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Abstract

Amyotrophic lateral sclerosis (ALS) is characterised primarily by motor system degeneration, with clinical evidence of
cognitive and behavioural change in up to 50% of cases. We have shown previously that resting-state EEG captures dys-
function in motor and cognitive networks in ALS. However, the longitudinal development of these dysfunctional patterns,
especially in networks linked with cognitive-behavioural functions, remains unclear. Longitudinal studies on non-motor
changes in ALS are essential to further develop our understanding of disease progression, improve care and enhance
the evaluation of new treatments. To address this gap, we examined 124 ALS individuals with 128-channel resting-state
EEG recordings, categorised by cognitive impairment (ALSci, n=25), behavioural impairment (ALSbi, n=58), or non-
impaired (ALSncbi, n=53), with 12 participants meeting the criteria for both ALSci and ALSbi. Using linear mixed-
effects models, we characterised the general and phenotype-specific longitudinal changes in brain network, and their
association with cognitive performance, behaviour changes, fine motor symptoms, and survival. Our findings revealed
a significant decline in 4 -band spectral power over time in the temporal region along with increased 7 :-band power in
the fronto-temporal region in the ALS group. ALSncbi participants showed widespread -band synchrony decrease, while
ALSci participants exhibited increased co-modulation correlated with verbal fluency decline. Longitudinal network-level
changes were specific of ALS subgroups and correlated with motor, cognitive, and behavioural decline, as well as with
survival. Spectral EEG measures can longitudinally track abnormal network patterns, serving as a candidate stratification
tool for clinical trials and personalised treatments in ALS.

Keywords Neurodegeneration - Spectral resting-state EEG - Source localisation - Motor neuron disease - Cognitive-
behavioural impairments - Functional connectivity

Introduction

Amyotrophic lateral sclerosis (ALS) is a progressive, neuro-
degenerative disease, which affects upper and lower motor
neurons. In addition to changes in the motor pathways, ALS
is associated with widespread alterations in extra-motor
cortical regions and has links to frontotemporal dementia
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(FTD) (Swinnen and Robberecht 2014). Cognitive and/or
behavioural abnormalities are present in up to 40% of peo-
ple with ALS, while an additional 14% develop dementia
(Pender et al. 2020; Phukan et al. 2012). The presence of
such a range of clinical characteristics in the disease leads
to uncertainties when diagnosing ALS and predicting its
course. There is therefore an urgent need for robust and
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validated phenotypic biomarkers to better predict disease
progression and responses to potential therapies (Bede and
Hardiman 2018; Nasseroleslami 2018; Pender et al. 2020;
Taga and Maragakis 2018).

Neuroimaging methods such as electrophysiology, func-
tional and structural magnetic resonance imaging (fMRI-
sMRI) have played a crucial role in identifying brain
alterations in ALS. These modalities have shown variations
in grey matter and functional connectivity within distinct
ALS cognitive-behavioural profiles and in behavioural (bv-)
FTD, both cross-sectionally (Govaarts et al. 2022; Temp et
al. 2021) and longitudinally (Burgh et al., 2020; Shen et al.
2018). Recent studies using EEG to directly measure and
quantify the function of brain networks, including those
underlying cognition and behaviour, have shown that such
neuroimaging methods have great promise in the search for
ALS biomarkers (McMackin et al. 2019, 2020).

Resting-state electroencephalography (EEG) emerges
as a particularly accessible and participant-friendly method
compared to tasks that require specific actions or responses,
mitigating potential biases associated with speech or motor
disabilities (Maruyama et al. 2021; Secco et al. 2020).
Notably, longitudinal studies have identified persistent dif-
ferences between participants with ALS and HC in resting-
state EEG measures of neural activity (4 -band spectral
power) and functional connectivity (4, 7 n-band coher-
ence) (Nasseroleslami et al. 2019). Source localisation of
EEG signals has further elucidated disease-specific patterns
in brain activity by determining the specific brain regions
that generated the electrical activities recorded on the scalp
(Michel and Brunet 2019).

Specifically, decreased neural activity across different
frequency bands has been observed in motor and non-motor
networks in ALS. Decreased synchrony between signals
has also been noted in the frontotemporal and sensorimotor
regions, while increased co-modulation (amplitude enve-
lope correlation) of signals has been observed in central,
posterior, and frontal areas (Dukic et al. 2019). Increased
functional connectivity has been similarly observed in pos-
terior regions using RS magnetoencephalography (MEG)
(Proudfoot et al. 2018). The EEG functional connectivity
changes correlated with MRI structural atrophy observed in
cognitive networks, specifically within the frontal region.
Additionally, these changes aligned with clinical assess-
ments of cognitive function (Dukic et al. 2019). This
suggests a cohesive relationship between EEG patterns,
structural changes in the brain, and the clinical manifesta-
tion of cognitive abilities.

Building on our prior research, which identified four
distinct patterns of network dysfunction using resting-state
EEG (Dukic et al. 2022), this longitudinal study aims to val-
idate the reliability and effectiveness of EEG measures in
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quantifying network-level impairment in ALS. Our primary
objective is to identify and quantify changes in functional
brain networks as ALS progresses, revealing how distinct
cognitive phenotypes of ALS manifest unique patterns of
longitudinal network impairment. Our secondary objective
is to explore how longitudinal network changes correlate
with clinical progression and survival in ALS. We assessed
whether these changes reflect the progression in symp-
tomatic impairments by examining their association with
survival duration and disease progression, through func-
tional — ALS Functional Rating Scale-Revised, ALSFRS-R
(Cedarbaum et al. 1999) —, cognitive — Edinburgh Cognitive
and Behavioral ALS Screen, ECAS (Abrahams et al. 2014)
— and behavioural scores — Beaumont Behavioral Inventory,
BBI (Elamin et al. 2017).

Materials and Methods
Ethical Approval

The study was approved by the Tallaght University Hospi-
tal / St. James’s Hospital Joint Research Ethics Committee
- Dublin [references: 2014 Chairman’s Action 7; 2019-05
List 17 (01)] and performed in accordance with the Declara-
tion of Helsinki. All participants provided informed written
consent to the procedures before undergoing assessment.

Participants

Recruitment of individuals with ALS occurred in the Irish
National ALS Clinic in Beaumont Hospital, Dublin, Ireland.
Individuals with Suspected to Definite ALS (EI Escorial cri-
teria; Suspected: n=1, Possible: n=26, Probable: n=32,
Lab supported probable: n=38, Definite: n=43) and with
ALS-frontotemporal dementia (ALS-FTD: n=5) diagnoses
were included. All individuals with ALS-FTD included in
this study were diagnosed with the behavioural variant.

Individuals without impairment of both upper and lower
motor neurons were excluded (diagnosed as primary lateral
sclerosis (PLS), progressive muscular atrophy (PMA), or
flail arm/leg syndromes), as well as individuals with other
medical morbidities or neurological abnormalities.

Experiment

Experimental Design

The recruited participants attended EEG recording sessions
in the Clinical Research Facility of Saint James Hospital

(n.d.), Dublin. No blinding was performed, as the partici-
pants, experimenters or data analysts could not access the
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final EEG measures during experiments. EEG data from 124
individuals with ALS (male: 69.3%; age [mean =+ standard
deviation]: 63.13 +15) were recorded. The study included
up to four follow-up recording sessions, with approximately
5.4+2.1 months between sessions. The total number of
EEG recordings was 249, of which 116 were baseline and
60, 44, 22 and 7 were follow-up 1-4, respectively. On aver-
age, the participants attended a total of 2+ 1.2 recording
sessions. Table 1 details the demographic profile for each
follow-up.

EEG Acquisition

The experiments were conducted at the Clinical Research
Facility (CRF) of St James’s Hospital, Dublin using a
128-channel Biosemi ActiveTwo system (Honsbeek et al.
1998). The data were recorded while participants were at
rest with eyes open, seated approximately 1 m from a letter
X (6x8cm?), used as a target to focus their gaze on. The EEG
signals were recorded in three blocks of 2 min, at 512 Hz
with a low-pass anti-aliasing filter (cut-off at 104 Hz).

Disease Severity and Neuropsychology Assessment

Disease severity was assessed using ALSFRS-R scores
(Cedarbaum et al. 1999) and King’s staging system (Balen-
dra et al. 2014), collected from the Irish Motor Neuron
Disease Registry. The participants’ ALSFRS-R scores were
recorded on average 7.4+5.1 times, between 3.7 and 145
months after symptom onset. The symptoms were evaluated
at intervals of approximately 3.3 +3.7 months. Except for
9 participants from the EEG database, all participants had
their ALSFRS-R scores registered. The scale consists of 12
scores of common task performance, rated between 0 and 4
(normal functioning). The scores are summed to produce an
overall score between 0 and 48. To be anatomically relevant,
subgroups of the total ALSFRS-R score were extracted and
defined as ‘bulbar’ (scores 1-3), ‘upper limbs’ (scores 4-6),
‘lower limbs’ (scores 7-9) and ‘respiratory’ (scores 10—12),
respectively for tasks falling within the bulbar region, the

Table 1 Demographic profiles of the individuals with ALS

upper/lower limbs or the respiratory system. Survival times,
calculated from symptom onset, were also collected from
the Irish Motor Neuron Disease Registry.

To provide wider clinical profiling, the Edinburgh Cogni-
tive and Behavioral ALS Screen (ECAS) (Abrahams et al.
2014) and Beaumont Behavioural Inventory (BBI) (Elamin
et al. 2017), which were developed to compensate for the
impact of motor impairment in ALS, were also obtained
from parallel ongoing research projects in the Academic
Unit of Neurology (Costello et al. 2020, 2021). The ECAS
cognitive subscores (language, fluency, executive, memory
and visuospatial) were obtained up to three times, with
a total ECAS score range of 46 to 135. The abnormality
cut-off was adapted for age and level of education. Three
versions of the ECAS (A, B and C) were used to reduce
practice effects (Costello et al. 2020; Crockford et al. 2018).
Behaviour was assessed using the Beaumont behavioural
inventory. BBI assessments were conducted up to three
times for each participant, between 2.8 and 100 months after
onset, yielding scores ranging from 0 to 73 (above 6 repre-
senting mild impairment and above 22 representing severe
impairment).

