' Aalto University

Roascio, Monica; Wang, Sheng H.; Myrov, Vladislav; Siebenhihner, Felix; Tro, Rosella;
Mattioli, Pietro; Fama, Francesco; Morbelli, Silvia D.; Pardini, Matteo; Orso, Beatrice; Palva,
J. Matias; Arnaldi, Dario; Arnulfo, Gabriele

Unveiling Cortical Criticality Changes along the Prodromal to the Overt Continuum of Alpha-
Synucleinopathy

Published in:
JOURNAL OF NEUROSCIENCE

DOIl:
10.1523/JNEUROSCI.1871-24.2025

Published: 30/07/2025

Document Version
Publisher's PDF, also known as Version of record

Published under the following license:
CCBY

Please cite the original version:

Roascio, M., Wang, S. H., Myrov, V., Siebenhiihner, F., Tro, R., Mattioli, P., Fama, F., Morbelli, S. D., Pardini,
M., Orso, B., Palva, J. M., Arnaldi, D., & Arnulfo, G. (2025). Unveiling Cortical Criticality Changes along the
Prodromal to the Overt Continuum of Alpha-Synucleinopathy. JOURNAL OF NEUROSCIENCE, 45(31), 1-10.
Article e1871242025. https://doi.org/10.1523/JNEUROSCI.1871-24.2025

This material is protected by colpyright and other intellectual property rights, and duplication or sale of all or
part of any of the repository collections is not permitted, except that material may be duplicated by ?/ou for
your research use or educational purposes in electronic or print form. You must obtain permission for any
other tuhse: Elgctronic or print copies may not be offered, whether for sale or otherwise to anyone who is not
an authorised user.


https://doi.org/10.1523/JNEUROSCI.1871-24.2025
https://doi.org/10.1523/JNEUROSCI.1871-24.2025

1-10 « The Journal of Neuroscience, July 30, 2025 « 45(31):¢1871242025

Neurobiology of Disease

Unveiling Cortical Criticality Changes along the Prodromal
to the Overt Continuum of Alpha-Synucleinopathy
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Patients with idiopathic/isolated REM sleep behavior disorder (iRBD) are in the prodromal stage of alpha-synucleinopathies.
Neurodegeneration early affects subcortical structures, including the substantia nigra, in iRBD patients. However, it remains
unclear whether there is also an early neurodegeneration process affecting the cerebral cortex. We investigated whether EEG-derived
metrics for aberrant cortical dynamics and imbalanced excitation-inhibition (E/I) correlate with disease severity in iRBD
patients, aiming to better understand the pathophysiology progression from the prodromal to the overt stage of alpha-synucleino-
pathies. We retrospectively analyzed resting-state EEG recordings, as a marker of cortical function, and presynaptic dopaminergic
imaging, a marker of subcortical function from 59 iRBD patients (9 female) who underwent longitudinal clinical evaluation along-
side 46 age-matched healthy controls (22 female). We assessed power-law scaling in long-range temporal correlations (LRTCs),
neuronal bistability, and functional E/I balance from the resting-state sensor EEG data and then correlated these to large-scale
synchrony, nigrostriatal dopaminergic function, and clinical data. Compared with the control group, patients showed higher
LRTCs and bistability in 2-7 Hz oscillations. Patients who developed parkinsonism/dementia exhibited hyperexcitability in
5-7 Hz compared with those who did not. This was also correlated with stronger phase synchrony. Both hyperexcitability in
5-7 Hz and bistability in 2-4 Hz negatively associated with nigrostriatal dopaminergic impairment. The iRBD patients, especially
those closer to phenoconversion to parkinsonism or dementia, show clear aberrant cortical dynamics and hyperexcitability alongside
substantia nigra impairment, suggesting that neurodegeneration in the prodromal stages affects both subcortical structures and
cortical dynamics.
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Significance Statement

dromal to overt stage.

-

During prodromal stage of alpha-synucleinopathies, symptoms are heterogeneous and occur with unpredictable onset, but
most importantly, the neurodegenerative pathological mechanisms are not well understood, in particular the cortical involve-
ment in the neurodegeneration process. Leveraging an unprecedented longitudinal dataset combining dopamine-depletion
assessment, clinical evaluations, and resting-state high-density EEG recordings, we found that mild bistability and hyperex-
citability—hallmarks of a system on the verge of catastrophic transition—characterized iRBD patients near phenoconversion
up to ~3 years before conversion. These findings suggest that cortical dysfunction is an early event along the prodromal to
overt alpha-synucleinopathy neurodegeneration continuum. This significantly advances the understanding of the pathophys-
iological neurodegeneration process in the prodromal stage of alpha-synucleinopathies and in the transition from the pro-

