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Abstract

Isolated rapid eye movement sleep behavior disorder is a strong clinical marker of
future alpha-synucleinopathy, but earlier stages of this risk pathway remain insuffi-
ciently characterized. Rapid eye movement sleep without atonia is the polysomno-
graphic substrate of this disorder and may also be detected in individuals without
clinical dream-enactment behavior. Whether isolated rapid eye movement sleep
without atonia is a benign finding or an early risk state for future rapid eye movement
sleep behavior disorder and neurodegeneration remains unknown. DREAMER is

a multicenter, prospective, observational cohort protocol designed to identify adults
without clinical rapid eye movement sleep behavior disorder who show isolated rapid
eye movement sleep without atonia during full-night laboratory video-polysomnography.
Four ltalian sleep centers will use harmonized eligibility criteria, standardized clinical
and sleep assessment, quantitative REM Atonia Index scoring, secure web-based data
capture, and planned longitudinal follow-up. Adults aged 40 years or older undergoing
video-polysomnography will be screened. Participants with prior rapid eye movement
sleep behavior disorder or technically inadequate REM sleep/chin electromyographic
data will be excluded. Isolated rapid eye movement sleep without atonia will be defined
in participants without clinical rapid eye movement sleep behavior disorder using a
REM Atonia Index threshold of <0.85. The target recruitment is more than 500 par-
ticipants over 18 months, with an expected enriched subgroup of approximately 85
individuals with isolated rapid eye movement sleep without atonia. Ancillary neurophys-
iological assessments and blood sampling for future biomarker studies will be obtained
when feasible. DREAMER is intended to create a harmonized, trial-ready cohort for
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evaluating isolated rapid eye movement sleep without atonia as a potential early risk
marker for incident rapid eye movement sleep behavior disorder and subsequent neu-
rodegenerative outcomes. The study is registered at ClinicalTrials.gov as DREAMER,
ClinicalTrials.gov Identifier NCT06140511.

1. Introduction

REM sleep behavior disorder (RBD) is characterized by dream-enactment behavior
associated with loss of physiological muscle atonia during REM sleep [1]. When RBD
occurs in the absence of an established neurological disorder or other clearly caus-
ative condition, it is commonly regarded as an isolated form of RBD and has become
one of the most powerful clinical markers of prodromal alpha-synucleinopathy.
Longitudinal studies have shown that a large proportion of patients with isolated RBD
eventually develop Parkinson disease, dementia with Lewy bodies, or multiple sys-
tem atrophy, often after a prolonged interval [1-3].

The central diagnostic polysomnographic feature of RBD is REM sleep with-
out atonia (RSWA). However, RSWA is not limited to clinically manifest RBD [4].
Quantitative PSG studies have shown that isolated RSWA/RWA can be detected in
individuals without clinical RBD or dream-enactment behavior, with age, sex, medi-
cation exposure, psychiatric status, sleep-disordered breathing, and referral context
influencing its frequency and interpretation [5-9]. This raises an important but unre-
solved question: does isolated RSWA represent a benign polysomnographic variant,
a medication-related phenomenon, or an early risk state along the pathway toward
RBD and synucleinopathy? Small longitudinal and retrospective sleep-clinic studies
have suggested that isolated RSWA may be associated with subsequent RBD or
neurodegenerative outcomes, whereas more recent registry-linked data emphasize
that iRSWA is heterogeneous and not equivalent to iRBD [10—-12]

This question has direct implications for clinical trial design. Neuroprotective and
disease-modifying trials in alpha-synucleinopathies increasingly require identification
of individuals at very early stages, ideally before overt motor or cognitive neurode-
generative syndromes emerge. Isolated RBD already provides a high-risk population,
but it may not represent the earliest detectable stage. If isolated RSWA identifies
at least a subgroup of individuals upstream of RBD, it could widen the prevention
window and provide a biomarker-enriched population for future risk-stratified trials
[4,10,11]. At present, however, isolated RSWA lacks standardized prospective cohort
infrastructure, harmonized multicenter ascertainment, and longitudinal evidence suffi-
cient to support its use as a trial-enrichment criterion.