Subgrouping of Participants According to Their
Cognitive-Behavioural Profiles

To analyse the effect of the cognitive and behavioural
impairment on spectral EEG measures, the longitudinal tra-
jectories were modelled separately for subgroups of indi-
viduals with ALS: cognitively impaired (ci), behaviourally
impaired (bi) and non-impaired (ncbi). This discrimina-
tion by neuropsychological profiles was included with the
expectation that participants with cognitive or behavioural
impairment experience different progressions of neurode-
generation compared to participants with normal cognition
and behaviour. The ALS group comprised a total of 124 par-
ticipants, with 25 participants exhibiting cognitive impair-
ment (ALSci), 58 participants demonstrating behavioural
impairment (ALSbi), and 53 participants showing no cogni-
tive or behavioural impairment (ALSncbi). 12 participants

Group N M (%) Age Disease duration Follow-up ALSFRS-R Site of onset (N) ALS-

(years) [increment since interval score (at Bulbar Spinal Thoracic FTD
T1] (months) (months) Tx) diagnosis
@)

T1 116 74 62+11 25+18 / 36+7 22 (19%) 86 (74%) 5 (4%) 5

T2 60 77 60+ 11 32+19 [+7.3] 49+12 35+8 14 (23%) 43 (72%) 2 (3%) 2

T3 44 80 60+12 37+19 [+12] 49+13 33+9 8 (18%) 34 (77%) 1 (2%) 2

T4 22 86 61+11 42 +24 [+17] 49+1.1 33+7 2 (9%) 19 (86%) 1 (1%) 1

T5 7 57 57+13 52431 [+27] 65+24 33+6 0 6 (86%) 1 (14%) 0

Up to five recording sessions were scheduled, with in-between time delays representing delays between each session. The table details the
gender proportions (percentage of males), the average ages at recording and, when applicable, disease durations, delays between sessions, site
of onset and the number of patients with FTD comorbidity for each recording timepoint (T1-T5). Numbers show mean and standard deviation
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were part of both the ALSci and ALSbi groups due to dis-
playing both cognitive and behavioural impairments. Partic-
ipants were considered to have abnormal cognition if their
ECAS scores exceeded the abnormality cut-off scores based
on age and education for the Irish population (Pinto-Grau et
al. 2017; Crockford et al. 2018; Costello et al. 2020). The
assessment of abnormal behavior was conducted using the
BBI, with behavioural impairment defined as scoring>6
points on the BBI scale.

Data Analysis
Pre-Processing

The EEG signals were pre-processed using MATLAB (ver-
sion R2019b) (The MathWorks 2019), the EyeBallGUI tool-
box (Mohr et al. 2017) and the Fieldtrip v20190905 toolbox
(Oostenveld et al. 2011). An automatic artefact rejection
method was used to reject bad epochs in the EEG signals
(Dukic et al. 2017). For this purpose, the amplitude, the
mean shift, the variance and the band-variance of spectral
power were checked against a 3.5 Z-score threshold. The
EEG signal was resampled at 256 Hz, band-pass (one-pass
zero-phase FIR: 1-97 Hz) and notch filtered (third-order
Butterworth: 50 Hz). An automatic algorithm, which evalu-
ates the correlation between EEG channels, high signal stan-
dard deviations and the ratio of high to low frequencies, was
then used to detect noisy channels (Bigdely-Shamlo et al.
2015; Kohe 2010). The average number of removed chan-
nels was 3.9+ 8.6. If more than 11 channels were marked as
noisy, the recording was excluded from the study. Channels
that were marked for removal were interpolated from the
remaining electrodes using spline interpolation (Oostenveld
et al. 2011). Finally, the channels were referenced to the
common average.

Processing

The EEG data were processed as described by Dukic et al.
(Dukic et al. 2019). Namely, source localisation was per-
formed using the Linearly Constrained Minimum Variance
(LCMV) beamformer (Oostenveld et al. 2011) and a head
model based on the ICBM152 MRI template (Fonov et al.
2009). The source-space signals were estimated in 90 brain
regions from the automated anatomical labelling (AAL)
atlas (Tzourio-Mazoyer et al. 2002). Using these source-
localised signals, spectral measures were computed in six
frequency bands usually considered in resting-state EEG
studies (Dukic et al. 2017; Iyer et al. 2015), i.e. § (2—4 Hz),
§ (4-7 Hz), o (7-13 Hz), 5 (13-30 Hz), 71 (30-47 Hz)
and 7 (53-97 Hz). For each brain region, normalised
spectral power was estimated using a Fast Fourier analysis
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applied on 2 s epochs. For all pairs of brain regions, func-
tional connectivity was estimated using amplitude envelope
correlation (AEC') corrected for spatial leakage (Brookes
et al. 2012), which measures the co-modulation, and using
imaginary coherence (iCoh), which measures the synchrony
between two regions of interest (ROIs).

Statistical Analysis

Linear mixed-effects (LME) models, which can account for
heterogeneous progressions of disease, were used to track
the changes in the brain network patterns of participants
over time. This method has been shown to be robust for
sparse and unbalanced data sets and useful for longitudinal
studies with missing data (West et al. 2007). LME Models
were built to estimate the progressions of the EEG measures
(normalised spectral power and connectivity) and of the
clinical scores (ALSFRS-R, ECAS and BBI) over time.

Electroencephalography Spectral power, co-modulation
and synchrony were analysed separately for each frequency
band (0, 6, o, B, v, 7). All LME models were built in
MATLAB using the fitlme function with the Quasi-Newton
method as the iterative algorithm for data fitting and opti-
mising the likelihood function and Restricted Maximum
Likelihood to avoid bias in the estimated covariance param-
eters. F-statistics were conducted to test for significant
fixed-effects. The purpose of our LME models was to check
whether there is an overall main effect of time (in the entire
brain) but also to estimate the rate of progression in each
brain region (modelled as random-effects and used subse-
quently for further analysis).

To reduce the dimensionality and avoid over-parameter-
isation (when not all the linear combinations of parameters
are estimable), we regrouped and contracted the measures
for broader brain areas: frontal, temporal, motor, parietal,
occipital and subcortical areas (see Supplementary note S1:
brain networks). The subgrouping was initially based on
the five anatomical lobes: frontal, temporal, centro-parietal,
occipital and subcortical. Since the motor cortex is a key
area of atrophy in ALS, the centro-parietal lobe was sub-
sequently separated into the parietal lobe and the motor
network.

To assess where significant longitudinal changes
occurred, a bootstrapping method was performed on ROI-
specific LME models (1 model per ROI): Measure~Time
+ (Time|Participant). To evaluate the null-hypothesis of no
time effect on the EEG measures, the (two to five) time-
points were randomly resampled in each participant before
computing a new LME model (1000 repetitions). The results
of this statistical method were then corrected to account for
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the number of ROIs using a 10% adaptive false discovery
rate (FDR)(Benjamini et al. 2006; Nasseroleslami 2018)
and applied as a mask to visualise estimated sources of neu-
ral activity changes over time.

Longitudinal trajectories of the EEG spectral power were
estimated using the following model described in Wilkin-
son-Rogers notation:

Power~Time + (Time|Participant) + (Time|ROI).

The fixed-effects coefficient corresponds to the time
since the onset of the disease (‘Time’). The random-effects
include a participant-specific factor and an ROI-specific
factor. Age and gender were considered for inclusion as
random-effects but did not significantly improve the mod-
els (based on a likelihood ratio test) and hence were not
included. The random-effect coefficients and the residuals
associated with the EEG score of a participant, within a
brain region, were checked to confirm they followed normal
distributions, were independent, and had constant variance
(using the Kolmogorov—Smirnov test (q < 0.05); Ljung-Box
Q-test (q<0.05); Engle’s ARCH test (q<0.05) or diagnos-
tic plots).

To estimate the connectivity progressions, we used a
similar LME model with the same fixed-effects. It was then
possible to add an interaction term to investigate partici-
pant-specific effects on the functional connectivity within
or between brain regions of interest. In Wilkinson-Rogers
notation, the model is described as:

Connectivity ~Time + (Time|Participant) + (Time[ROI)
+ (-1 4+ Time|ROI: Participant).

All connectivity values were transformed using a rank-
based inverse normal transformation (Beasley et al. 2009)
to reduce the deviation of residuals from normality. Age
and gender were again considered for inclusion as random-
effects but did not significantly improve the models and
therefore were not included.

Clinical Scores After evaluating the progression of EEG
measures, we analysed the evolution of functional, cogni-
tive and behavioural clinical scores. We considered ALS-
FRS subscores as a measure of respiratory, bulbar and motor
function; total ECAS scores and ECAS fluency subscores
as a measure of cognitive impairment and BBI scores as a
measure of behavioural change. The fluency subscore was
specifically chosen because it has been reported as the cog-
nitive subdomain that displays the most prominent and con-
sistent impairment in ALS (Abrahams et al. 2000, 2014). A
linear function was defined to represent each clinical score
(ALSFRS-R subscores, total ECAS, ECAS fluency and BBI
scores) progression over time. Each score was modelled as
Score~Time + (Time|Participant). The fixed-effect coef-
ficients can be described as the mean intercept and slope
for all participants. Similarly, the random-effect coefficients

described the participant-specific deviation from intercept
and slope. Age, gender and education were considered for
inclusion, but only education was deemed relevant for the
ECAS models (based on a likelihood ratio test). For the cog-
nitive progression models, an additional term was added to
account for the versions of the ECAS questionnaire (A, B
and C). This term was added despite the use of three alter-
nate versions to reduce practice effects because some partic-
ipants performed a sequence A-A-A, while others undertook
sequence A-B-C, which needed to be addressed. The ECAS
model can be described as: ECAS~Time+ Version +
(Time|Subj: Study) + (Time|Education). The assumptions
of normality, independence, and constant variance of the
residuals were checked (using the Kolmogorov—Smirnov
test (q<0.05); Ljung-Box Q-test (q<0.05); Engle’s ARCH
test (q < 0.05) or diagnostic plots).

Correlations between EEG and Clinical Measures Following
the estimation of both the linear mixed regressions of EEG
measures and clinical scores (ALSFRS-R, ECAS, BBI)
over time, the rank correlations between EEG measures
and clinical score progressions were calculated. For each
participant, the EEG longitudinal spectral measure changes
at frequency f (§ to 7 r-bands), were estimated by the
time-related participant-specific random-effect of the linear
mixed model, which represents the slope or rate of change
per month. Similarly, participant/ROI interactions showed
participant-specific variations in specific brain regions. All
random-effects slope signs were adjusted according to the
fixed-effect slope (or according to the sum of the fixed-effect
slope and ROI-specific slope in the case of a participant/
ROI interactions) to represent faster or slower changes in
regard to the average changes across participants. For each
participant, the clinical changes ( ALSFRS-R bulbar, upper /
lower limbs, respiratory, total ECAS, ECAS fluency or BBI)
over time were also estimated by the time-related slope of
the LME model.

Rank correlations were additionally calculated between
EEG measures and survival.