~

J

Introduction

Abnormal accumulation of alpha-synuclein protein aggregates in
neurons or glial cells characterizes alpha-synucleinopathies, lead-
ing to conditions such as Parkinson’s disease (PD), dementia
with Lewy bodies (DLB), and multiple system atrophy (MSA;
Spillantini et al., 1997). Clinical diagnoses are typically made
when overt syndromes like PD and DLB manifest, as these dis-
eases present with clear disabling symptoms. The neurodegen-
eration process begins several years before the emergence of
parkinsonism/dementia (Arnaldi et al., 2021). REM sleep beha-
vior disorder (RBD) is considered an early biomarker of alpha-
synucleinopathy (Heinzel et al., 2019; McKeith et al., 2020),
and most iRBD patients would develop parkinsonism/dementia
within 12 years from the initial diagnosis (Galbiati et al., 2019;
Postuma et al., 2019; Arnaldi et al., 2021; Mattioli et al., 2023).
This makes idiopathic/isolated RBD (iRBD) patients (i.e.,
patients without overt parkinsonism or dementia) an ideal pop-
ulation to study brain changes that occur before the onset of full-
blown alpha-synucleinopathies (Postuma et al., 2019).

In this study, we employed novel biomarkers inspired by
brain criticality and complex-systems theory to study the EEG
recording from iRBD patients. The “brain criticality hypothesis”
posits that the brain gains functional benefits from operating
near a phase transition between hypersynchrony (supercritical)
and asynchrony (subcritical) phases (Beggs, 2008; Chialvo,
2010). Evidence points to the healthy brain operating in slightly
subcritical or inhibited condition (Priesemann et al., 2013;
Wilting and Priesemann, 2019; Fusca et al., 2023), but still reap-
ing the benefits of critical dynamics. In this regime, the oscillatory
activity of the neuronal field potentials is characterized by stron-
ger long-range temporal correlations (LRTCs), optimal E/I bal-
ance (Kinouchi and Copelli, 2006), and intermediate levels of
neuronal synchronization (Fusca et al, 2023). A continuous
reduction of LRTCs and increasing excitability characterize the
progression of Alzheimer’s disease (AD) patients from subclini-
cal (subjective cognitive decline) to prodromal (mild cognitive
impairment—MCI) to overt (dementia) stages (Javed et al,
2022; van Nifterick et al., 2023).

Recent modeling (Freyer et al., 2012; di Santo et al., 2018;
Wang et al., 2023) and empirical evidence (Freyer et al., 2009;
Wang et al., 2024a) suggest that near the critical phase transition
neurons can also show bistable dynamics. Mild neuronal bistabil-
ity reflects beneficial excitability and positively correlates with
cognitive performance in healthy subjects (Wang et al., 2023),
whereas strong bistability thought to be associated with patho-
logical conditions and has been proposed as a biomarker for

the epileptogenic zone (Wang et al., 2024a,b; Burlando et al.,
2025). Alpha-synucleinopathies, especially PD, are believed to
early affect subcortical structures and later the cerebral cortex
(Braak et al., 2003). Other models suggest an early involvement
of the cerebral cortex, especially when considering all Lewy
body disorders phenotypes, including DLB and PD with cogni-
tive impairment and dementia (Borghammer, 2023). Although
subcortical abnormalities have been extensively studied in
iRBD patients, cerebral cortical dysfunction has been poorly
investigated (Miglis et al., 2021). Compared with healthy sub-
jects, iRBD patients exhibit a slowing of the alpha peak
(Fantini et al., 2003; Iranzo et al., 2010) and weaker neuronal syn-
chronization in the delta band at diagnosis (Sunwoo et al,
2017). Following disease progression, neuronal synchronization
further increases in the alpha band (Roascio et al., 2022). These
previous results suggest that a cortical dysfunction may be
already present.

We hypothesized that iRBD patients show altered critical cor-
tical dynamics and hyperexcitability, similar to how MCI affects
cortical dynamics before AD (Fig. 1A4,B). We expected the extent
of these alterations to be highly correlated with disease severity.
We investigated how LRTCs, E/I balance, and cortical bistability
differed in iRBD patients compared with healthy subjects
assessed using high-density EEG data. We investigated how crit-
ical dynamics correlated with biological (presynaptic dopaminer-
gic imaging) and clinical (motor and cognitive assessment)
severity in iRBD patients who developed parkinsonism/dementia
over time compared with those who remained clinically stable
(Fig. 1C). Finally, we investigated whether E/I (im)balance is cor-
related with phase synchronization in iRBD patients.