The DREAMER study, Isolated REM sleep without Atonia as a risk factor for REM
sleep behavior disorder, is designed to address this methodological gap. DREAMER
is not an interventional clinical trial. Rather, it is a multicenter, prospective, registry-
like cohort created to identify individuals with isolated RSWA among adults under-
going laboratory video-polysomnography (vPSG), harmonize their clinical and
neurophysiological characterization, and establish a long-term follow-up plat-
form to determine whether isolated RSWA predicts incident RBD and, eventually,
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alpha-synucleinopathy. The study is explicitly designed as trial-enabling infrastructure: it standardizes eligibility definitions,
quantitative RSWA assessment, electronic data capture, biomarker collection, and risk-management procedures required
for future preventive or disease-modifying studies.

This article describes the rationale, design, operational methodology, data-management framework, planned analyses,
and risk-mitigation strategy of DREAMER, with emphasis on elements relevant to clinical trial readiness.

2. Materials and methods
2.1. Objectives

The primary objective of DREAMER is to establish a multicenter, harmonized, trial-ready cohort of adults without clinical RBD
in whom isolated RSWA can be identified quantitatively by vPSG and followed longitudinally for the development of RBD.
The secondary objectives are:

1. To estimate the frequency of isolated RSWA in adults aged 240 years undergoing laboratory vPSG across participating
sleep centers.

2. To compare clinical, sleep, pharmacological, and neurophysiological characteristics between participants with and with-
out isolated RSWA.

3. To evaluate whether quantitative RSWA severity, measured by the REM Atonia Index (RAIl), is associated with clinical
and instrumental markers potentially relevant to prodromal synucleinopathy.

4. To create a secure, quality-controlled electronic dataset suitable for future long-term phenoconversion analyses.

5. To establish a biobank and multimodal biomarker framework that can support future mechanistic and prevention-
oriented studies.

The long-term objective, beyond the 24-month cohort-construction period, is to determine whether baseline isolated
RSWA is associated with higher risk of incident RBD and subsequent neurodegenerative outcomes compared with
absence of RSWA.

2.2. Study design

DREAMER is a multicenter, prospective, observational cohort with registry-like data architecture. The study includes a
24-month phase dedicated to protocol harmonization, ethics approval, electronic case report form (eCRF) implementa-
tion, recruitment, baseline vPSG-based classification, and collection of ancillary biomarker data. Long-term follow-up is
planned after completion of recruitment. The overall DREAMER workflow, from screening to longitudinal outcome ascer-
tainment and trial-ready cohort construction, is shown in Fig 1, and the core design elements of DREAMER and their
relevance to future trial readiness are summarized in Table 1.

The study has three operational phases:

Phase 1: Harmonization and infrastructure development: During the initial months, participating centers will
agree on eligibility criteria, clinical variables, vPSG procedures, RAI computation, ancillary neurophysiological proto-
cols, blood-sample collection procedures, data dictionary, and quality-control rules. A secure web-based eCRF will be
implemented.

Phase 2: Recruitment and baseline phenotyping: Adults undergoing full-night laboratory vPSG will be screened.
Participants without prior RBD and with technically adequate REM sleep recordings will be classified according to quanti-
tative RAI values. Clinical, pharmacological, sleep, neurophysiological, and biobanking data will be collected according to
the shared protocol.
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Fig 1. DREAMER study workflow. Adults aged 240 years undergoing full-night laboratory video-polysomnography are screened for eligibility. After
exclusion of participants with prior REM sleep behavior disorder or technically inadequate REM sleep/chin electromyography data, the REM Atonia Index
is computed to classify participants with isolated REM sleep without atonia and comparator participants without isolated REM sleep without atonia. Base-
line multimodal characterization, secure electronic case report form-based data capture, and longitudinal follow-up support the creation of a trial-ready
platform for future prevention studies. RBD, REM sleep behavior disorder; REM, rapid eye movement; EMG, electromyography; RAI, REM Atonia Index;
RSWA, REM sleep without atonia; PSG, polysomnography; TMS, transcranial magnetic stimulation; VEMPs, vestibular-evoked myogenic potentials;
BAEPs, brainstem auditory evoked potentials; eCRF, electronic case report form.

https://doi.org/10.1371/journal.pone.0350467.9001
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Table 1. DREAMER design elements.