Correlations between EEG and clinical measures were
computed using the Spearman correlation coefficient. The
statistical power of each correlation was estimated by boot-
strapping (N=2000) using the EBI toolbox (Nasseroleslami
2018). A 5% FDR correction (threshold chosen following
the inspection of the Type-I -Type Il relationship) was imple-
mented for the multiple comparisons of the participant/ROI
interactions correlating with clinical scores, separately for
each frequency and each score of motor or cognitive decline.
Correlations between EEG values and survival were cor-
rected similarly with a 1% FDR to facilitate visualisation.
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Results

Changes in Neural Activity: Decrease in slow
Oscillations, Increase in Faster Oscillations

We observed distinct patterns of longitudinal changes in
neurophysiological measures within the entire ALS group.
As indicated above, the neurophysiological measures inves-
tigated were spectral power (intensity of oscillations in
neuroelectric activity), AEC (co-modulation of signals, an
amplitude-based measure of functional connectivity) and
iCoh (synchrony between signals, a phase-based measure of
functional connectivity between brain regions).

Across all participants, spectral power significantly
increases over time in the frontal and temporal lobes in ¥
-band and decreases in ¢ -band (Fig. 1). A detailed descrip-
tion of the models examining these effects can be found
in Supplementary Note S2. In the following sections, the
longitudinal effects in the ALSci, ALSbi, and ALSncbi sub-
groups were investigated to assess whether the observed
frontotemporal network changes could have been driven
by ALSbi or ALSci participants. A detailed description of
the longitudinal effects per subgroup can be found in the
Supplementary Material, Note S6.

Longitudinal Changes in Functional Clinical
Measures

We observed significant changes in longitudinal functional
clinical scores, including ALSFRS-R and neuropsycho-
logical scores, within the entire ALS group. These scores
serve as essential tools for assessing both the physical and
cognitive progression of the disease using established quali-
tative measures as a reference. The models identified sig-
nificant declines in ALSFRS-R scores (p <.001) and a slight
increase in ECAS total scores (p <.05). Although some par-
ticipants may exhibit a decrease in ECAS scores, 80% of
the individuals in our dataset did not show any cognitive

impairment at any point in time. Furthermore, verbal flu-
ency and BBI scores did not exhibit significant changes over
time, at group level. For a more detailed examination of the
longitudinal models, please refer to Supplementary materi-
als, Note S3.

Widespread Increased EEG co-modulation in
Cognitively Impaired Participants

We observed widespread significant increased (§ -, § - and
B -band) co-modulation in ALSci (Fig. 2). The intra-fron-
tal (a-band) co-modulation also showed an increase for
the ALSci subgroup. Significant functional connectivity
changes observed between subsets of a specific region are
referred as intra-regional connectivity (as opposed to inter-
regional connectivity). A detailed description of the fixed-
effects can be found in the Supplementary material, Note
S2.

In ALSci, we observed that changes in participants’
region-specific connectivity were associated with corre-
sponding neuropsychological changes, as assessed through
three consecutive administrations of the ECAS (Fig. 2)
(details in Supplementary material, Note S3). To elabo-
rate further, higher rates of B-band co-modulation changes
in connectivity between the frontal and occipital lobes,
between the frontal and temporal lobes were found to be
positively correlated with a more rapid decline in verbal
fluency scores (correlation coefficients: r, > 0.6, statistical
powers: 1-3 > 0.89). Higher rates of changes in «-band
connectivity between the frontal and motor regions also
positively correlated with a more rapid decline in fluency
(correlation coefficients: r, = 0.6, statistical powers: 1-3 =
0.92) By contrast, higher rates of changes either (i) within
the parietal region (B-band) or (ii) between the motor and
temporal lobes (5-band) were associated with a decreased
rate of change in cognition, affecting the ECAS total score
(correlation coefficients: P < -0.6, statistical powers: 1-3
> 0.90).

Fig. 1 Changes in neural activity include a decrease in slow oscilla-
tions and increase in faster oscillations. Longitudinal changes of EEG
spectral power in ALS were measured in term of significant longitu-
dinal spectral power variations, based on the time fixed-effect and the
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time ROI-specific random-effects (Bootstrapping, ¢ <0.1). Longitu-
dinal changes were mapped to get a spatial visualisation. The neural
activity showed a significant decrease in @ -band and an increase in 7
-band
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Fig. 2 Widespread increased EEG co-modulation in ALSci, and asso-
ciations with cognitive decline. (A) Regions of longitudinal changes
of EEG co-modulation and synchrony in ALSci group. The significant
longitudinal connectivity changes were mapped to get a spatial visu-
alisation of their magnitudes. The longitudinal variations represent the
combined estimated slope (significance by bootstrapping, g <0.1). A
widespread increase in § - and @ -band co-modulation was observed
in ALSci. The dashed lines represent a decrease while the solid lines
represent an increase in connectivity. A filled node represents signifi-
cant intra-region connectivity. (B-C) Regions with significant corre-
lations between participant/ROI-specific co-modulation progressions

negative correlation

and cognitive decline, in ALSci. For each significant correlation, the
correlation coefficient, r,, the p-value, p, and the statistical power,1-f
are given. An adaptive FDR was applied to Spearman’s correlation
coefficients. (B) Correlations between EEG co-modulation and ECAS
total score progressions. (C) Correlations between EEG co-modula-
tion and ECAS verbal fluency changes. ALSci: individuals with ALS
and impaired cognition; MM: intra-motor connectivity; MP: connec-
tivity between motor and parietal regions; PP: intra-parietal connectiv-
ity; FO: connectivity between frontal and occipital regions; ST: con-
nectivity between subcortical and temporal regions; SO: connectivity
between subcortical and occipital regions
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Significant associations were found between the co-
modulation in ALSci and other clinical measures (bulbar
and lower limbs ALSFRS-R subscores) and are detailed in
Supplementary material, Note S8. No significant associa-
tions were found with BBI scores.

Increased 7 ;-band Spectral Power in Temporal lobe
in Behaviourally Impaired Participants

The spectral power significantly increased in the temporal
lobe (7 1-band) in ALSbi (Fig. 3). A detailed description of
the fixed-effects can be found in the Supplementary mate-
rial, Note S2.

Additionally, a higher rate of change in @ -band co-mod-
ulation between the frontal and parietal lobes was associated
with an increased rate of changes in BBI scores (correlation
coefficient: r, =0.4, statistical powers: 1-3 =0.9). No sig-
nificant associations were found between the co-modulation
and other clinical measures (ALSFRS-R or ECAS scores)
in ALSbi.

Widespread Decreased B-band EEG Synchrony in
Participants with Normal Cognition and Behaviour

In ALSncbi participants, we observed widespread signifi-
cant changes in synchrony, with an especially significant
decrease in 3 -band (q<0.1, Fig. 4). A detailed description
of the fixed-effects, can be found in the appendix.

The slopes of the ALSFRS-R models (details in Supple-
mentary material, Note S3) were used as an estimation of
the speed of the disease progression per participant. We

identified significant correlations of the changes in the clini-
cal scores (progression rates) with the average brain-wide
changes in neural activity (spectral power). In cognitively
and behaviourally unaffected participants, the spectral
power changes (-, V-, 7 rnbands) negatively correlate
(q<0.05) with fine motor changes over time (¢ -band: s
= -04, P = 0.003, 1-By(s=0.83; Vi-band: "s= -0.4, P
= 0.003, 1-By5=0.86; 7 n-band: 7s= -0.4, P = 0.002,
1-Byos=0.84). Higher rates of change in spectral power
were associated with decreased rates of change in the fine
motor score.

No significant associations were found between spectral
power and the other clinical measures (other ALSFRS-R
subscores or neuropsychological scores) in the ALSncbi

group.

Correlations between Survival and Changes in the
EEG Measures

The relationships between network changes and survival
outcomes (median: ~3.5 years) are depicted in Fig. 5. In
ALSci participants, higher rates of change in co-modulation
over the disease timecourse between the frontal and tempo-
ral regions ([ -band) or between the subcortical and pari-
etal lobes (¢ -band) were associated with poorer prognosis
(p<.001, FDR at ¢=0.01). Widespread negative correla-
tions were also observed in the « -band, linking higher rates
of change in co-modulation and poorer prognosis (p <.01,
FDR at ¢=0.01). On the contrary, higher rates of change
between the motor and frontal regions (§ -band), between
the motor and parietal regions or within the parietal lobe

A Longitudinal neural B Correlations between BBI score
activity changes in ALSbi and EEG co-modulation changes ALSbi,
n=>58
(67
re=0.4 P
p = 0.002 A
1-3=0.88 Motog Jarietal
rdntaL
3 o .
Subcortical Occipital
-} .Temporal d
S | o
A

Fig.3 Increased EEG neural activity in the temporal lobe in ALSbi and
associations with behavioural impairment. (A) Longitudinal changes
of EEG spectral power in ALSbi. The significant temporal spectral
power variations, in terms of the time fixed-effect and the time ROI-
specific random-effects (Bootstrapping, ¢ <0.1), were mapped to get
a spatial visualisation. An increase in 7 [ -band co-modulation was
observed in the temporal lobe for the ALSbi group. (B) Regions with
significant correlations between participant/ROI-specific co-modula-
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-------- negative correlation
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¥ negative correlation

tion progressions and cognitive decline, in the ALSbi group. A higher
rate of change in co-modulation between the frontal and parietal lobes
was correlated with an increased rate of change in BBI scores. For
each significant correlation, the correlation coefficient, r, the p-value,
p, and the statistical power,1-f, are given. An adaptive FDR was
applied to Spearman’s correlations. ALSbi: individuals with ALS and
impaired behaviour
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Longitudinal EEG synchrony changes
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Motor ;a rietal

Frontal +* q 3
,L7 '.
"y Ocgipital
Subcortical _Temporal
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Fig. 4 Widespread decreased [3-band EEG synchrony in the ALSncbi
group. Regions of longitudinal changes of EEG synchrony in the
ALSncbi group. The significant longitudinal connectivity changes
were mapped to get a spatial visualisation of their magnitudes. A wide-
spread decrease in [3-band synchrony was observed in the ALSncbi

(5 -band) were associated with a better prognosis (p <.001,
FDR at ¢=0.01).

ALSDbi participants showed a link between higher rates of
change of 7 » -band co-modulation between frontal and pari-
etal lobes and poorer prognosis (p <.001, FDR at g=0.01).

In ALSncbi participants, significant negative correla-
tions were observed between the parietal and subcortical
lobes (co-modulation, §-band). Positive correlations with
survival were found between the subcortical lobe and the
occipital area (5 -iCoh).