Materials and Methods

Sample characteristics

In this study, we enrolled 62 iRBD patients (9 female; mean age 69.58 +
7.21 years) who underwent baseline high-density (64 channels) EEG
(hdEEG) resting-state recordings, dopamine transporter (DaT) imaging
with ['IJFP-CIT-SPECT, and a comprehensive clinical assessment
including (1) the Mini-Mental State Examination (MMSE) as a global
measure of cognitive impairment; (2) the Movement Disorder
Society-sponsored revision of the Unified Parkinson’s Disease Rating
Scale, motor section (MDS-UPDRS-III) to evaluate the presence of
parkinsonian signs; and (3) clinical interviews and questionnaires for activ-
ities of daily living (ADL) and instrumental ADL to exclude dementia. The
diagnosis of iRBD was confirmed by overnight video-polysomnography,
according to current criteria (American Academy of Sleep Medicine,
2014). Idiopathic RBD patients underwent general and neurological exam-
inations to exclude other neurological and psychiatric disorders. The dura-
tion of RBD prior to diagnosis was 41.6 + 34.2 months.
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Figure 1.  Study hypothesis. A, Working hypothesis: the relationship between long-range temporal correlations (LRTC, i.e., power-law scaling in oscillations), E/I balance, and neuronal

bistability that can be assessed with resting-state hdEEG from the subjects (markers). B, Clinical hypothesis. The green shade is the physiological range; the purple shade is the pathological
range. Markers represent patients and control subjects. (, Grouping of iRBD patients by increasing disease severity. Non-converters remained clinically stable throughout the study.
Late-converters developed parkinsonism or dementia after the first instrumental follow-up. Early-converters developed parkinsonism/dementia before the first instrumental follow-up.

Table 1. Demographic and clinical measurements

Baseline HC ncRBD IRBD eRBD p

Subjects (#) 46 4 10 8 na.

PD (#) na. na. 3 5 na

DLB (#) na. na. 7 3 na.

Age 70.50 +10.21 68.10£7.23 71.60 £ 6.31 70.50 £ 6.16 p=0276

Sex (F/M) 22/24 5/36 2/8 2/6 p=0.003

Education na. 9.59 +3.43 11.00 + 4.58 9.88 +4.40 p=10.849

MMSE 2848 +2.29 28.49 +1.31 26.80 £3.77 26.75 £ 2.71 Puc,rep = 0.043
Phc.ersp = 0.045
Phcncrep = 0.996

MDS-UPDRS-III 0 1.53+336 1.40 + 2.50 3.63+£233 Puc,rep = 0.998
Phc.erep = 0.998
Phc,ncrep = 0.998

Follow-up HC ncRBD IRBD eRBD p

Subjects (#) na. 17 6 8 na.

PD (#) na. na. 1 5 na.

DLB (#) na. na. 5 3 na.

Age na. 7224+753 70.50 £3.50 72.00 £5.83 p=0.707

Sex (F/M) na. 3/14 1/5 2/6 p=10.898

Education na. 10.20 +3.89 10.25 +4.44 15.00 +2.00 p=0334

MMSE na. 2841+1.70 28.00 £ 1.41 24.88 + 4.64 Pncrep,rep = 0.219
Pncren,erep < 0.0001

MDS-UPDRS-III na. 1.29+1.79 717 £8.57 10.88 + 15.81 Pncri,irep < 0.0001
Pncre,erep < 0.0001

Demographic and clinical data for non-converter, late-converter, and early-converter iRBD patients at baseline and at instrumental follow-up for iRBD patients alone. eRBD, early-converter iRBD patients; DLB, dementia with Lewy bodies;
HG, healthy controls; MMSE, mini-mental examination test; MDS-UPDRS-III, movement disorder society-sponsored revision of the Unified Parkinson’s disease rating scale, motor section; IRBD, late-converter iRBD patients; ncRBD,

non-converter iRBD patients; PD, Parkinson’s disease.

All patients underwent clinical follow-ups every 6 months, including
motor and cognitive assessments and 50% of patients (31 men, mean age
72.41+7.05) underwent instrumental follow-up, evaluating hdEEG
(n=31) and DaT-SPECT (n =28) after ~2 years (25.79 + 12.45 months)
from the diagnosis of iRBD.

Within the ~2 years time window of this study (23.82 + 18.13 months
from iRBD diagnosis), 18 (29%) iRBD patients (4 female, mean age 73.35 +
6.05) phenoconverted (8 to PD and 10 to DLB). Of note, 8 out of 18 iRBD
patients had already developed overt parkinsonism/dementia at the time
of the instrumental follow-up (early-converter iRBD patients), and the
remaining 10 had developed overt parkinsonism/dementia at the last clin-
ical follow-up (late-converter iRBD patients). The phenoconversion to
Parkinson’s disease, dementia with Lewy bodies, or multiple system atro-
phy was defined based on current clinical criteria (Gilman et al., 2008;
Postuma et al., 2015; McKeith et al., 2017).

We grouped patients as follows: (1) non-converter iRBD if patients
had not developed parkinsonism/dementia at the last available clinical
follow-up; (2) late-converter iRBD if patients were still free from parkin-
sonism/dementia at the first time point, that is, the instrumental
follow-up, but then phenoconverted between the first time point and
the last one (i.e., last clinical follow-up); and (3) early-converter iRBD
if the phenoconversion diagnosis was made before the instrumental
follow-up (Fig. 1C, Table 1).

As a control dataset, we included 48 age-matched healthy control
(HC) subjects (23 female, 70.25 + 10.26) who underwent baseline clinical
evaluation (i.e., MMSE) and resting-state hdEEG recording as part of a
previous voluntary program in our institution.

