclerosis. Hum Brain Mapp. 2017;38(1):237-254.

9. Cheyne DO. MEG studies of sensorimotor rhythms: A review. Exp 
Neurol. 2013;245:27-39.

10. West TO, Duchet B, Farmer SF, Friston KJ, Cagnan H. When do 
bursts matter in the primary motor cortex? Investigating changes 
in the intermittencies of beta rhythms associated with movement 
states. Prog Neurobiol. 2023;221:102397.

11. Pauls KAM, Korsun O, Nenonen J, et al. Cortical beta burst dynam
ics are altered in Parkinson’s disease but normalized by deep brain 
stimulation. NeuroImage. 2022;257:119308.

12. Kohl O, Gohil C, Zokaeia N,  et al. Changes in sensorimotor net
work dynamics in resting-state recordings in Parkinson’s disease. 
Brain Commun. 7. doi: 10.1093/braincomms/fcaf282

13. Liu J, Sheng Y, Liu H. Corticomuscular coherence and its applica
tions: A review. Front Hum Neurosci. 2019;13:100.

14. Schoffelen J-M, Oostenveld R, Fries P. Neuronal coherence as a 
mechanism of effective corticospinal interaction. Science. 2005; 
308(5718):111-113.

15. Proudfoot M, van Ede F, Quinn A, et al. Impaired corticomuscular 
and interhemispheric cortical beta oscillation coupling in amyotroph
ic lateral sclerosis. Clin Neurophysiol. 2018;129(7):1479-1489.

16. Bista S, Coffey A, Fasano A, et al. Cortico-muscular coherence in 
primary lateral sclerosis reveals abnormal cortical engagement dur
ing motor function beyond primary motor areas. Cerebral Cortex. 
2023;33(13):8712-8723.

17. NIHR NIfHaCR. Join Dementia research. Accessed 3 July 2024. 
https://www.joindementiaresearch.nihr.ac.uk/

18. Shefner JM, Al-Chalabi A, Baker MR, et al. A proposal for new diag
nostic criteria for ALS. Clin Neurophysiol. 2020;131(8):1975-1978.

19. Menke RAL, Körner S, Filippini N, et al. Widespread grey matter path
ology dominates the longitudinal cerebral MRI and clinical landscape 
of amyotrophic lateral sclerosis. Brain. 2014;137(9):2546-2555.

20. Oldfield RC. The assessment and analysis of handedness: The 
Edinburgh inventory. Neuropsychologia. 1971;9(1):97-113.

21. Hepp-Reymond MC, Wannier TMJ, Maier MA, Rufener EA. 
Chapter 37 sensorimotor cortical control of isometric force in the 
monkey. In: Allum JHJ, Hulliger M, eds. Progress in brain research. 
Elsevier; 1989:451-463.

22. Witte M, Patino L, Andrykiewicz A, Hepp-Reymond M-C, Kristeva 
R. Modulation of human corticomuscular beta-range coherence 
with low-level static forces. Eur J Neurosci. 2007;26(12):3564-3570.

23. Gramfort A. MEG and EEG data analysis with MNE-python. Front 
Neurosci. 2013;7:267.

24. Quinn AJ, van Es MWJ, Gohil C, Woolrich MW. OHBA software 
library in python (OSL) (0.1.1). Zenodo.

25. Quinn AJ, OHBA Maxfilter. Accessed 3 July 2024. https://github. 
com/OHBA-analysis/ohba_maxfilter. 2024.

26. Kohl O, Woolrich M, Nobre AC, Quinn A. Data from: Glasser52: A 
parcellation for MEG-analysis 2023. doi: 10.5281/zenodo. 
11099418

27. Colclough GL, Brookes MJ, Smith SM, Woolrich MW. A symmetric 
multivariate leakage correction for MEG connectomes. 
NeuroImage. 2015;117:439-448.

28. Echeverria-Altuna I, Quinn AJ, Zokaei N, Woolrich MW, Nobre 
AC, van Ede F. Transient beta activity and cortico-muscular con
nectivity during sustained motor behaviour. Prog Neurobiol. 
2022;214:102281.

29. Quinn A. General linear modelling (GLM) tools. Gitlab. https:// 
gitlab.com/ajquinn/glmtools. 2023.

30. Virtanen P, Gommers R, Oliphant TE,  et al. SciPy 1.0: Fundamental 
Algorithms for Scientific Computing in Python. Nat Methods. 2020; 
17:261-272. doi: 10.1038/s41592-019-0686-2. SciPy. https://scipy. 
org/

31. Virtanen P, Gommers R, Oliphant TE, et al. Scipy 1.0: Fundamental 
algorithms for scientific computing in python. Nat Methods. 2020; 
17(3):261-272.