Discussion

This study identified significant longitudinal changes in
neural activity within the fronto-temporal region in all of
the ALS cognitive phenotypes examined. The longitudi-
nal changes in the fronto-temporal region manifested as a
decrease in lower frequency bands and an increase in higher
frequency bands spectral power. Further investigation of
the potential link between the longitudinal frontotemporal
changes and cognitive/behavioural impairments indicated
that ALS subgroups with different cognitive and behav-
ioural profiles present with very distinct longitudinal effects.
In the ALSci subgroup, we observed a widespread increase
in co-modulation, which strongly correlated with cognitive
decline (|r,| > 0.5, 1-3 > 0.8). Meanwhile, in the ALSbi
subgroup, we found that higher rates of change in co-modu-
lation between the frontal and parietal lobes were associated
with increased rates of change in BBI impairment (|r, | =

ALSncbi,
n=53

increased inter-connectivity

«wwwunee decreased inter-connectivity

A  increased intra-connectivity
V¥ decreased intra-connectivity

group. The longitudinal variations represent the combined estimated
slope (significance by bootstrapping, ¢ <0.1). The dashed lines rep-
resent a decrease while the solid lines represent an increase in con-
nectivity. A filled node represents significant intra-region connectivity.
ALSncbi: individuals with ALS with normal cognition and behaviour

0.4, 1-8 = 0.9). Notably, ALSncbi displayed a widespread
decrease in f-band synchrony over time. Furthermore,
within the ALSncbi subgroup, motor decline was linked to
changes in neural activity (jr, | = 0.4, 1-5 > 0.8). In all
subgroups, survival was strongly associated with the rates
of change in functional connectivity between specific brain
regions (correlation coefficients || > 0.5, statistical powers
1->0.9). The distinct longitudinal EEG patterns observed
in the three cognitive/behavioural profiles, along with the
correlation of EEG measures to clinical progression, indi-
cate that these EEG measures reflect underlying network-
level impairment specific to cognitive, behavioural, and
non-cognitive-behavioural domains (Fig. 6).

Frontotemporal Longitudinal Changes in Neural
Activity

Functional networks in the frontotemporal lobe, a key region
of atrophy in ALS (Strong et al. 2017; Trojsi et al. 2020),
displayed significant changes over time, across all cogni-
tive-behavioural profiles. Decreased ¢ -band and increased
7 -band spectral power was observed over time in the fronto-
temporal lobe. Lower ¢ -band spectral power has been previ-
ously observed in the temporal area in ALS compared to HC
group (Dukic et al. 2019; Nasseroleslami et al. 2019) (see
Table 2). This longitudinal decrease mirrors the decrease in
people with ALS compared to healthy individuals (as mea-
sured by our previous cross-sectional study). Frontotempo-
ral and frontal-subcortical circuitry are frequently highly
impacted in dementias and neuropsychological diseases

@ Springer
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Fig. 5 Survival and EEG functional connectivity in ALSci, ALSbi and
ALSncbi subgroups. Regions with significant correlations between
survival and participant/ROI-specific connectivity (AEC and iCoh)
progressions. Solid lines (or upper triangles) depict positive correla-
tions, indicating that higher rates of functional connectivity change are
associated with a better prognosis. In contrast, dashed lines (or lower
triangles) represent negative correlations, signifying that higher rates

(Bonelli and Cummings 2007; Neary et al. 1998; Tekin and
Cummings 2002). Notably, post-mortem examinations have
revealed synapse loss in the prefrontal cortex of people with
ALS, which correlated with cognitive decline (Henstridge et
al. 2018). As our observed frontotemporal network changes
may have been driven by ALSbi or ALSci participants, we
then investigated longitudinal effects within each ALSci,
ALSbi and ALSncbi subgroup. The next paragraphs pro-
vide more specific details on the observed changes within
distinct cognitive-behavioural profiles.
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¥ negative correlation

of functional connectivity change are linked to a worse prognosis. In
ALSci, ALSbi, and ALSncbi subgroups, the correlation coefficient, 7's
, the p-value, p, and the statistical power,1-f, are given for each signifi-
cant correlation. An adaptive FDR was applied to Spearman’s correla-
tions. ALSci: individuals with ALS and impaired cognition; ALSbi:
individuals with ALS and impaired behaviour; ALSncbi: individuals
with ALS with normal cognition and behaviour

Cognitive Impairment and Longitudinal Increase in
EEG Co-Modulation

We observed no significant longitudinal changes in neural
activity (spectral power) in ALSci subgroup, despite pre-
vious cross-sectional studies reporting decreased spectral
power in temporo-posterior regions (all ALS group versus
HC) (Dukic et al. 2019). Our results, focusing on the ALSci
subgroup, do not contradict previous findings; rather, they
provide additional information by revealing distinct results
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Fig. 6 Summary of the main
findings. Distinct changes in
functional networks characterise
cognitive phenotypes in ALS and

Functional
network changes

are clinically relevant. Positive -§ Widespread ™
correlations, indicates that higher 7 in 3-band
rates of functional connectiv- i synchrony
ity change are associated with a
better prognosis/increased rate of
change in cognition or behaviour.
In contrast, negative correla- ) .
tions, signify that higher rates of S Widespread 7‘ L
functional connectivity change = co-modulation
are linked to a worse prognosis/ s (6, 6-bands)
lower rate of change in cognition
or behaviour
— 7 in neural
% activity in the
j temporal lobe

(y; -band)

within this specific subset, emphasising the importance of
subgroup analysis. ALSci participants demonstrated wide-
spread increases in § -, § - and /3 -band co-modulation over
time, which is consistent with previous cross-sectional find-
ings of higher co-modulation in ALS compared to HC in §
, # and 7 frequency bands (Dukic et al. 2019) (Table 2).
This longitudinal increase is, again, mirroring the previ-
ously observed cross-sectional increase in ALS compared
to HC. Burgh et al. similarly observed longitudinal struc-
tural connectivity changes in participants with impaired
cognition (Burgh et al., 2020). This widespread increase in
functional connectivity observed in our study could appear
antithetical to the findings of structural atrophy and meta-
bolic reduction at rest in ALS (Kew et al. 1993; Verstraete
et al. 2010, 2014). However, approaches integrating struc-
tural and functional imaging showed increased functional
connectivity within atrophied regions (Douaud et al. 2011;
Nasseroleslami et al. 2019; Proudfoot et al. 2018). This
increasing connectivity could be explained as compensation
for decreasing structural connectivity tracts along with a
progressive loss of GABA-ergic inhibitory interneurons and
disinhibition of remaining glutamatergic tracts (Douaud et
al. 2011; Lloyd et al. 2000). Such disinhibition and hyperex-
citability is evidenced by numerous histopathological, neu-
rophysiological, neuroimaging and clinical studies (Turner
and Kiernan 2012).

In ALSci, higher rates of connectivity changes in the
frontotemporal and fronto-occipital areas (in the B-band)
were associated with a more rapid decline in verbal fluency.
Verbal fluency deficits are a well-documented cognitive
impairment in ALS, frequently reported in previous studies
(Abrahams et al. 2000, 2014; Beeldman et al. 2016). These
deficits are thought to be mediated by frontotemporal areas

Relationships between network
measure and clinical changes

Faster increase in y;-band
neural activity associated with
slower decrease in fine motor
score

Positive correlations between
the decline in ECAS fluency
and the rate of change in B-
band co-modulation between
fronto-occipital & fronto-
temporal regions

Positive correlation between
the rate of change in behaviour
and in @-band co-modulation
between frontal & parietal
regions

Relationships between
network measure and survival

Positive correlation between
the B-band rate of change in
synchrony and survival

Negative correlations
between widespread rate of
changes in a-band co-
modulation and survival

Negative correlation
between survival and the rate
of change in yp-band co-
modulation between frontal
and parietal lobes

(Baldo et al. 2006). By contrast, higher rates of connectivity
changes involving motor or parietal regions (part of the sen-
sorimotor network) were linked to a decreased rate of cog-
nitive decline (as measured by the total ECAS score). This
inverse relationship suggests a dissociation between con-
nectivity changes involving sensorimotor regions and those
involving other brain regions in individuals with ALS who
experience cognitive impairment. Individuals with ALS
who experience a faster decline in cognition are more likely
to exhibit rapid network changes in the fronto-temporal and
fronto-occipital regions but are less likely to exhibit rapid
network changes in the sensorimotor area.

Temporal Longitudinal Changes in Behaviourally
Impaired Individuals with ALS

In ALSDbi, an increase in ¥ -band power was observed in the
temporal lobe. These findings are supported by observations
of structural cerebral changes in frontotemporal regions of
behaviourally impaired participants with ALS (Burgh et al.,
2020; Lulé et al. 2018), but have not been reported before
in RS-EEG. Furthermore, higher rates of change in co-
modulation between the frontal and the parietal lobes were
observed in participants with ALS that exhibited a faster
decline in BBI scores. This suggests a meaningful con-
nection between alterations in brain connectivity patterns
and the progression of behavioural changes in ALS. In the
combined ALSci/ASLDbi group, the connections identified
between EEG functional connectivity and cognitive-behav-
ioural scores highlight the potential of EEG measures as a
quantitative marker for disruptions in cognitive and behav-
ioural networks in ALS.

@ Springer
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Motor and extra-motor Functional Changes
in Cognitively and Behaviourally Unaffected
Participants

In ALSncbi, we observed significant longitudinal changes
in spectral power, specifically in the 7 ;-band, localized to
the frontal lobe. This suggests that cerebral changes extend
beyond the primary motor cortex, a phenomenon previously
linked to disease progression in the broader ALS population
(McMackin et al. 2021; Menke et al. 2018). Evidence from
diffusion tensor imaging has indicated a loss of structural
connectivity spreading from motor regions to frontoparietal
lobes (Verstraete et al. 2014), reinforcing the idea that ALS-
related changes propagate from the primary motor cortex to
other brain regions. In ALSncbi, we also noted an increase
in connectivity (co-modulation) between the fronto-senso-
rimotor regions and other regions, particularly in the & and
0 frequency bands, aligning with the hypothesis of a pro-
gressive spread of ALS-related changes beyond the primary
motor cortex.

Additionally, we observed a widespread decrease in
B-band synchrony over time in ALSncbi, consistent with pre-
vious cross-sectional findings of reduced B-band synchrony
in people with ALS (Table 2). This cross-sectional decrease
in synchrony correlated with motor impairment and cortical
atrophy, further highlighting its clinical relevance.

To confirm the clinical significance of our observations
regarding fronto-temporo-parietal changes over time, we
correlated them with changes in clinical scores. Associations
between EEG data and clinical measures were detected at
the whole-brain level, not limited to specific brain regions.
The correlations between spectral power and fine motor
scores suggest the potential of EEG measures as a prognos-
tic biomarker for motor decline in the ALSncbi group.