Design element | Operational implementation Trial-readiness relevance
Multicenter Four Italian sleep centers recruit adults Improves feasibility, generalizability,
cohort undergoing vPSG and recruitment scalability
Harmonized Adults 240 years, no prior RBD, ade- Creates reproducible risk-enrichment
eligibility quate REM sleep and chin EMG signal criteria
Quantita- Automated RAI; isolated RSWA Provides scalable biomarker-based
tive RSWA defined as RAI<0.85 without clinical classification

RBD
Secure Web-based data capture with rela- Supports registry infrastructure and
eCRF tional database and role-based access future trial operations
Quality SOPs, training, data dictionary, range Reduces cross-center variability
assurance checks, central review
Ancillary TMS, VEMPs, BAEPs, and blood- Enables mechanistic stratification and
biomarkers based omics when feasible future nested studies
Long-term Incident RBD and neurodegenerative Supports validation of isolated RSWA
follow-up diagnoses as a prevention-trial enrichment marker

https://doi.org/10.1371/journal.pone.0350467.t001

Phase 3: Long-term follow-up: Participants with isolated RSWA and a comparator group without RSWA will be
followed to identify incident RBD and neurodegenerative outcomes. The follow-up component is intended to continue
beyond the initial funding period and to provide the evidentiary basis for future risk-stratified prevention trials.

The schedule of screening, baseline, ancillary, and follow-up assessments is shown in Table 2.

2.3. Setting and participating centers
Four Italian sleep centers participate in DREAMER:

1. Oasi Research Institute-IRCCS, Troina, Italy, serving as coordinating and recruiting center.

2. University Hospital of Cagliari, Sleep Disorders Research Center, serving as recruiting center and neurophysiology site.
3. IRCCS Istituto delle Scienze Neurologiche di Bologna, serving as recruiting center and brainstem neurophysiology site.
4. IRCCS Ospedale San Raffaele Turro, Milan, serving as recruiting center and brainstem neurophysiology site.

All participating centers have established expertise in sleep medicine, RBD assessment, vPSG acquisition and scoring,
and clinical neurophysiology. The multicenter structure is intended to increase recruitment feasibility, improve generaliz-
ability across sleep-clinic populations, and enable harmonized data collection across distinct operational environments.

2.4. Study population, inclusion and exclusion criteria

Participants will be recruited among adults undergoing full-night laboratory vPSG for clinical indications at participating
centers. The target population is intentionally pragmatic: it reflects real-world sleep-center populations in which incidental
RSWA may be detected and future risk stratification may become clinically relevant.

Participants must meet all of the following criteria:

1. Age 240 years at baseline.
2. Ability to understand study procedures and provide written informed consent.
3. Undergoing full-night laboratory vPSG with video recording.

4. Availability of chin electromyographic signal of sufficient technical quality for RAI computation.
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Table 2. Schedule of assessments.

Study phase Procedure All enrolled participants Isolated RSWA subgroup
Screening Eligibility review and informed consent X X
Baseline Clinical and sleep history X X
Baseline Medication and comorbidity assessment X X
Baseline Full-night laboratory vPSG X X
Baseline RAI computation X X
Baseline RBD symptom/questionnaire assessment X X
Baseline TMS As feasible Priority
Baseline VEMPs/startle response As feasible Priority
Baseline BAEPs As feasible Priority
Baseline Blood sampling for biobank As feasible Priority
Follow-up Annual assessment for dream-enactment behavior Planned X
Follow-up Repeat vPSG If clinically indicated or protocol-defined X
Follow-up Neurodegenerative outcome ascertainment Planned X

https://doi.org/10.1371/journal.pone.0350467.t002

5. At least 5 minutes of artifact-free REM sleep.
6. No prior clinical diagnosis of RBD.

Collateral history from a bed partner, roommate, or other reliable informant will be collected whenever available to
improve ascertainment of dream-enactment behavior. This is particularly important because the distinction between
iRSWA and iRBD may be influenced by the availability of an observer or co-sleeper, potentially leading to under-
recognition of dream-enactment behavior [12].