12 | BRAIN COMMUNICATIONS 2025, fcaf339                                                                                                             K. Yoganathan et al.

https://github.com/mtrubshaw1/Yoganathan_2025_CMC_ALS_task
https://github.com/mtrubshaw1/Yoganathan_2025_CMC_ALS_task
https://doi.org/10.1093/braincomms/fcaf282
https://www.joindementiaresearch.nihr.ac.uk/
https://github.com/OHBA-analysis/ohba_maxfilter
https://github.com/OHBA-analysis/ohba_maxfilter
https://doi.org/10.5281/zenodo.11099418
https://doi.org/10.5281/zenodo.11099418
https://gitlab.com/ajquinn/glmtools
https://gitlab.com/ajquinn/glmtools
https://doi.org/10.1038/s41592-019-0686-2
SciPy. https://scipy.org/
SciPy. https://scipy.org/


32. Gramfort A, Luessi M, Larson E, et al. MEG and EEG data analysis 
with MNE-python. Front Neurosci. 2013;7:267.

33. Larson E, Gramfort A, Engemann DA, et al. MNE-python (v1.7.1). 
Zenodo. 2024.

34. Quinn AJ, Atkinson LZ, Gohil C, et al. The GLM-spectrum: A 
multilevel framework for spectrum analysis with covariate and con
found modelling. Imaging Neurosci. 2024;2:1-26.

35. Maris E, Oostenveld R. Nonparametric statistical testing of EEG- 
and MEG-data. J Neurosci Methods. 2007;164(1):177-190.

36. Sassenhagen J, Draschkow D. Cluster-based permutation tests of 
MEG/EEG data do not establish significance of effect latency or lo
cation. Psychophysiology. 2019;56(6):e13335.

37. Smith SM, Nichols TE. Threshold-free cluster enhancement: 
Addressing problems of smoothing, threshold dependence and lo
calisation in cluster inference. NeuroImage. 2009;44(1):83-98.

38. Heitmann S, Boonstra T, Breakspear M. A dendritic mechanism for 
decoding traveling waves: Principles and applications to motor 
Cortex. PLoS Comput Biol. 2013;9(10):e1003260.

39. Conway BA, Halliday DM, Farmer SF, et al. Synchronization be
tween motor cortex and spinal motoneuronal pool during the per
formance of a maintained motor task in man. J Physiol. 1995; 
489(Pt 3):917-924.

40. Fisher KM, Zaaimi B, Williams TL, Baker SN, Baker MR. 
Beta-band intermuscular coherence: A novel biomarker of upper 
motor neuron dysfunction in motor neuron disease. Brain. 2012; 
135(9):2849-2864.

41. Gotts SJ, Jo HJ, Wallace GL, Saad ZS, Cox RW, Martin A. Two dis
tinct forms of functional lateralization in the human brain. Proc 
Natl Acad Sci U S A. 2013;110(36):E3435-E3444.

42. Nathan PW, Smith MC, Deacon P. The corticospinal tracts in man: 
Course and location of fibres at different segmental levels. Brain. 
1990;113(2):303-324.

43. Lubben N, Ensink E, Coetzee GA, Labrie V. The enigma and impli
cations of brain hemispheric asymmetry in neurodegenerative dis
eases. Brain Commun. 2021;3(3):fcab211.

44. Yoganathan K, Dharmadasa T, Northall A, Talbot K, Thompson 
AG, Turner MR. Asymmetry in amyotrophic lateral sclerosis: 
Clinical, neuroimaging and histological observations. Brain. 2025; 
148(8):2605-2615.

45. Douaud G, Filippini N, Knight S, Talbot K, Turner MR. Integration 
of structural and functional magnetic resonance imaging in amyo
trophic lateral sclerosis. Brain. 2011;134(Pt 12):3470-3479.

46. Jelsone-Swain LM, Fling BW, Seidler RD, Hovatter R, Gruis K, 
Welsh RC. Reduced interhemispheric functional connectivity in 
the motor cortex during rest in limb-onset amyotrophic lateral scler
osis. Front Syst Neurosci. 2010;4:158.