Longitudinal and cross-sectional (Table 2) (Dukic et al.
2019) changes in co-modulation were more closely asso-
ciated with changes in neuropsychological scores, while
alterations in synchrony were linked with differences in
motor function. Amplitude-coupling (co-modulation) and
phase-coupling (synchrony) in EEG and fMRI can provide
complementary information on brain function, as they do
not quantify exactly the same phenomena and potentially
reflect distinct neurobiological mechanisms (Daffertshofer
et al. 2018; Mostame and Sadaghiani 2020; Siems and Sie-
gel 2020; Wirsich et al. 2021). Amplitude-coupling may
stem from neuromodulation by neuropeptides like norepi-
nephrine or dopamine (van den Brink et al. 2019), whereas
phase-coupling appears more relevant in terms of interre-
gional communication during stimuli or cognitive processes
(Landau et al. 2015; Nicolaou et al. 2017). Changes in
amplitude- and phase-coupling have been observed in neu-
rological conditions such as Alzheimer’s disease or multiple

sclerosis, while Parkinson’s disease primarily exhibits alter-
ations in phase-coupling (Engel et al. 2013). Altogether
with our observation that alterations in co-modulation and
synchrony show distinct associations with cognitive and
motor functions, this suggests that combining these EEG
functional connectivity measures can offer a more compre-
hensive assessment of changes in brain function.

Associations between Functional Connectivity and
Survival in ALS Subgroups

In all ALS cognitive-behavioural profiles (ALSci, ALSbi,
ALSncbi), the rates of change in both types of functional
connectivity showed robust associations with survival, as
indicated by high correlation coefficients (|| > 0.5) and
strong statistical power (1-3 ¢ > 0.9).

Within the ALSncbi group, we observed that an increased
rate of change in a-band synchrony between the subcortical
and occipital areas was linked to extended survival. Con-
versely, an increased rate of change in 6-band co-modula-
tion between the subcortical and sensorimotor network was
associated with shorter survival. This implies that changes
in connectivity within non-motor regions, beyond central
and parietal areas, might indicate cerebral compensation
that slows disease progression. This highlights enhanced
plasticity as a potential focus for future treatment research.

However, we also noted that increased rates of changes
in frontotemporal and frontoparietal connectivity (/3 -band)
were associated with a less favourable prognosis in partici-
pants with cognitive or behavioural impairments. In con-
trast, increased rate of changes in connectivity within the
sensorimotor network (§- and /-bands) in ALSci were
linked to longer survival. These findings imply the coexis-
tence of distinct mechanisms contributing to either a faster
or slower progression of the disease. Moreover, these mech-
anisms appear to vary among ALS cognitive-behavioural
profiles.

Individuals with cognitive and behavioural impairments
generally have a poorer prognosis compared to those with-
out these impairments. Studies have shown that the presence
of these deficits is associated with a faster rate of disease
progression (Elamin et al. 2013; Nguyen et al. 2021; Xu et
al. 2017). Cognitive and behavioral impairments reflect a
broader neurodegenerative process that affects both motor
and non-motor regions of the brain. This extensive neuro-
degeneration could contribute to the overall faster progres-
sion of ALS and to the distinct changes in EEG functional
connectivity.

Additional neurobiological, genetic and other factors are
likely to contribute to the survival and to our spectral EEG
measures that might not have been captured in our findings
on EEG-Survival relationships.
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Limitations and Considerations in Longitudinal EEG
Studies for ALS

A limitation of this study is the attrition in repeated lon-
gitudinal recordings, with only 7 out of 124 participants
attending the 5th session. Longitudinal changes can be more
challenging to detect than cross-sectional differences due to
the subtlety of measurements over time compared to the
pronounced differences between the ALS and HC groups.
While linear mixed-effects models can help account for
missing data points, they do not eliminate potential bias. In
this study, we assumed that missing recordings were miss-
ing at random, although they could be dependent on disease
progression and therefore associated with EEG measures.
In future research, obtaining longitudinal recordings from
both ALS and HC groups would allow for distinguishing
between changes resulting from the disease and those asso-
ciated with test-retest variance and normal aging.

Additionally, the categorisation into ALSci, ALSbi, and
ALSncbi would ideally be based on a full neuropsychologi-
cal assessment rather than on ECAS and BBI scores alone.
Furthermore, while ECAS fluency scores serve as a valid
measure of verbal fluency, the ECAS is a screening task
with reduced sensitivity and specificity compared to full-
battery tasks when assessing cognitive impairment (Pinto-
Grau et al. 2017).

The lack of information on non-invasive ventilation
(NIV) use is another limitation for the analysis of survival
in ALS. NIV is a well-established intervention that signifi-
cantly improves survival by supporting respiratory function
(Bourke et al. 2006). Participants using NIV may differ sys-
tematically from those who do not in terms of disease rate
of progression. To address this limitation, future analyses
should include detailed data on NIV use and consider its
effect on survival.

Conclusion

This study demonstrated significant longitudinal changes in
neural activity within the frontotemporal region among ALS
patients. We have also delineated the progression profiles
of spectral EEG measures in distinct ALS subgroups, such
as ALSci, ALSbi, and ALSncbi, yielding critical insights
into the relationship between these neural activity changes
and cognitive or behavioural impairments. Notably, the
link between spectral EEG changes over the course of the
disease and survival across all subgroups highlights the
potential clinical relevance of our findings. These results
contribute to untangling the intricate interplay among neu-
ral activity alterations, cognitive-behavioural profiles, and
ALS progression. We have identified both general and
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phenotype-specific progression profiles for spectral EEG
measures. The specific connections between spectral EEG
measures and clinical metrics (ECAS, BBI, and ALSFRS-
R) have further validated the ability of EEG measures to
quantify and monitor network-level impairments related to
cognitive-behavioural deficits. This suggests that distinct
mechanisms may underlie variations in disease progression
rates among ALS cognitive-behavioural profiles.

Given the strong consistency between the direction of
longitudinal changes and the previously observed abnormal
EEG signatures in cross-sectional analysis, these measures
emerge as robust biomarker candidates for phenotyping,
stratification, and tracking the progression of the disease
and associated cognitive impairments in clinical trials.

Future research should focus on the intricate dynamics of
neural activity changes in ALS to unlock more fine-grained
measures for personalised approaches in clinical trials and
treatment strategies.

Supplementary Information The online version  contains
supplementary material available at https://doi.org/10.1007/s10548-
024-01078-8.

Acknowledgements We would like to thank the Wellcome HRB Clini-
cal Research Facility at St James’s Hospital, as well as all the partici-
pants, their families and the staff involved in the study.

Author Contributions Conceptualisation: M.Me., B.N., O.H., N.P,,
M.Mu, P.B. Investigation (Data acquisition): M.Me, S.D., R.M, E.G,
MMi, S.B, E.C, C.P, YT, V.S, TB, ES. R.C, MP, CS, A.C,
M.B,, P.1,, .M., B.G., Methodology: M.Me., B.N., S.D. Formal analy-
sis: M.Me. Project administration: M.H., B.N., O.H. Resources: B.N.,
O.H. Funding acquisition: B.N., O.H., N.P., M.Mu, P.B. Software:
M.Me., S.D, B.N. Supervision: B.N., O.H. Validation: M.Me. Visu-
alisation: M.Me. Writing, original draft: M.Me. Writing: review and
editing: M.Me, L.M., S.D., R M., E.G., O.H. All authors reviewed the
manuscript.

Funding Funding for this study was provided by the Thierry Latran
Foundation (Project award to O.H.), the Health Research Board of
Ireland (HRA-POR-2013-246; MRCG-2018-02 and HRB ILP-POR-
2022-046to B.N.), the Irish/UK Motor Neurone Disease Research
Foundation (IceBucket Award; MRCG2018-02 to B.N., McManus/
Apr22/888 —791 to L.M. and McMackin/Oct20/972 —799 to R.M),
Irish Research Council (Government of Ireland Postdoctoral Research
Fellowship GOIPD/2015/213 to B.N. and Government of Ireland
Postdoctoral Postgraduate Scholarship GOIPG/2017/1014 to R.M.)
and Science Foundation Ireland (16/ ERCD/3854 and Royal Society/
SFI URF\R1\221917 to L.M.). The additional data analytic aspects of
the study were supported by the ALS Association (multi-year grant
20-1IA-546). Peter Bede and the Computational Neuroimaging Group
are supported by the Health Research Board of Ireland (Emerging
Investigator Award HRB-EIA-2017-019), the Irish Institute of Clini-
cal Neuroscience (IICN) - Novartis Ireland research grant, The Iris
O’Brien Foundation and The Perrigo clinician-scientist research fel-
lowship. Muthuraman Muthuraman was supported by the Deutsche
Forschungsgemeinschaft (DFG, German Research Foundation) Proj-
ect-1D 424778381-TRR 295 and the Fondazione Grigioni per il Morbo
di Parkinson.


https://doi.org/10.1007/s10548-024-01078-8
https://doi.org/10.1007/s10548-024-01078-8

Brain Topography (2025) 38:3

Page 15 of 18 3

Data Availability The data supporting the findings presented above are
available from the corresponding author on reasonable request from
qualified investigators. Data sharing is subject to the participant’s con-
sent and approvals by the Data Protection Officer and the Office of
Corporate Partnership and Knowledge Exchange in Trinity College
Dublin.

Declarations
Competing Interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

Abrahams S, Leigh PN, Harvey A, Vythelingum GN, Gris¢ D,
Goldstein LH (2000) Verbal fluency and executive dysfunc-
tion in amyotrophic lateral sclerosis (ALS). Neuropsychologia
38(6):734-747. https://doi.org/10.1016/S0028-3932(99)00146-3

Abrahams S, Newton J, Niven E, Foley J, Bak TH (2014) Screening
for cognition and behaviour changes in ALS. Amyotroph Lateral
Scler Frontotemporal Degeneration 15(1-2):9-14. https://doi.org
/10.3109/21678421.2013.805784

Baldo JV, Schwartz S, Wilkins D, Dronkers NF (2006) Role of frontal
versus temporal cortex in verbal fluency as revealed by Voxel-
based lesion symptom mapping. J Int Neuropsychol Soc 12(06).
https://doi.org/10.1017/S1355617706061078

Balendra R, Jones A, Jivraj N, Knights C, Ellis CM, Burman R, Turner
MR, Leigh PN, Shaw CE, Al-Chalabi A (2014) Estimating clini-
cal stage of amyotrophic lateral sclerosis from the ALS Func-
tional Rating Scale. Amyotroph Lateral Scler Frontotemporal
Degeneration 15(3/4):279-284. https://doi.org/10.3109/2167842
1.2014.897357

Beasley TM, Erickson S, Allison DB (2009) Rank-based inverse
normal transformations are increasingly used, but are they
Merited? Behav Genet 39(5):580-595. https://doi.org/10.1007/
$10519-009-9281-0

Bede P, Hardiman O (2018) Longitudinal structural changes in ALS:
a three time-point imaging study of white and gray matter degen-
eration. Amyotroph Lateral Scler Frontotemporal Degeneration
19(3-4):232-241. https://doi.org/10.1080/21678421.2017.14077
95