Participants will be excluded if any of the following are present:

1. Prior diagnosis of RBD.

2. Severe neurological, psychiatric, cognitive, or general medical condition that prevents valid participation or understand-
ing of study procedures.

3. vPSG recordings with major artifacts affecting the chin EMG signal during REM sleep.
4. Less than 5 minutes of artifact-free REM sleep.
5. Withdrawal of consent.

The protocol will record medications known to influence REM sleep muscle tone, particularly antidepressants, as
well as comorbid sleep disorders and neurological conditions. These factors will not automatically exclude participation
unless specified by the final protocol or judged to preclude valid classification, but they will be incorporated into sensitivity
analyses.

2.5. Baseline assessment

At baseline, all participants will undergo standardized clinical assessment, including demographic characteristics, med-
ical history, neurological history, psychiatric history, cognitive status when clinically indicated, sleep history, history of
dream-enactment behavior, sleep-related injuries, parasomnia symptoms, and medication exposure. Particular attention
will be paid to antidepressants, dopaminergic medications, benzodiazepines, melatonin, antipsychotics, and other drugs
that may influence REM sleep physiology or motor behavior during sleep.
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PLO\Sﬁ\\.- One

Sleep history will include symptoms of insomnia, excessive daytime sleepiness, obstructive sleep apnea, restless
legs syndrome, periodic limb movements, narcolepsy-related symptoms when relevant, and other parasomnias. Stan-
dardized RBD screening questionnaires may be used as supportive tools but will not replace clinical and vPSG-based
classification.

All participants will undergo full-night laboratory vPSG according to the procedures routinely used in participating
centers and harmonized through the DREAMER protocol. Recordings will include electroencephalography, electrooculog-
raphy, submental electromyography, electrocardiography, respiratory channels, limb electromyography, oxygen saturation,
body position, and synchronized video. Sleep staging and respiratory and movement events will be scored according to
the current standards adopted by each center and harmonized for the variables included in the DREAMER eCRF.

The key classification variable is RSWA quantified by the RAI. The RAl is an automated measure derived from submen-
tal EMG amplitude during REM sleep and has been proposed as part of a practical approach to improve diagnostic accu-
racy and accessibility in RBD assessment [13]. Values range from 0, indicating complete absence of EMG atonia, to 1,
indicating stable EMG atonia [14,15]. The DREAMER protocol adopts the established three-level RAI classification: >0.9
normal, 0.8—0.9 mildly abnormal, and <0.8 definitely abnormal [14—16]. Participants with RAI<0.85 and no clinical RBD
will be classified as having isolated RSWA, while sensitivity analyses will explore alternative RAI thresholds, including
<0.8.

The RAI algorithm will be applied blind to clinical classification whenever feasible. Because the RAI is computed auto-
matically, no manual adjustment of the algorithmic output will be permitted. Technical adequacy checks will focus on chin
EMG quality, artifact burden, and the minimum REM sleep duration required for valid computation.

2.6. Ancillary neurophysiological and biomarker assessments

DREAMER incorporates ancillary assessments to generate mechanistic and trial-readiness information beyond vPSG [17].

The coordinating center will perform transcranial magnetic stimulation (TMS) in participants with isolated RSWA and in
an appropriate comparison group without RSWA. TMS will assess cortical excitability and inhibitory/facilitatory intracortical
mechanisms. The aim is to determine whether isolated RSWA is associated with early cortical neurophysiological changes
analogous to those described in RBD or early synucleinopathy [18].

The Cagliari center will perform cervical, masseter, and ocular vestibular-evoked myogenic potentials when feasible.
These measures provide information on brainstem pathways that may be relevant to REM atonia regulation and early
RBD-related neurophysiology [19]. Startle response assessment may also be included according to the final harmonized
protocol.

The Bologna and San Raffaele centers will perform brainstem auditory evoked potentials in selected participants with
isolated RSWA and matched comparators without RSWA. These measures will complement other neurophysiological
assessments of brainstem function.

Blood samples will be obtained whenever possible, with priority given to participants with isolated RSWA. Samples will
be processed and stored for future proteomic, metabolomic, and glycomic analyses. The purpose is to determine whether
isolated RSWA is associated with peripheral molecular signatures overlapping with those previously described in isolated
RBD [20,21].