The study was conducted according to the declaration of Helsinki,
and all participants gave informed consent before entering the study,
which the local ethics committee approved.
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hdEEG collection and preprocessing

The first hdEEG recording was carried out within 3 months of diagnosis. All
subjects underwent hdEEG recording during relaxed wakefulness late in the
morning to minimize drowsiness. For each session, the acquisition protocol
consisted of ~22.71 +3.71 min of resting-state subdivided into eyes-open,
eyes-closed, and hyperventilation condition. We used the Galileo system
(EBNeuro) to acquire bandpass (0.3-100 Hz) signals from 64 electrodes
(10-10 International System) at a sampling rate of 512 Hz, where the refer-
ence electrode and ground were Fpz and Oz, respectively. Electrode imped-
ances were monitored and kept below 5 kOhm.

We filtered the time series with a notch filter (order 2) to remove
power line noise (50 Hz). We rejected the channels with a high percent-
age of artifacts (number of rejected channels 2.57 +2.43, mean + stan-
dard deviation). We used independent component analysis and visual
inspection to reduce the number of physiological and instrumentation
artifacts, such as blinks, lateral eye movements, muscle artifacts, drowsi-
ness, and electrode pop. We filtered the time series with a Finite Impulse
Response bandpass filter (1-80 Hz, Kaiser window, order 1858). We
interpolated bad channels using spline interpolation (kernel size:
4 cm). For all clean sensors, we applied the scalp current density
(SCD) transformation based on spherical spline surface Laplacian
(lambda 0.00001, order 4; Perrin et al., 1989). For the following analysis,
we selected ~9.68 +3.71 min of eye-closed resting-state condition.

After hdEEG preprocessing, we excluded three iRBD patients at base-
line and two HC subjects due to excessive artifactual activity in the EEG
recording, which left <1 min of eye-closed resting-state data after clean-
ing. For the following analysis, we retained 59 iRBD patients and 46 HC
subjects at baseline (Table 1).

hdEEG metrics

We analyzed the broadband SCD time series with a time-frequency
decomposition using 30 log-spaced narrowband Morlet wavelets
(m=5) in the 2-70 Hz range (Fig. 2A,B; Tallon-Baudry et al., 1998;
Torrence and Compo, 1998). For each time-frequency series, we estimated

A
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the detrended fluctuation analysis scaling exponent (DFA), the functional
E/I ratio (fEI), the bistability index (BiS), and the weighted phase lag index
(WPLI) as described below.

Detrended fluctuation analysis. Detrended fluctuation analysis (DFA)
was used to investigate LRTCs. We quantified the scale-free decay of tem-
poral correlations in the amplitude modulation of neuronal oscillations
(Linkenkaer-Hansen et al., 2001) with the DFA scaling exponent, which
is the slope of the fluctuation function in log-log plot (Fig. 2C). A DFA
exponent in the range [0.5, 1] indicates positive temporal correlations while
an exponent of 0.5 is characteristic of uncorrelated signal and an exponent
below that indicates negative correlations (Hardstone et al., 2012).

Functional excitation-inhibition ratio. To quantify the E/I balance
(Fig. 2D), we computed the functional excitation-inhibition ratio (fEI)
ratio for windows with a fixed length of 40 cycles for each narrow-band
signal and 80% overlap (Bruining et al., 2020). For each channel, we com-
puted fEI only when the DFA scaling exponent was >0.6 because chan-
nels without LRTC do not exhibit covariation of amplitude and
fluctuation function.

Systems operating at the critical transition should have fEI = 1, while
those working in the inhibition- or excitation-dominated states should
have an fEI <1 or fEI> 1, respectively.

Bistability index. Cortical bistability represents a discontinuous
transition between asynchronous and totally synchronous activity
(Freyer et al., 2011), and high bistability is considered a sign of brain
pathology. To evaluate cortical bistability (Fig. 2E), we quantified the
bistability index (BiS) of a power time series R* fitting its probability
density function (PDF) with a single- and a bi-exponential model. The
single-exponent model is defined as follows:

Pp(R?) = ye %, 1)

E
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Figure 2.  Operationalizations of the criticality assessments from resting-stage EEG. A, EEG single-channel broadband time series and their (B) Single-channel narrow-band (7 Hz) oscillations

and their amplitude envelopes (black line). 4, B, Trace color code: healthy subject (gray), a non-converter iRBD patient (green), a late-converter iRBD patient (orange), and an early-converter iRBD
patient (red). (—E, lllustration of criticality assessment for the traces shown in (B) with the same color code. C, LRTCs were assessed using the detrended fluctuation scaling exponent,
(D) functional E/I balance was assessed using the functional E/I index (fEl), and (E) neuronal bistability was assessed using the bistability index (BiS).
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where 7 is the exponent. The bi-exponential model is defined as follows:

Pr(RY) = (S, ME 4 8 y,e7 "), 2)

1
(61 + 62)

where vy,;, 7, are the two exponents and &, 6, is a weighting factor. To
assess the fitting of the two models, we used the Bayesian information cri-
terion (BIC):

BIC = In(mk — 2In(L),

where 7 is the number of samples; L is the likelihood function; k is the
number of free parameters in the model, i.e., for Equation 1, k=1 and
for Equation 2 and k =4. A better-fitted model yields a small BIC value.