Beeldman E, Raaphorst J, Twennaar MK, de Visser M, Schmand BA,
de Haan RJ (2016) The cognitive profile of ALS: a systematic
review and meta-analysis update. J Neurol Neurosurg Psychiatry
87(6):611-619. https://doi.org/10.1136/jnnp-2015-310734

Benjamini Y, Krieger AM, Yekutieli D (2006) Adaptive linear step-
up procedures that control the false discovery rate. Biometrika
93(3):491-507. https://doi.org/10.1093/biomet/93.3.491

Bigdely-Shamlo N, Mullen T, Kothe C, Su K-M, Robbins KA (2015)
The PREP pipeline: standardized preprocessing for large-scale

EEG analysis. Front Neuroinformatics 9. https://doi.org/10.3389/
fninf.2015.00016

Bonelli RM, Cummings JL (2007) Frontal-subcortical circuitry and
behavior. Dialog Clin Neurosci 9(2):141-151

Bourke SC, Tomlinson M, Williams TL, Bullock RE, Shaw PJ, Gib-
son GJ (2006) Effects of non-invasive ventilation on survival and
quality of life in patients with amyotrophic lateral sclerosis: a ran-
domised controlled trial. Lancet Neurol 5(2):140—147. https://doi.
org/10.1016/S1474-4422(05)70326-4

Brookes MJ, Woolrich MW, Barnes GR (2012) Measuring functional
connectivity in MEG: a multivariate approach insensitive to
linear source leakage. Neurolmage 63(2):910-920. https://doi.
org/10.1016/j.neuroimage.2012.03.048

Cedarbaum JM, Stambler N, Malta E, Fuller C, Hilt D, Thurmond B,
Nakanishi A (1999) The ALSFRS-R: a revised ALS functional
rating scale that incorporates assessments of respiratory function.
BDNF ALS Study Group (Phase I1I). J Neurol Sci 169(1-2):13—
21. https://doi.org/10.1016/s0022-510x(99)00210-5

Costello E, Lonergan K, Madden C, O’Sullivan M, Mays I, Heverin
M, Pinto-Grau M, Hardiman O, Pender N (2020) Equivalency
and practice effects of alternative versions of the Edinburgh cog-
nitive and behavioral ALS screen (ECAS). Amyotroph Lateral
Scler Frontotemporal Degeneration 21(1-2):86-91. https://doi.
org/10.1080/21678421.2019.1701681

Costello E, Rooney J, Pinto-Grau M, Burke T, Elamin M, Bede
P, McMackin R, Dukic S, Vajda A, Heverin M, Hardiman O,
Pender N (2021) Cognitive reserve in amyotrophic lateral scle-
rosis (ALS): a population-based longitudinal study. J Neurol
Neurosurg Psychiatry 92(5):460-465. https://doi.org/10.1136/
jnnp-2020-324992

Crockford CJ, Kleynhans M, Wilton E, Radakovic R, Newton J, Niven
EH, Al-Chalabi A, Hardiman O, Bak TH, Abrahams S (2018)
ECAS A-B-C: alternate forms of the Edinburgh cognitive and
behavioural ALS screen. Amyotroph Lateral Scler Frontotempo-
ral Degeneration 19(1-2):57-64. https://doi.org/10.1080/216784
21.2017.1407793

Daffertshofer A, Ton R, Kringelbach ML, Woolrich M, Deco G (2018)
Distinct criticality of phase and amplitude dynamics in the rest-
ing brain. Neurolmage 180:442—447. https://doi.org/10.1016/j.
neuroimage.2018.03.002

Douaud G, Filippini N, Knight S, Talbot K, Turner MR (2011) Integra-
tion of structural and functional magnetic resonance imaging in
amyotrophic lateral sclerosis. Brain 134(12):3470-3479. https://
doi.org/10.1093/brain/awr279

Dukic S, Iyer PM, Mohr K, Hardiman O, Lalor EC, Nasseroleslami
B (2017) Estimation of coherence using the median is robust
against EEG artefacts. 2017 39th Annual Int Conf IEEE Eng
Med Biology Soc (EMBC) 3949:3952. https://doi.org/10.1109/
EMBC.2017.8037720

Dukic S, McMackin R, Buxo T, Fasano A, Chipika R, Pinto-Grau
M, Costello E, Schuster C, Hammond M, Heverin M, Coffey
A, Broderick M, Iyer PM, Mohr K, Gavin B, Pender N, Bede P,
Muthuraman M, Lalor EC, Nasseroleslami B (2019) Patterned
functional network disruption in amyotrophic lateral sclerosis.
Hum Brain Mapp 0(0). https://doi.org/10.1002/hbm.24740

Dukic S, McMackin R, Costello E, Metzger M, Buxo T, Fasano A,
Chipika R, Pinto-Grau M, Schuster C, Hammond M, Heverin M,
Coffey A, Broderick M, Iyer PM, Mohr K, Gavin B, McLaugh-
lin R, Pender N, Bede P, Nasseroleslami B (2022) Resting-state
EEG reveals four subphenotypes of amyotrophic lateral sclerosis.
Brain 145(2):621-631. https://doi.org/10.1093/brain/awab322

Elamin M, Bede P, Byrne S, Jordan N, Gallagher L, Wynne B, O’Brien
C, Phukan J, Lynch C, Pender N, Hardiman O (2013) Cognitive
changes predict functional decline in ALS: a population-based
longitudinal study. Neurology 80(17):1590-1597. https://doi.
org/10.1212/WNL.0b013e31828f18ac

@ Springer


https://doi.org/10.3389/fninf.2015.00016
https://doi.org/10.3389/fninf.2015.00016
https://doi.org/10.1016/S1474-4422(05)70326-4
https://doi.org/10.1016/S1474-4422(05)70326-4
https://doi.org/10.1016/j.neuroimage.2012.03.048
https://doi.org/10.1016/j.neuroimage.2012.03.048
https://doi.org/10.1016/s0022-510x(99)00210-5
https://doi.org/10.1080/21678421.2019.1701681
https://doi.org/10.1080/21678421.2019.1701681
https://doi.org/10.1136/jnnp-2020-324992
https://doi.org/10.1136/jnnp-2020-324992
https://doi.org/10.1080/21678421.2017.1407793
https://doi.org/10.1080/21678421.2017.1407793
https://doi.org/10.1016/j.neuroimage.2018.03.002
https://doi.org/10.1016/j.neuroimage.2018.03.002
https://doi.org/10.1093/brain/awr279
https://doi.org/10.1093/brain/awr279
https://doi.org/10.1109/EMBC.2017.8037720
https://doi.org/10.1109/EMBC.2017.8037720
https://doi.org/10.1002/hbm.24740
https://doi.org/10.1093/brain/awab322
https://doi.org/10.1212/WNL.0b013e31828f18ac
https://doi.org/10.1212/WNL.0b013e31828f18ac
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/S0028-3932(99)00146-3
https://doi.org/10.3109/21678421.2013.805784
https://doi.org/10.3109/21678421.2013.805784
https://doi.org/10.1017/S1355617706061078
https://doi.org/10.3109/21678421.2014.897357
https://doi.org/10.3109/21678421.2014.897357
https://doi.org/10.1007/s10519-009-9281-0
https://doi.org/10.1007/s10519-009-9281-0
https://doi.org/10.1080/21678421.2017.1407795
https://doi.org/10.1080/21678421.2017.1407795
https://doi.org/10.1136/jnnp-2015-310734
https://doi.org/10.1093/biomet/93.3.491

3 Page 16 of 18

Brain Topography (2025) 38:3

Elamin M, Pinto-Grau M, Burke T, Bede P, Rooney J, O’Sullivan M,
Lonergan K, Kirby E, Quinlan E, Breen N, Vajda A, Heverin M,
Pender N, Hardiman O (2017) Identifying behavioural changes in
ALS: validation of the Beaumont behavioural inventory (BBI).
Amyotroph Lateral Scler Frontotemporal Degeneration 18(1—
2):68-73. https://doi.org/10.1080/21678421.2016.1248976

Engel AK, Gerloff C, Hilgetag CC, Nolte G (2013) Intrinsic coupling
modes: Multiscale interactions in Ongoing Brain Activity. Neu-
ron 80(4):867—886. https://doi.org/10.1016/j.neuron.2013.09.038

Fonov V, Evans A, McKinstry R, Almli C, Collins D (2009) Unbi-
ased nonlinear average age-appropriate brain templates from
birth to adulthood. Neurolmage 47:S102. https://doi.org/10.1016/
S1053-8119(09)70884-5

Govaarts R, Beeldman E, Fraschini M, Griffa A, Engels MMA, van Es
MA, Veldink JH, van den Berg LH, van der Kooi AJ, Pijnenburg
YAL, de Visser M, Stam CJ, Raaphorst J, Hillebrand A (2022)
Cortical and subcortical changes in resting-state neuronal activ-
ity and connectivity in early symptomatic ALS and advanced
frontotemporal dementia. Neurolmage: Clin 102965. https://doi.
org/10.1016/j.nicl.2022.102965

Henstridge CM, Sideris DI, Carroll E, Rotariu S, Salomonsson S,
Tzioras M, McKenzie C-A, Smith C, von Arnim CAF, Ludolph
AC, Lulé D, Leighton D, Warner J, Cleary E, Newton J, Swingler
R, Chandran S, Gillingwater TH, Abrahams S, Spires-Jones TL
(2018) Synapse loss in the prefrontal cortex is associated with cog-
nitive decline in amyotrophic lateral sclerosis. Acta Neuropathol
135(2):213-226. https://doi.org/10.1007/s00401-017-1797-4

Honsbeek R, Kuiper T, Van Ruij M, C (1998) ActiveTwo System.
Biosemi. [Computer software]

Iyer PM, Egan C, Pinto-Grau M, Burke T, Elamin M, Nasseroleslami
B, Pender N, Lalor EC, Hardiman O (2015) Functional con-
nectivity changes in resting-state EEG as potential biomarker
for amyotrophic lateral sclerosis. PLoS ONE 10(6). https://doi.
org/10.1371/journal.pone.0128682

Kew JIM, Leigh PN, Playford ED, Passingham RE, Goldstein LH,
Frackowiak RSJ, Brooks DJ (1993) Cortical function in amyo-
trophic lateral sclerosis: a positron emission tomography study.
Brain 116(3):655-680. https://doi.org/10.1093/brain/116.3.655

Kohe C (2010) Flt clean channels—SCCN. https://scen.ucsd.edu/wiki/
Flt_clean_channels

Landau AN, Schreyer HM, van Pelt S, Fries P (2015) Distributed
attention is implemented through Theta-Rhythmic Gamma Mod-
ulation. Curr Biol 25(17):2332-2337. https://doi.org/10.1016/j.
cub.2015.07.048