Brain magnetic resonance imaging, computed tomography, dopamine transporter imaging, or other investigations will
not be mandated by the protocol, but may be performed when clinically indicated as part of routine diagnostic work-up.
Results will be recorded in the eCRF when available.

2.7. Outcomes

The main outcomes of the 24-month cohort-construction phase are:
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1. Number of participants screened, eligible, enrolled, and classifiable by RAI.
. Frequency of isolated RSWA among enrolled participants.
. Completeness and quality of vPSG, clinical, neurophysiological, and biosample data.

. Feasibility of harmonized multicenter eCRF-based data capture.

a A~ W DN

. Recruitment rate and retention readiness for long-term follow-up.

The primary long-term clinical outcome is incident RBD, defined by development of clinical dream-enactment behavior
with vPSG evidence of RSWA according to accepted diagnostic criteria.
Secondary long-term outcomes include:

1. Change in RAI over time, when repeat vPSG is available.
2. Development of subthreshold dream-enactment behavior or increased RBD questionnaire scores.

3. Diagnosis of Parkinson disease, dementia with Lewy bodies, multiple system atrophy, or other neurodegenerative
disorders.

4. Association between baseline RAl and neurophysiological markers.
5. Association between baseline RAI and blood-based proteomic/metabolomic/glycomic signatures.
6. Attrition, loss to follow-up, and feasibility of repeated annual assessment.

The procedures used to identify and confirm these outcomes during follow-up are described below.

2.8. Follow-up procedures and phenoconversion ascertainment

Participants classified as having isolated RSWA and a comparator group without isolated RSWA will be invited to partic-

ipate in longitudinal follow-up. Follow-up will be performed at least annually by in-person visit, telephone interview, video

consultation, or review of clinical records, according to participant availability and local center procedures. The follow-up

strategy is designed to detect two clinically relevant forms of phenoconversion: conversion to clinically manifest RBD and
conversion to a neurodegenerative disorder within the alpha-synucleinopathy spectrum, in line with longitudinal evidence
from isolated RBD cohorts and biomarker-based models of conversion risk [2,3].

At each follow-up contact, participants will be asked about the occurrence of new dream-enactment behavior, vocaliza-
tions or complex motor behaviors during sleep, sleep-related injuries, falls from bed, violent or disruptive sleep behaviors,
and changes in sleep quality. Whenever possible, information will also be obtained from a bed partner, caregiver, room-
mate, or other reliable informant. Follow-up assessments will also record changes in medication exposure, especially
antidepressants, benzodiazepines, melatonin, dopaminergic medications, antipsychotics, and other drugs potentially
influencing REM sleep muscle tone or parasomnia expression. New diagnoses of sleep disorders, neurological disorders,
psychiatric disorders, and relevant systemic illnesses will be recorded.

Incident RBD will be suspected when new recurrent dream-enactment behavior or other clinically relevant REM sleep-
related motor behaviors are reported by the participant or an informant. In these cases, participants will be invited to undergo
repeat full-night laboratory video-polysomnography, including chin electromyography and video documentation, whenever
feasible. Incident RBD will be defined by the emergence of clinical dream-enactment behavior together with polysomnographic
evidence of RSWA, according to accepted diagnostic criteria [1,22]. For each suspected or confirmed case, the date of first
reported symptoms, date of clinical recognition, and date of polysomnographic confirmation will be recorded separately.

Phenoconversion to neurodegenerative disease will be assessed through annual clinical history, neurological review,
and documentation of any new diagnosis of Parkinson disease, dementia with Lewy bodies, multiple system atrophy, or
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other relevant neurodegenerative disorders, using established diagnostic frameworks where applicable [23-25].
Follow-up data collection will include symptoms or signs suggestive of parkinsonism, cognitive decline, visual hallucina-
tions, fluctuating cognition, autonomic dysfunction, gait impairment, olfactory impairment, and other non-motor manifesta-
tions potentially relevant to prodromal synucleinopathy, consistent with research criteria and updates for prodromal
Parkinson disease [26,27]. This approach is also supported by longitudinal application of prodromal Parkinson disease
criteria in RBD cohorts [28].