Next, we computed the difference in BIC between single- and
bi-exponential fitting:

dBIC = BIC.xp — BIChjexps
Finally, the BiS is computed as:

BiS = log,,(dBIC) if dBIC > 0,

BiS = 0 otherwise.

A BiS close to zero means that the single-exponential model is a more
likely model for the observed time series, whereas, for a BiS >3, the
most likely model for the observed time series is the bi-exponential model.

Weighted phase lag index. To quantify phase synchronization, we
computed the weighted phase lag index (wPLI) for each pair of channels
(Vinck etal., 2011). The wPLI is neither inflated by volume conduction as
the phase-locking value (PLV) nor underestimating the true phase cou-
pling as the imaginary part of the complex-valued PLV (Palva et al,
2018) and thus is ideal for EEG sensor level synchrony analysis intended
here. The wPLI is limited to the range [0,1], where O represents the
absence of synchronization. From the wPLI matrix, we estimated the
eigenvector centrality, local clustering coefficient, and strength for each
node (channel). The eigenvector centrality measures the influence of a
node in a graph. The strength is the sum of the weights of links connected
to the node. The local clustering coefficient measures the degree to which
the nodes in a graph tend to cluster for any given node and is quantified
by the fraction of how many possible triplets (i.e., three nodes connected
together) are realized between the neighbors of a node.

For the statistical analysis, we grouped the frequency spectrum
(2-70 Hz) in five frequency bands based on the canonical brain rhythms:
delta (2-4 Hz), theta (5-7 Hz), alpha (8-13 Hz), beta (15-30 Hz), and
gamma (30-70 Hz).

Molecular imaging evaluation

Within 3 months after diagnosis, subjects with iRBD underwent [
FP-CIT-SPECT to measure the presynaptic dopaminergic function
according to European Association of Nuclear Medicine guidelines
(Darcourt et al., 2010; Morbelli et al., 2020). Reconstructed images
were exported in the Analyze file format and processed by Basal
Ganglia V2 software (Nobili et al., 2013) to compute specific to nondis-
placeable binding ratios (SBRs), as detailed in a previous paper (Roascio
et al,, 2022). All patients were free from treatments that could have
influenced DaT-SPECT findings.

1231]

Statistical analysis
We performed a Kruskal-Wallis H test (a=0.05) to observe if demo-
graphic information (i.e., age, sex, and education) change across subject
groups. We fitted a generalized linear model (GLM) to observe the
difference in clinical scores between subject groups by adjusting for
age and sex.

To quantify statistical difference in EEG measures between iRBD
patients at baseline and HC subjects, we fitted a GLM on each EEG
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measures grouped in canonical frequency bands (i.e., delta: 2-4 Hz,
theta: 5-7 Hz, alpha: 8-13 Hz, beta: 15-30 Hz, and low gamma:
30-70 Hz). We corrected for the multiple comparison using
Bonferroni’s method (acorrected < a/ N, where N is the number of tests).
To evaluate the magnitude of the difference between each two groups, we
quantified the effect size using Cohen’s d, which classified the effect size
as small (d=0.2), medium (d=0.5), and large (d>0.8; Cohen, 1988).
As above, we fitted a GLM on each EEG measures to investigate the sta-
tistical difference between baseline and follow-up recordings.

We fitted a linear mixed model (LMM) to investigate the relationship
between hdEEG measures (i.e., DFA, fEI, and BiS)—averaged across chan-
nels and grouped in canonical frequency bands—and SBR values, adding
age and sex as fixed effect. In this analysis, we included both baseline
and follow-up visits; to consider the dependence between subjects
with two visits, we added subjects as random effect. To evaluate the corre-
lation between EEG features and clinical scores (i.e, MMSE and
MDS-UPDRS-III), we used an LLM, adjusting for age and sex and consid-
ering subjects as a random effect as above. Finally, we explored the corre-
lation between E/I balance and phase synchronization—both averaged
across channels—using LMM, adding age and sex as fixed effect and sub-
jects as random effect. We corrected for the multiple comparison using
Bonferroni’s method (&corrected < /N, where N is the number of tests).

Results

Cortical neurodegeneration alters E/I balance in iRBD
patients at baseline

We hypothesized that patients with iRBD already exhibited cortical
neurodegeneration at the time of diagnosis, which would inhibit cor-
tical dynamics compared with healthy individuals. To investigate
this hypothesis, we quantified the spectral profiles (decomposition
with 30 Morlet wavelets) of (1) the LRTCs with DFA, (2) the func-
tional E/I ratio with fEI, and (3) the neuronal bistability with BiS.