Lloyd CM, Richardson MP, Brooks DJ, Al-Chalabi A, Leigh PN (2000)
Extramotor involvement in ALS: PET studies with the GABAA
ligand [11 C]flumazenil. Brain 123(11):2289-2296. https://doi.
org/10.1093/brain/123.11.2289

Lulé D, Bshm S, Miiller H-P, Aho-Ozhan H, Keller J, Gorges M, Loose
M, Weishaupt JH, Uttner I, Pinkhardt E, Kassubek J, Del Tredici
K, Braak H, Abrahams S, Ludolph AC (2018) Cognitive pheno-
types of sequential staging in amyotrophic lateral sclerosis. Cor-
tex 101:163—171. https://doi.org/10.1016/j.cortex.2018.01.004

Maruyama Y, Yoshimura N, Rana A, Malekshahi A, Tonin A, Jara-
millo-Gonzalez A, Birbaumer N, Chaudhary U (2021) Electro-
encephalography of completely locked-in state patients with
amyotrophic lateral sclerosis. Neurosci Res 162:45-51. https:/
doi.org/10.1016/j.neures.2020.01.013

McMackin R, Muthuraman M, Groppa S, Babiloni C, Taylor J-P, Kier-
nan MC, Nasseroleslami B, Hardiman O (2019) Measuring net-
work disruption in neurodegenerative diseases: new approaches
using signal analysis. J Neurol Neurosurg Psychiatry 90(9):1011—
1020. https://doi.org/10.1136/jnnp-2018-319581

McMackin R, Dukic S, Costello E, Pinto-Grau M, Fasano A, Buxo T,
Heverin M, Reilly R, Muthuraman M, Pender N, Hardiman O,
Nasseroleslami B (2020) Localization of Brain Networks engaged

@ Springer

by the sustained attention to response Task provides quantitative
markers of executive impairment in amyotrophic lateral sclerosis.
Cereb Cortex 30(9):4834-4846. https://doi.org/10.1093/cercor/
bhaa076

McMackin R, Dukic S, Costello E, Pinto-Grau M, McManus L, Brod-
erick M, Chipika R, Iyer PM, Heverin M, Bede P, Muthuraman
M, Pender N, Hardiman O, Nasseroleslami B (2021) Cogni-
tive network hyperactivation and motor cortex decline correlate
with ALS prognosis. Neurobiol Aging 104:57-70. https://doi.
org/10.1016/j.neurobiolaging.2021.03.002

Menke RAL, Proudfoot M, Talbot K, Turner MR (2018) The two-year
progression of structural and functional cerebral MRI in amyo-
trophic lateral sclerosis. Neurolmage: Clin 17:953-961. https://
doi.org/10.1016/j.nicl.2017.12.025

Michel CM, Brunet D (2019) EEG Source Imaging: A Practical Review
of the Analysis Steps. Frontiers in Neurology, 10. https://www.
frontiersin.org/article/https://doi.org/10.3389/fneur.2019.00325

Mohr KS, Nasseroleslami B, Iyer PM, Hardiman O, Lalor EC (2017)
EyeBallGUI: A Tool for Visual Inspection and Binary Marking of
Multi-channel Bio-signals [Preprint]. Neuroscience. https://doi.
org/10.1101/129437

Mostame P, Sadaghiani S (2020) Phase- and amplitude-coupling
are tied by an intrinsic spatial organization but show divergent
stimulus-related changes. Neurolmage 219:117051. https://doi.
org/10.1016/j.neuroimage.2020.117051

Nasseroleslami B (2018) An implementation of empirical bayesian
inference and non-null bootstrapping for threshold selection
and power estimation in multiple and single statistical testing.
bioRxiv 342964. https://doi.org/10.1101/342964

Nasseroleslami B, Dukic S, Broderick M, Mohr K, Schuster C, Gavin
B, McLaughlin R, Heverin M, Vajda A, Iyer PM, Pender N, Bede
P, Lalor EC, Hardiman O (2019) Characteristic increases in EEG
connectivity correlate with changes of structural MRI in amyo-
trophic lateral sclerosis. Cereb Cortex 29(1):27—41. https://doi.
org/10.1093/cercor/bhx301

Neary D, Snowden JS, Gustafson L, Passant U, Stuss D, Black S,
Freedman M, Kertesz A, Robert PH, Albert M, Boone K, Miller
BL, Cummings J, Benson DF (1998) Frontotemporal lobar
degeneration: a consensus on clinical diagnostic criteria. Neurol-
ogy 51(6):1546—1554. https://doi.org/10.1212/WNL.51.6.1546

Nguyen C, Caga J, Mahoney CJ, Kiernan MC, Huynh W (2021)
Behavioural changes predict poorer survival in amyotrophic lat-
eral sclerosis. Brain Cogn 150:105710. https://doi.org/10.1016/j.
bandc.2021.105710

Nicolaou N, Malik A, Daly I, Weaver J, Hwang F, Kirke A, Roesch
EB, Williams D, Miranda ER, Nasuto SJ (2017) Directed motor-
auditory EEG connectivity is modulated by music tempo. Fron-
tiers in Human Neuroscience, 11. https://www.frontiersin.org/
articles/https://doi.org/10.3389/fnhum.2017.00502

Oostenveld R, Fries P, Maris E, Schoffelen J-M (2011) FieldTrip:
Open Source Software for Advanced Analysis of MEG, EEG,
and Invasive Electrophysiological Data [Research Article].
Computational Intelligence and Neuroscience. https://doi.
org/10.1155/2011/156869. Hindawi

Pender N, Pinto-Grau M, Hardiman O (2020) Cognitive and

behavioural impairment in amyotrophic lateral sclerosis.
Curr Opin Neurol 33(5):649-654. https://doi.org/10.1097/
WCO0.0000000000000862

Phukan J, Elamin M, Bede P, Jordan N, Gallagher L, Byrne S, Lynch
C, Pender N, Hardiman O (2012) The syndrome of cognitive
impairment in amyotrophic lateral sclerosis: a population-based
study. J Neurol Neurosurg Psychiatry 83(1):102—108. https://doi.
org/10.1136/jnnp-2011-300188

Pinto-Grau M, Burke T, Lonergan K, McHugh C, Mays I, Madden C,
Vajda A, Heverin M, Elamin M, Hardiman O, Pender N (2017)
Screening for cognitive dysfunction in ALS: validation of the


https://doi.org/10.1093/cercor/bhaa076
https://doi.org/10.1093/cercor/bhaa076
https://doi.org/10.1016/j.neurobiolaging.2021.03.002
https://doi.org/10.1016/j.neurobiolaging.2021.03.002
https://doi.org/10.1016/j.nicl.2017.12.025
https://doi.org/10.1016/j.nicl.2017.12.025
https://www.frontiersin.org/article/
https://www.frontiersin.org/article/
https://doi.org/10.3389/fneur.2019.00325
https://doi.org/10.1101/129437
https://doi.org/10.1101/129437
https://doi.org/10.1016/j.neuroimage.2020.117051
https://doi.org/10.1016/j.neuroimage.2020.117051
https://doi.org/10.1101/342964
https://doi.org/10.1093/cercor/bhx301
https://doi.org/10.1093/cercor/bhx301
https://doi.org/10.1212/WNL.51.6.1546
https://doi.org/10.1016/j.bandc.2021.105710
https://doi.org/10.1016/j.bandc.2021.105710
https://www.frontiersin.org/articles/
https://www.frontiersin.org/articles/
https://doi.org/10.3389/fnhum.2017.00502
https://doi.org/10.1155/2011/156869
https://doi.org/10.1155/2011/156869
https://doi.org/10.1097/WCO.0000000000000862
https://doi.org/10.1097/WCO.0000000000000862
https://doi.org/10.1136/jnnp-2011-300188
https://doi.org/10.1136/jnnp-2011-300188
https://doi.org/10.1080/21678421.2016.1248976
https://doi.org/10.1016/j.neuron.2013.09.038
https://doi.org/10.1016/S1053-8119(09)70884-5
https://doi.org/10.1016/S1053-8119(09)70884-5
https://doi.org/10.1016/j.nicl.2022.102965
https://doi.org/10.1016/j.nicl.2022.102965
https://doi.org/10.1007/s00401-017-1797-4
https://doi.org/10.1371/journal.pone.0128682
https://doi.org/10.1371/journal.pone.0128682
https://doi.org/10.1093/brain/116.3.655
https://sccn.ucsd.edu/wiki/Flt_clean_channels
https://sccn.ucsd.edu/wiki/Flt_clean_channels
https://doi.org/10.1016/j.cub.2015.07.048
https://doi.org/10.1016/j.cub.2015.07.048
https://doi.org/10.1093/brain/123.11.2289
https://doi.org/10.1093/brain/123.11.2289
https://doi.org/10.1016/j.cortex.2018.01.004
https://doi.org/10.1016/j.neures.2020.01.013
https://doi.org/10.1016/j.neures.2020.01.013
https://doi.org/10.1136/jnnp-2018-319581

Brain Topography (2025) 38:3

Page 17 of 18 3

Edinburgh cognitive and behavioural ALS screen (ECAS) using
age and education adjusted normative data. Amyotroph Lateral
Scler Frontotemporal Degeneration 18(1-2):99—106. https://doi.
0rg/10.1080/21678421.2016.1249887

Proudfoot M, Colclough GL, Quinn A, Wuu J, Talbot K, Benatar M,
Nobre AC, Woolrich MW, Turner MR (2018) Increased cerebral
functional connectivity in ALS: a resting-state magnetoencepha-
lography study. Neurology 90(16):e1418-e1424. https://doi.
org/10.1212/WNL.0000000000005333

Secco A, Tonin A, Rana A, Jaramillo-Gonzalez A, Khalili-Ardali
M, Birbaumer N, Chaudhary U (2020) EEG power spectral
density in locked-in and completely locked-in state patients:
a longitudinal study. Cogn Neurodyn. https://doi.org/10.1007/
s11571-020-09639-w

Shen D, Hou B, Xu Y, Cui B, Peng P, Li X, Tai H, Zhang K, Liu S,
Fu H, Gao J, Liu M, Feng F, Cui L (2018) Brain structural and
perfusion signature of amyotrophic lateral sclerosis with varying
levels of cognitive deficit. Frontiers in Neurology, 9. https://doi.
org/10.3389/fneur.2018.00364

Siems M, Siegel M (2020) Dissociated neuronal phase- and amplitude-
coupling patterns in the human brain. Neurolmage 209:116538.
https://doi.org/10.1016/j.neuroimage.2020.116538

Strong MJ, Abrahams S, Goldstein LH, Woolley S, Mclaughlin P,
Snowden J, Mioshi E, Roberts-South A, Benatar M, HortobaGyi
T, Rosenfeld J, Silani V, Ince PG, Turner MR (2017) Amyotrophic
lateral sclerosis - frontotemporal spectrum disorder (ALS-FTSD):
revised diagnostic criteria. Amyotroph Lateral Scler Frontotem-
poral Degeneration 18(3—4):153—174. https://doi.org/10.1080/21
678421.2016.1267768