When clinically indicated, participants will be referred for neurological evaluation and additional investigations according
to local clinical practice, including neuropsychological testing, autonomic assessment, brain imaging, dopamine trans-
porter imaging, or other biomarker investigations. These tests are not mandated by the protocol but will be recorded when
available.

All suspected phenoconversion events will be reviewed by the recruiting center and, when necessary, discussed cen-
trally by the study investigators. Outcome adjudication will use predefined criteria and will distinguish between no conver-
sion, possible RBD, confirmed RBD, possible neurodegenerative phenoconversion, and confirmed neurodegenerative
diagnosis. For longitudinal analyses, the event date will be defined as the earliest reliable date of symptom onset when
available; otherwise, the date of clinical diagnosis or polysomnographic confirmation will be used. Participants who cannot
be contacted will be classified as lost to follow-up after repeated contact attempts, and the date of last available assess-
ment will be recorded.

2.9. Sample size and recruitment assumptions

DREAMER uses a pragmatic recruitment target based on expected RSWA frequency and feasibility within participat-

ing centers. Previous quantitative work in adults without RBD showed that isolated RSWA elevations may be detected

in a substantial minority of individuals, with approximately 14% of patients without dream-enactment behavior reaching
previously established RBD-level RSWA thresholds [4,7]. Therefore, the initial recruitment target is > 500 participants over
18 months, expected to yield approximately 85 individuals with isolated RSWA. Because the DREAMER population is
restricted to adults aged 240 years, and because RSWA becomes more frequent with age, the number of isolated RSWA
cases may exceed this estimate.

The initial 24-month phase is not designed as a definitive phenoconversion trial. Instead, it is designed to assemble
an enriched cohort and collect the standardized baseline data required for adequately powered follow-up. Recruitment
assumptions will be reassessed after the first 6 months of enrollment. If the observed frequency of isolated RSWA or
the rate of technically classifiable vPSG recordings is lower than expected, recruitment targets may be increased, and
the comparator strategy may be adjusted by selecting an age- and sex-matched subgroup without RSWA for long-term
follow-up.

Assuming approximately 85 participants with isolated RSWA and long-term follow-up over 5 years, the study may
observe a sufficient number of incident RBD events to generate preliminary estimates of relative risk compared with
participants without RSWA. These estimates will be used to plan future prevention or neuroprotection trials rather than to
support immediate clinical implementation.

2.10. Data management and quality assurance

A web-based eCRF will be developed by the coordinating center. The data architecture will include a relational database
for storage, a secure web service for data management, and a client-side web application for authorized users. The sys-
tem will support data entry, display, modification, and controlled deletion according to predefined user permissions.

Data will be pseudonymized before entry into the central database. Access will be role-based and password-protected.
The system will be hosted on secure institutional infrastructure. Privacy, cybersecurity, and data-protection procedures will
be supervised with involvement of data-protection and information-technology expertise at the coordinating institution.
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A data dictionary will define all mandatory, optional, and derived variables. Harmonized fields will include demographic
data, vPSG variables, RAI values, sleep-disorder diagnoses, RBD-related symptoms, neurological history, medication
exposure, neurophysiological test results, biosample status, and follow-up outcomes.

Quality-control procedures will include:

1. Standard operating procedures for vPSG acquisition and RAI computation.

. Training meetings among centers before recruitment.

. Predefined rules for technical adequacy of chin EMG and REM sleep duration.
. Automated eCRF range checks and missing-data flags.

. Periodic cross-center data-quality reports.

. Central review of ambiguous classification cases.

N o o B~ W N

. Documentation of protocol deviations.

2.11. Statistical analysis plan

Baseline characteristics will be summarized for the overall cohort and stratified by RSWA status. Continuous variables
will be reported as mean and standard deviation or median and interquartile range, according to distribution. Categorical
variables will be reported as counts and percentages.

Participants with isolated RSWA will be compared with participants without RSWA. Continuous variables will be
analyzed using Student’s t test or Mann-Whitney U test, as appropriate. Categorical variables will be analyzed using chi-
square or Fisher’s exact tests. Effect sizes and confidence intervals will be reported whenever possible to avoid overreli-
ance on significance testing.