Comparing the resting-state data of the two cohorts at baseline,
we found (Fig. 3A,B; Extended Data Figs. 3-1, 3-2) that DFA scal-
ing exponent and BiS were significantly stronger in iRBD patients
than those in HC subjects in the delta (2-4 Hz) band (pg4z, = 0.0001
and py;s=0.0000001, Bonferroni a=0.01) and theta (5-7 Hz) fre-
quency band (p4g =0.006 and py,;,=0.014, Bonferroni a=0.01).
In addition, neuronal bistability was higher in iRBD patients
than that in HC in the alpha (8-13 Hz) frequency band
(Pbis=0.027, Bonferroni a=0.01). In contrast, iRBD patients
showed (Fig. 3C, Extended Data Fig. 3-3) a significantly higher
fEI in the delta (2-4 Hz) frequency band than HC subjects
(pge1=0.009, Bonferroni a=0.01).

In the 31 iRBD patients who underwent EEG recording in two
following time points, BiS in the alpha (8-13 Hz) band significantly
decreased (Coef = —0.44, p = 0.006, Bonferroni & = 0.01) from base-
line to follow-up (Fig. 3E, Extended Data Fig. 3-5). In addition,
BiS decreased from baseline to follow-up in the theta (5-7 Hz,
Coef=—-0.45, p=0.047) and in the beta (15-30 Hz, Coef = —0.44,
p=0.047) bands (Fig. 3E, Extended Data Fig. 3-5). DFA scaling
exponents tended to change in the delta (Coef=-0.59,
p=0.022), in the alpha (Coef =—0.47, p=0.045), and in the beta
(Coef=—0.52, p=0.021) bands (Fig. 3D, Extended Data Fig. 3-4).

In summary, iRBD patients showed at baseline altered cortical
dynamics compared with HC mainly in the delta and theta fre-
quency bands, and their operating point was shifted closer to
the critical point (larger DFA) but still in an inhibition-
dominated state (fEI < 1).

Mild bistability and hyperexcitability are associated with
nigrostriatal dopaminergic impairment

Nigrostriatal dopaminergic damage is associated with motor dys-
function and represents a conventional marker for iRBD patients
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(bottom) of () DFA exponent, (B) BiS, and (C) fEI for 59 iRBD patients at baseline (blue) and 46 healthy controls (gray). Shaded areas in the top row represent confidence intervals at
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=1,000). Generalized linear model results are summarized in Extended Data Figures 3-1-3-6.
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up recording); and red crosses, early-converters (n = 8 baseline recording, n = 8 instrumental

follow-up recording). Continuous lines and shaded areas: average and confidence intervals of the linear regression model fit at baseline (light gray) and at follow-up (dark gray). C, Kendall's
correlation coefficient of averaged fEl across sensors with MMSE (brown) and MDS-UPDRS-III (gray). Linear mixed model results are summarized in Extended Data Figures 4-1, 4-2.

with a more rapid clinical decline (Arnaldi et al., 2024). To inves-
tigate the relationship between nigrostriatal dopaminergic
impairment with critical dynamics and E/I balance, we trained
a LMM to predict the DaT levels (expressed by the SBRs obtained
from DaT-SPECT) using fEI in canonical frequency bands. The
DaT levels were negatively correlated (Coef=—0.260, p=0.04)
with fEI in the theta (5-7 Hz) band (Fig. 4A,B; Extended Data
Fig. 4-1). Moreover, we suggested that early-converter iRBD
patients (red crosses) and late-converter iRBD patients (orange
triangles) exhibited higher values of fEI in the theta (5-7 Hz)

band and lower levels of DaT than non-converter iRBD patients
(Fig. 4B). We found no significant correlation between E/I bal-
ance and cognitive decline and motor impairment (Fig. 4C,
Extended Data Fig. 4-2).

Subsequently, we investigated whether BiS predicts DaT levels
and clinical score (Fig. 5). We found that DaT levels in putamen
were significantly correlated with BiS in the delta (2-4 Hz, Coef =
—0.31, p=0.004) and in the theta (5-7 Hz, Coef=0.29, p =0.021)
band (Fig. 5A,B; Extended Data Fig. 5-1). We suggested that
early-converter (red crosses) and late-converter iRBD patients
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(orange triangles) showed higher values of BiS and lower levels of
DaT in the delta (2-4 Hz) band than non-converter iRBD
patients (Fig. 5B). Moreover, we did not observe any significant
correlation between BiS and MDS-UPDRS-III or MMSE
(Fig. 5C, Extended Data Fig. 5-2).

Finally, we investigated whether DFA scaling exponents pre-
dict DaT levels and clinical scores. DaT levels in putamen tended
to correlate (Coef = 0.26, p = 0.11) with the DFA scaling exponent
in the alpha (8-13 Hz) band (Fig. 6A, Extended Data Fig. 6-1).
Notably, early-converter iRBD patients exhibited low values of
DFA exponent correlated with low DaT levels (Fig. 6B). DFA
exponents and clinical scores did not show any significant corre-
lation (Fig. 6C, Extended Data Fig. 6-2).