47. Fang X, Zhang Y, Wang Y, et al. Disrupted effective connectivity of 
the sensorimotor network in amyotrophic lateral sclerosis. J Neurol. 
2016;263(3):508-516.

48. Mohammadi B, Kollewe K, Samii A, Krampfl K, Dengler R, Münte 
TF. Changes of resting state brain networks in amyotrophic lateral 
sclerosis. Exp Neurol. 2009;217(1):147-153.

49. Chapman MC, Jelsone-Swain L, Johnson TD, Gruis KL, 
WelshRC. Diffusion tensor MRI of the corpus callosum in amyo
trophic lateral sclerosis. J Magn Reson Imaging. 2014;39(3): 
641-647.

50. Wittstock M, Wilde N, Grossmann A, Kasper E, Teipel S. Mirror 
movements in amyotrophic lateral sclerosis: A combined study 
using diffusion tensor imaging and transcranial magnetic stimula
tion. Front Neurol. 2020;11:164.

51. Chen S, Entakli J, Bonnard M, Berton E, De Graaf JB. Functional 
corticospinal projections from human supplementary motor area re
vealed by corticomuscular coherence during precise grip force con
trol. PLoS One. 2013;8(3):e60291.

52. Delcamp C, Gasq D, Cormier C, Amarantini D. Corticomuscular 
and intermuscular coherence are correlated after stroke: A simpli
fied motor control? Brain Commun. 2023;5(3):fcad187.

53. von Carlowitz-Ghori K, Bayraktaroglu Z, Hohlefeld FU, Losch F, 
Curio G, Nikulin VV. Corticomuscular coherence in acute and 
chronic stroke. Clin Neurophysiol. 2014;125(6):1182-1191.

54. Graziadio S, Tomasevic L, Assenza G, Tecchio F, Eyre JA. The myth 
of the ‘unaffected’ side after unilateral stroke: Is reorganisation of 
the non-infarcted corticospinal system to re-establish balance the 
price for recovery? Exp Neurol. 2012;238(2):168-175.

55. Krauth R, Schwertner J, Vogt S, et al. Cortico-muscular coherence is 
reduced acutely post-stroke and increases bilaterally during motor 
recovery: A pilot study. Front Neurol. 2019;10:126.

56. Airaksinen K, Mäkelä JP, Nurminen J, et al. Cortico-muscular co
herence in advanced Parkinson’s disease with deep brain stimula
tion. Clin Neurophysiol. 2015;126(4):748-755.

57. Salenius S, Avikainen S, Kaakkola S, Hari R, Brown P. Defective 
cortical drive to muscle in Parkinson’s disease and its improvement 
with levodopa. Brain. 2002;125(Pt 3):491-500.

58. McKeown MJ, Palmer SJ, Au WL, McCaig RG, Saab R, 
Abu-Gharbieh R. Cortical muscle coupling in Parkinson’s disease 
(PD) bradykinesia. J Neural Transm Suppl. 2006;70:31-40.

59. Pollok B, Krause V, Martsch W, Wach C, Schnitzler A, Südmeyer 
M. Motor-cortical oscillations in early stages of Parkinson’s disease. 
J Physiol. 2012;590(13):3203-3212.

60. Vucic S, Kiernan MC. Novel threshold tracking techniques suggest 
that cortical hyperexcitability is an early feature of motor neuron 
disease. Brain. 2006;129(9):2436-2446.

61. Vucic S, Cheah BC, Krishnan AV, Burke D, Kiernan MC. The effects 
of alterations in conditioning stimulus intensity on short interval in
tracortical inhibition. Brain Res. 2009;1273:39-47.

62. Vucic S, Cheah BC, Yiannikas C, Kiernan MC. Cortical excitability 
distinguishes ALS from mimic disorders. Clin Neurophysiol. 2011; 
122(9):1860-1866.

63. Dharmadasa T. Cortical excitability across the ALS clinical motor 
phenotypes. Brain Sci. 2021;11(6):715.

64. Nasseroleslami B, Broderick M, Mohr K, et al. EEG measures of al
tered cortico-cortical connectivity correlate with structural MRI 
changes in amyotrophic lateral sclerosis (P4.124). Neurology. 
2017;88(16_supplement):P4.124.

65. Little S, Bonaiuto J, Barnes G, Bestmann S. Human motor cortical 
beta bursts relate to movement planning and response errors. 
PLoS Biol. 2019;17(10):e3000479.