RAI will be analyzed both as a continuous variable and as a categorical classification variable. Multiple linear regres-
sion will evaluate associations between RAI and clinical, pharmacological, sleep, and neurophysiological predictors.
Logistic regression will evaluate predictors of isolated RSWA status. Candidate covariates will include age, sex, antide-
pressant exposure, neurological comorbidity, sleep apnea severity, REM sleep duration, and participating center.

For long-term follow-up, cumulative incidence of RBD will be described using Kaplan-Meier methods. Cox proportional
hazards models will estimate the association between baseline isolated RSWA and incident RBD, adjusted for age, sex,
medication exposure, center, and relevant sleep-disorder comorbidities. Competing-risk methods may be considered for
incident neurodegenerative outcomes or death. Sensitivity analyses will evaluate the influence of antidepressant expo-
sure, minimum REM duration, comorbid sleep apnea, and alternative RAI thresholds.

The extent and pattern of missing data will be reported. If missingness is limited, complete-case analyses will be used.
If missingness is substantial and plausibly missing at random, multiple imputation may be considered for regression mod-
els. Follow-up attrition will be summarized and compared between RSWA and non-RSWA groups.

2.12. Study status and timeline

The DREAMER study was registered at ClinicalTrials.gov before completion of recruitment. Ethics approval was obtained
on 24 January 2024, and participant recruitment started on 22 February 2024. At the time of submission of this Study
Protocol, participant recruitment is still ongoing and has not yet been completed, although the recruitment phase is close
to completion. Recruitment is expected to be completed by 30 June 2026.

Completion of participant recruitment will be followed by baseline data verification, RAl computation, classification of
participants according to the predefined RSWA/RAI criteria, identification of the isolated RSWA subgroup, and selection of
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the comparator group without RSWA according to the prespecified matching strategy. Therefore, the analytical cohort has
not yet been constituted, and no study results have yet been generated, analyzed, or reported.

After completion of recruitment, baseline data validation, and analytical cohort constitution, the longitudinal follow-up
phase will begin and will continue for 5 years. Follow-up data collection is expected to be completed approximately by 30
June 2031. Baseline descriptive and feasibility results are expected only after completion of recruitment, database verifi-
cation, RAl-based classification, comparator-group selection, and database lock, approximately by September—-December
2026. Final longitudinal analyses of incident REM sleep behavior disorder and neurodegenerative outcomes are expected
after completion of the planned 5-year follow-up period, approximately by late 2031 or early 2032.

2.13. Ethical and regulatory considerations

DREAMER will be conducted in accordance with the Declaration of Helsinki, applicable national regulations, and institu-
tional ethics requirements. The study protocol was approved by the Comitato Etico Locale IRCCS Oasi Maria SS on 24
January 2024 (approval number CEL-IRCCS OASI1/24-01-2024/EM02). Written informed consent will be obtained from all
participants before inclusion. Because the study is observational and non-interventional, risks are primarily related to con-
fidentiality, routine video-polysomnography burden, ancillary neurophysiological procedures, and blood sampling. Partici-
pants will receive standard clinical management for any clinically relevant findings emerging from routine care. The study
was registered at ClinicalTrials.gov as DREAMER - IsolateD REM Sleep Without Atonia as a Risk Factor for REM Sleep
Behavior disordER (ClinicalTrials.gov Identifier: NCT06140511; Unique Protocol ID: PNRR MR1 2022—-12375694).

3. Discussion

DREAMER addresses a critical methodological barrier in the development of prevention trials for synucleinopathies:

the need to identify and characterize individuals at risk before overt RBD or neurodegenerative disease develops. Iso-
lated RBD is already a strong marker of future alpha-synucleinopathy, but it may be too late in the prodromal sequence
for some preventive strategies. Isolated RSWA is biologically plausible as an earlier stage, because RSWA is the PSG
substrate of RBD and may appear before clinically evident dream enactment; however, available longitudinal data remain
limited and partly divergent [10—12]. However, isolated RSWA cannot yet be used as a trial-enrichment marker without
prospective evidence, harmonized measurement, and reproducible cohort infrastructure.