Altogether these results show that cortical excitability, LRTCs,
and neuronal bistability are correlated with significant nigrostria-
tal dopaminergic deafferentation.

High synchronization correlates with hyperexcitability

Since iRBD increases the global phase synchronization, and this
increase continues with the progression of the disease, we inves-
tigated the relationship between local E/I balance and nodal
properties of interareal phase synchronization networks. Local
E/I balance correlated with node strength and clustering coeffi-
cient (Fig. 7, Extended Data Fig. 7-1). In particular, the clustering
coefficient was associated with fEI in the beta (15-30 Hz,
Coef=-1.71, p=0.031, Bonferroni «=0.01) and gamma

(30-70 Hz, Coef=-2.53, p=0.000002, Bonferroni «=0.01)
bands (Fig. 7A,C). Nodal strength with fEI in the beta (15-30 Hz,
Coef=1.62, p=0.040, Bonferroni «=0.01) and gamma
(30-70 Hz, Coef=2.06, p=0.0001, Bonferroni a=0.01) bands
(Fig. 7B,D).

Discussion
By longitudinally evaluating a group of patients with iRBD, we
sought to understand how critical cortical dynamics change
from the prodromal phase of alpha-synucleinopathies to the overt
stage of the disease. To this aim, we analyzed the high-density EEG
data of 59 iRBD patients and 46 age-matched HC subjects by
applying advanced quantitative analysis to extract several EEG fea-
tures reflecting brain oscillations, under the conceptual framework
of the critical brain hypothesis (Chialvo, 2010; Zimmern, 2020).

We found that spontaneous activity, mainly in the delta
(2-4 Hz) and in the theta (5-7 Hz) frequency bands, of iRBD
subjects exhibited higher bistability, higher long-range temporal
correlations, and a smaller E/I ratio compared with age-matched
healthy controls. These findings suggest that iRBD affects critical
cortical dynamics before it is typically diagnosed, resulting in a
shift of the brain’s operating point toward supercriticality, with
high levels of bistability.

As a second step, we evaluated the changes in brain oscillation
metrics over time in a subgroup of enrolled iRBD patients with
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follow-up information, to gain insight into the longitudinal
critical cortical dynamic modifications in patients with alpha-
synucleinopathies, since the prodromal phase. Interestingly, bist-
ability in the alpha band significantly decreases over time in our
samples. LRTCs tended to decrease over time without surviving
correction for multiple comparisons. This result suggests that at
least some of the critical cortical dynamic modifications are an
early event in the neurodegeneration cascade. However, given
the small number of phenoconverted patients, it is possible
that potential effects could not be observed because of the limited
statistical power of our analysis.

Subsequently, we investigated the association between the
critical cortical dynamic modifications and the biological and
clinical severity of the disease. The EEG-derived criticality assess-
ments were significantly associated with nigrostriatal dopami-
nergic function. Despite the absence of significant modulation
of critical cortical dynamics in the longitudinal evaluation, the
correlation between hyperexcitability and nigrostriatal dopami-
nergic impairment suggests that the critical cortical dynamics
of iRBD reflect the worsening of the biological disease severity.
It is interesting to highlight that the EEG-derived metrics only
tended to be associated with clinical disease severity, but there
is no significance, possibly for a floor effect. Idiopathic RBD
patients may show only mild motor and cognitive symptoms
for several years before phenoconversion or even appear entirely
asymptomatic (Joza et al., 2023). On the other hand, the nigros-
triatal dopaminergic pathway may be altered several years before
phenoconversion (Arnaldi et al., 2021), even in the absence of
overt clinical symptoms (Iranzo et al., 2017). Thus, the biological
damage caused by the degeneration may be already detectable in
cortical (EEG-derived criticality measures) and subcortical
(nigrostriatal dopaminergic function) structures, without a con-
comitant clear clinical impairment.

Notably, we observed that early- and late-converter iRBD
patients showed reduced LRTCs and bistability and increased

excitability compared with non-converter iRBD patients.
Importantly, it has been shown that individual LRTC exponents
and levels of phase synchronization are correlated positively
(Fusca et al., 2023) in subcritical, but negatively in supercritical
brain dynamics. Higher synchronization and hyperexcitability
are both hallmarks of pathological conditions like epilepsy
(Monto et al., 2007; Fusca et al., 2023) and neurodegenerative
diseases (Montez et al., 2009; Pusil et al., 2019; Maestu et al.,
2021; Javed et al., 2022). Considering that iRBD patients show
increased global phase synchronization with disease progression
(Roascio et al., 2022) and that hyperexcitability is associated with
a high neurodegeneration severity level, which characterized
iRBD patients closer to phenoconversion, we suggest that the
brain operating point shifts toward a supercritical regime with
increased neurodegeneration severity.