66. Enz N, Ruddy KL, Rueda-Delgado LM, Whelan R. Volume of 
β-bursts, but not their rate, predicts successful response inhibition. 
J Neurosci. 2021;41(23):5069-5079.

67. Lofredi R, Neumann WJ, Brücke C, et al. Pallidal beta bursts in 
Parkinson’s disease and dystonia. Mov Disord. 2019;34(3): 
420-424.

68. Yu Y, Escobar Sanabria D, Wang J, et al. Parkinsonism alters Beta 
burst dynamics across the basal ganglia-motor cortical network. J 
Neurosci. 2021;41(10):2274-2286.

69. Tinkhauser G, Pogosyan A, Tan H, Herz DM, Kühn AA, Brown P. 
Beta burst dynamics in Parkinson’s disease OFF and ON dopamin
ergic medication. Brain. 2017;140(11):2968-2981.

70. Tinkhauser G, Pogosyan A, Little S, et al. The modulatory effect of 
adaptive deep brain stimulation on beta bursts in Parkinson’s dis
ease. Brain. 2017;140(4):1053-1067.

71. Turner MR, Kiernan MC. Does interneuronal dysfunction contrib
ute to neurodegeneration in amyotrophic lateral sclerosis? 
Amyotroph Lateral Scler. 2012;13(3):245-250.

72. Kew JJ, Leigh PN, Playford ED, et al. Cortical function in amyo
trophic lateral sclerosis. A positron emission tomography study. 
Brain. 1993;116(Pt 3):655-680.

73. Turner MR, Hammers A, Al-Chalabi A, et al. Distinct cerebral lesions 
in sporadic and ‘D90A’ SOD1 ALS: Studies with [11C]flumazenil 
PET. Brain. 2005;128(Pt 6):1323-1329.

74. Maekawa S, Al-Sarraj S, Kibble M, et al. Cortical selective vulner
ability in motor neuron disease: A morphometric study. Brain. 
2004;127(Pt 6):1237-1251.

Beta bursting in ALS                                                                                                            BRAIN COMMUNICATIONS 2025, fcaf339 | 13



75. van den Bos MAJ, Menon P, Pavey N, Higashihara M, Kiernan MC, 
Vucic S. Direct interrogation of cortical interneuron circuits in 
amyotrophic lateral sclerosis. Brain. 2024;148(4):1169-1179.

76. Trubshaw M, Gohil C, Yoganathan K, et al. The cortical neuro
physiological signature of amyotrophic lateral sclerosis. Brain 
Commun. 2024;6(3):fcae164.

77. Bridel C, van Wieringen WN, Zetterberg H, et al. Diagnostic value 
of cerebrospinal fluid neurofilament light protein in neurology: A 
systematic review and meta-analysis. JAMA Neurol. 2019;76:1035.

78. Cagnan H, Mallet N, Moll CK, et al. Temporal evolution of beta 
bursts in the parkinsonian cortical and basal ganglia network. 
Proc Natl Acad Sci. 2019;116(32):16095-16104.

14 | BRAIN COMMUNICATIONS 2025, fcaf339                                                                                                             K. Yoganathan et al.


	Reduced beta bursting underpins loss of corticomuscular coherence in amyotrophic lateral sclerosis
	Introduction
	Materials and methods
	Participants
	MEG acquisition
	MEG gripper task and procedure
	MRI acquisition
	Data preprocessing
	Behavioural analysis
	CMC estimation
	Motor CMC
	Whole-brain beta CMC topography
	Trial-averaged beta power and beta burst analysis
	Statistical analysis

	Results
	Demographics
	Behavioural analysis
	There were no significant differences between ALS and HC in reaction time, proportion of correct responses, or grip strength

	CMC analysis
	Motor CMC
	CMC in contralateral motor cortex was reduced in ALS compared with controls

	Whole-brain beta CMC topography
	Significantly reduced CMC in ALS compared with controls was limited to motor cortical areas

	Trial-averaged beta power
	Beta power was disrupted in motor cortex but not sEMG

	Beta bursts
	Beta bursts were disrupted in motor cortex

	Clinical correlations
	There were no significant correlations between CMC and clinical scores in the ALS group



	Discussion
	Previous studies of CMC
	Laterality
	CMC as a biomarker of cortical pathology
	A cortically driven process of degeneration
	Limitations

	Conclusion
	Supplementary material
	Acknowledgements
	Funding
	Competing interests
	Data availability
	References