Swinnen B, Robberecht W (2014) The phenotypic variability of amyo-
trophic lateral sclerosis. Nat Reviews Neurol 10(11):661-670.
https://doi.org/10.1038/nrneurol.2014.184

Taga A, Maragakis NJ (2018) Current and emerging ALS biomark-
ers: utility and potential in clinical trials. Expert Rev Neurother
18(11):871-886. https://doi.org/10.1080/14737175.2018.15309
87

Tekin S, Cummings JL (2002) Frontal-subcortical neuronal cir-
cuits and clinical neuropsychiatry: an update. J Psychosom Res
53(2):647-654. https://doi.org/10.1016/S0022-3999(02)00428-2

Temp AGM, Dyrba M, Biittner C, Kasper E, Machts J, Kaufmann
J, Vielhaber S, Teipel S, Prudlo J (2021) Cognitive profiles of
amyotrophic lateral sclerosis differ in resting-state functional
connectivity: an fMRI study. Front NeuroSci 15:682100. https://
doi.org/10.3389/fnins.2021.682100

The MathWorks 1 (2019) MATLAB and Computer Vision System
Toolbox [Computer software]. The MathWorks, Inc

Trojsi F, Di Nardo F, Siciliano M, Caiazzo G, Femiano C, Passan-
iti C, Ricciardi D, Russo A, Bisecco A, Esposito S, Monsurro
MR, Cirillo M, Santangelo G, Esposito F, Tedeschi G (2020)

Frontotemporal degeneration in amyotrophic lateral sclerosis
(ALS): a longitudinal MRI one-year study. CNS Spectr 1-10.
https://doi.org/10.1017/S109285292000005X

Turner MR, Kiernan MC (2012) Does interneuronal dysfunction con-
tribute to neurodegeneration in amyotrophic lateral sclerosis?
Amyotroph Lateral Scler 13(3):245-250. https://doi.org/10.3109
/17482968.2011.636050

Tzourio-Mazoyer N, Landeau B, Papathanassiou D, Crivello F, Etard
O, Delcroix N, Mazoyer B, Joliot M (2002) Automated anatomi-
cal labeling of activations in SPM using a macroscopic anatomical
parcellation of the MNI MRI single-subject brain. Neurolmage
15(1):273-289. https://doi.org/10.1006/nimg.2001.0978

van den Brink RL, Pfeffer T, Donner TH (2019) Brainstem Modula-
tion of Large-Scale Intrinsic Cortical Activity Correlations. Fron-
tiers in Human Neuroscience, /3. https://www.frontiersin.org/
articles/https://doi.org/10.3389/fnhum.2019.00340

van der Burgh HK, Westeneng H-J, Walhout R, Veenhuijzen Kvan,
Tan HHG, Meier JM, Bakker LA, Hendrikse J, Es MAvan, Veld-
ink JH, Heuvel MPvanden, Berg LHvanden (2020) Multimodal
longitudinal study of structural brain involvement in amyotrophic
lateral sclerosis. Neurology 94(24):2592—e2604. https://doi.
org/10.1212/WNL.0000000000009498

Verstraete E, Heuvel MP, van den, Veldink JH, Blanken N, Mandl
RC, Pol HEH, van den Berg LH (2010) Motor Network Degen-
eration in Amyotrophic lateral sclerosis: a structural and func-
tional connectivity study. PLoS ONE 5(10):e13664. https://doi.
org/10.1371/journal.pone.0013664

Verstraete E, Veldink JH, van den Berg LH, van den Heuvel MP (2014)
Structural brain network imaging shows expanding disconnection
of the motor system in amyotrophic lateral sclerosis. Hum Brain
Mapp 35(4):1351-1361. https://doi.org/10.1002/hbm.22258

Wellcome HRB Clinical Research Facility at St James’s Hospital.
(n.d)

West BT, Welch KB, Ga AT (2007) A Practical Guide Using Statistical
Software. 348

Wirsich J, Jorge J, Iannotti GR, Shamshiri EA, Grouiller F, Abreu R,
Lazeyras F, Giraud A-L, Gruetter R, Sadaghiani S, Vulliémoz S
(2021) The relationship between EEG and fMRI connectomes
is reproducible across simultaneous EEG-fMRI studies from
1.5T to 7T. Neurolmage, 231, 117864. https://doi.org/10.1016/j.
neuroimage.2021.117864

Xu Z, Alruwaili ARS, Henderson RD, McCombe PA (2017) Screening
for cognitive and behavioural impairment in amyotrophic lateral
sclerosis: frequency of abnormality and effect on survival. J Neu-
rol Sci 376:16-23. https://doi.org/10.1016/j.jns.2017.02.061

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1017/S109285292000005X
https://doi.org/10.3109/17482968.2011.636050
https://doi.org/10.3109/17482968.2011.636050
https://doi.org/10.1006/nimg.2001.0978
https://www.frontiersin.org/articles/
https://www.frontiersin.org/articles/
https://doi.org/10.3389/fnhum.2019.00340
https://doi.org/10.1212/WNL.0000000000009498
https://doi.org/10.1212/WNL.0000000000009498
https://doi.org/10.1371/journal.pone.0013664
https://doi.org/10.1371/journal.pone.0013664
https://doi.org/10.1002/hbm.22258
https://doi.org/10.1016/j.neuroimage.2021.117864
https://doi.org/10.1016/j.neuroimage.2021.117864
https://doi.org/10.1016/j.jns.2017.02.061
https://doi.org/10.1080/21678421.2016.1249887
https://doi.org/10.1080/21678421.2016.1249887
https://doi.org/10.1212/WNL.0000000000005333
https://doi.org/10.1212/WNL.0000000000005333
https://doi.org/10.1007/s11571-020-09639-w
https://doi.org/10.1007/s11571-020-09639-w
https://doi.org/10.3389/fneur.2018.00364
https://doi.org/10.3389/fneur.2018.00364
https://doi.org/10.1016/j.neuroimage.2020.116538
https://doi.org/10.1080/21678421.2016.1267768
https://doi.org/10.1080/21678421.2016.1267768
https://doi.org/10.1038/nrneurol.2014.184
https://doi.org/10.1080/14737175.2018.1530987
https://doi.org/10.1080/14737175.2018.1530987
https://doi.org/10.1016/S0022-3999(02)00428-2
https://doi.org/10.3389/fnins.2021.682100
https://doi.org/10.3389/fnins.2021.682100

3 Page 18 of 18 Brain Topography (2025) 38:3

Authors and Affiliations

Marjorie Metzger'® . Stefan Dukic'? - Roisin McMackin'* - Eileen Giglia' - Matthew Mitchell’ - Saroj Bista' -
Emmet Costello’ - Colm Peelo’ - Yasmine Tadjine' - Vladyslav Sirenko' - Lara McManus' - Teresa Buxo' -
Antonio Fasano' - Rangariroyashe Chipika® - Marta Pinto-Grau’ - Christina Schuster® - Mark Heverin' -
Amina Coffey' - Michael Broderick® - Parameswaran M. lyer' - Kieran Mohr' - Brighid Gavin' - Niall Pender’ -
Peter Bede” - Muthuraman Muthuraman® - Orla Hardiman'”8 . Bahman Nasseroleslami'”®

P4 Marjorie Metzger Computational Neuroimaging Group, Trinity Biomedical
metzgerm@tcd.ie Sciences Institute, Trinity College Dublin, University of
Dublin, D02 R590 Dublin 2, Dublin 2, Ireland

Academic Unit of Neurology, School of Medicine, Trinity 5 .. . . . .. .
Biomedical Sciences Institute, Trinity College Dublin, Trinity Centre for Bioengineering, Trinity College Dublin,

University of Dublin, Room 5.43, 152—160 Pearse Street, University of Dublin, D02 R590 Dublin 2, Dublin 2, Ireland

Dublin 2 D02 R590, Ireland ®  Neural Engineering with Signal Analytics and Artificial
Intelligence, Department of Neurology, University Hospital

Department of Neurology, University Medical Centre Utrecht Wiirzburg, 97080 Wiirzburg, Germany

Brain Centre, Utrecht University, Utrecht

3584 CG, The Netherlands 7 Trinity College Institute of Neuroscience, Trinity College

3 Discipline of Physiology, School of Medicine, Trinity Dublin, University of Dublin, Dublin 2 D02 PN40, Ireland
Biomedical Sciences Institute, Trinity College Dublin, 8 Beaumont Hospital, D09 V2NO Dublin 9, Dublin, Ireland
University of Dublin, Dublin 2 D02 R590, Ireland 9

FutureNeuro - SFI Research Centre for Chronic and Rare
Neurological Diseases, Royal College of Surgeons, D02
YN77 Dublin 2, Dublin 2, Ireland

@ Springer


http://orcid.org/0009-0007-5463-1931

	﻿Distinct Longitudinal Changes in EEG Measures Reflecting Functional Network Disruption in ALS Cognitive Phenotypes
	﻿Abstract
	﻿Introduction
	﻿Materials and Methods
	﻿Ethical Approval
	﻿Participants
	﻿Experiment
	﻿Experimental Design
	﻿EEG Acquisition
	﻿Disease Severity and Neuropsychology Assessment


	﻿Subgrouping of Participants According to Their Cognitive-Behavioural Profiles
	﻿Data Analysis
	﻿Pre-Processing
	﻿Processing
	﻿Statistical Analysis
	﻿Electroencephalography
	﻿Clinical Scores
	﻿Correlations between EEG and Clinical Measures


	﻿Results
	﻿Changes in Neural Activity: Decrease in slow Oscillations, Increase in Faster Oscillations
	﻿Longitudinal Changes in Functional Clinical Measures
	﻿Widespread Increased EEG co-modulation in Cognitively Impaired Participants
	﻿Increased ﻿￼﻿﻿-band Spectral Power in Temporal lobe in Behaviourally Impaired Participants
	﻿Widespread Decreased β-band EEG Synchrony in Participants with Normal Cognition and Behaviour
	﻿Correlations between Survival and Changes in the EEG Measures

	﻿Discussion
	﻿Frontotemporal Longitudinal Changes in Neural Activity
	﻿Cognitive Impairment and Longitudinal Increase in EEG Co-Modulation
	﻿Temporal Longitudinal Changes in Behaviourally Impaired Individuals with ALS
	﻿Motor and extra-motor Functional Changes in Cognitively and Behaviourally Unaffected Participants
	﻿Associations between Functional Connectivity and Survival in ALS Subgroups
	﻿Limitations and Considerations in Longitudinal EEG Studies for ALS

	﻿Conclusion
	﻿References