In the present study, we observed that cortical hyperexcitation
is associated with nigrostriatal dopaminergic impairment.
Hence, we hypothesized that high phase synchronization and
hyperexcitability, both of which are characteristic of iRBD
patients closer to phenoconversion, were correlated in these
patients. In the presented data, we found a strong correlation
between high phase synchronization and hyperexcitability,
both hallmarks of brain disorders (Sunwoo et al., 2017; Pusil et
al., 2019; Javed et al, 2022), further suggesting a transition
toward a supercritical regime. Therefore, even if no significant
changes were demonstrated between baseline and follow-up
assessments in our sample (perhaps due to the limited number
of subjects), altogether these results suggest that once iRBD
patients phenoconvert to the overt stage of the disease (i.e., by
expressing parkinsonism and/or dementia), they exhibit oscilla-
tory dynamics of a system closer to the “tip” (or center) of the
critical regime. Thus, the phenoconversion seems to change cor-
tical dynamics by further generating imbalance toward a hyper-
excited state common to other brain disorders (Montez et al.,
2009; Javed et al., 2022; van Nifterick et al., 2023).
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Altogether these results extended reports of altered critical
dynamics of the human brain from known effects in epilepsy
(Linkenkaer-Hansen et al., 2005), autism spectrum disorders
(Bruining et al., 2020), and Alzheimer’s disease (Montez et al.,
2009) since prodromal stages (Javed et al., 2022), also to pro-
dromal stages of alpha-synucleinopathies. More intriguing,
these findings support the hypothesis of early involvement of
cortical and not only subcortical structures in the prodromal
stage of alpha-synucleinopathy. Most disease models of Lewy
body disorders suggest a bottom-up propagation of the alpha-
synuclein-related pathology, where the cortical involvement
is supposed to happen only in more advanced stages
(Borghammer, 2023). The synuclein, origin, and connectome
(SOC) disease model foresees a brain-first phenotype, where cor-
tical structures may be involved earlier (Borghammer, 2023).
However, iRBD patients should belong to the body-first pheno-
type, according to the SOC model. Conversely, our results sug-
gest that neurodegeneration early affects cortical function in
iRBD patients. This is in line with literature data showing cortical
impairment in iRBD patients, detectable by both MRI (Churchill
et al., 2024; Varga et al., 2024) and FDG-PET (Meles et al., 2018;
Mattioli et al., 2023).

We acknowledge that this work has some limitations. First,
instrumental follow-up time was not fixed but ranged from 12
to 36 months approximately. Moreover, not all patients under-
went instrumental (i.e., hdEEG and DaT-SPECT) follow-up. It
has to be highlighted that the enrolled patients are currently still
being followed. Thus, future studies on this sample would include
longer follow-ups in all patients, hopefully with more time
points. This will allow more accurate modeling of clinical and
instrumental longitudinal changes. Moreover, this is a single-
center study, with a limited number of subjects. Considering
that longitudinal data from both clinical and advanced tech-
niques are not easy to collect, future multicenter studies with
larger samples are needed to confirm the presented results.
Furthermore, clinical longitudinal changes were assessed by
using two metrics only (ie., MMSE and MDS-UPDRS-III).
Those two tools are commonly used as global measures of cogni-
tive and motor function. However, it would be interesting to also
evaluate the association between cortical dynamics alteration and
more comprehensive cognitive and motor function biomarkers,
as well as with other signs and symptoms usually present in
alpha-synucleinopathies, such as autonomic function biomark-
ers. Antiepileptic drugs seem to have an inhibitory effect on cor-
tical tissue (Meisel, 2020). It should be highlighted that iRBD
patients may have started sleep medications, including clonaze-
pam at the time of the follow-up visit, aimed at improving their
sleep quality and possibly restoring the E/I balance. However, we
observed no significant difference in E/I balance from baseline to
follow-up, suggesting that drug administration does not neces-
sarily affect critical dynamics in these patients. Thus, we could
speculate that the hyperexcitability observed in the converted/
progressive patients would be ascribed to real pathological effects
rather than simpler administration of antiepileptic drugs.

In conclusion, this work shows that patients in the prodromal
stage of alpha-synucleinopathies show cortical dynamic modifi-
cations by shifting the working point to excitation-dominated
states getting closer to the overt stages of the disease. These
results provide further evidence that both cortical and subcortical
brain structures begin to be abnormal several years before the
clinically overt syndrome (i.e., parkinsonism and/or dementia;
Ferri et al., 2017). These results, on the one hand, increase
our knowledge of the pathophysiological process underlying
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alpha-synucleinopathies since the prodromal stages. On the
other hand, a better understanding of longitudinal cortical and
subcortical modification along the continuum of alpha-
synucleinopathies may provide new clues for innovative disease-
modifying strategies, involving cerebral cortical structures.

Data Availability

The data used in this work can be available upon a reasonable
request due to privacy issues of clinical data. The Python
codes are available at https:/github.com/MonicaRoascio/RBD-
criticality.git.
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