The design of DREAMER is therefore deliberately trial-oriented, despite its observational nature. It incorporates sev-
eral features relevant to future clinical trials: a prespecified eligibility framework, standardized vPSG-based classification,
quantitative automated RSWA measurement, centralized eCRF architecture, predefined data-quality checks, multicenter
recruitment, collection of confounders, and ancillary biomarker assessments. These elements will facilitate later conver-
sion of the cohort into a risk-enriched platform for observational follow-up, nested case-control analyses, and potentially
future preventive or disease-modifying trials.

The use of RAl is a central methodological feature. Manual RSWA scoring is informative but may be time-consuming
and variable across laboratories. A quantitative automated index provides a scalable approach that can be applied across
centers [14—16,29] and may support reproducible risk classification. The selected threshold of RAI<0.85 is intended to
enrich the cohort for abnormal REM atonia loss while retaining sufficient sensitivity for a prospective risk-identification
study; sensitivity analyses using more stringent thresholds, including RAI<0.8, will be important.

DREAMER also incorporates multimodal neurophysiology. TMS may identify cortical excitability changes related to
inhibitory and facilitatory circuits. VEMPs and BAEPs may capture brainstem dysfunction relevant to REM atonia regu-
lation. Blood-based omics may reveal peripheral signatures overlapping with those previously reported in isolated RBD.
Although these ancillary assessments are exploratory, they may help determine whether isolated RSWA is merely a poly-
somnographic finding or part of a broader prodromal neurobiological profile.
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Several limitations should be acknowledged. First, DREAMER recruits from sleep-center populations rather than the
general population; therefore, RSWA frequency estimates may not be population prevalence estimates. Second, isolated
RSWA may be heterogeneous, reflecting age, sex, antidepressant or psychoactive medication exposure, psychiatric status,
sleep fragmentation, respiratory events, neurological comorbidities, observer availability, or subclinical RBD [5,7-9,12].
Because sleep-disordered breathing may complicate RSWA interpretation, sensitivity analyses stratified by sleep apnea
severity and respiratory-event-related arousals will be important [30]. The protocol addresses this through systematic
collection of confounders and sensitivity analyses, but residual confounding is likely. Third, the 24-month funded phase is
primarily a cohort-construction period and cannot by itself provide definitive phenoconversion evidence. Fourth, long-term
follow-up requires sustained funding, participant retention, and harmonized outcome adjudication. Finally, RBD diagnosis
during follow-up may depend on repeat vPSG availability, which may vary across centers and over time.

Despite these limitations, DREAMER is positioned to make a methodological contribution. Contemporary trial develop-
ment in neurodegeneration increasingly depends on earlier risk detection, biomarker enrichment, scalable data infrastruc-
ture, and harmonized multicenter operations. DREAMER provides a framework for moving isolated RSWA from an incidental
PSG observation toward a systematically characterized risk state that can be evaluated for future clinical trial enrichment.

4. Conclusions

DREAMER is a multicenter, prospective, registry-like cohort designed to identify isolated RSWA in adults without RBD
using harmonized vPSG and quantitative RAl assessment. By integrating standardized clinical assessment, secure eCRF-
based data capture, neurophysiological testing, biobanking, and planned long-term follow-up, DREAMER aims to build
trial-ready infrastructure for evaluating isolated RSWA as an early risk marker in the RBD-synucleinopathy continuum. If
isolated RSWA proves to predict incident RBD, this framework may support earlier enroliment windows for future preven-
tive and neuroprotective trials.

Acknowledgments

The authors thank the participating centers and study personnel involved in the implementation of the DREAMER
protocol.

Declaration of generative Al and Al-assisted technologies in the manuscript preparation process: During the
preparation of this work, the authors used ChatGPT, OpenAl, to improve readability and language. After using this tool,
the authors reviewed and edited the content as needed and take full responsibility for the content of the manuscript.

Author contributions

Conceptualization: Raffaele Ferri.

Funding acquisition: Raffaele Ferri.

Methodology: Raffaele Ferri, Monica Puligheddu, Michela Figorilli, Giuseppe Plazzi, Fabio Pizza, Luigi Ferini-Strambi,
Sara Marelli, Giuseppe Lanza.

Writing — original draft: Raffaele Ferri, Monica Puligheddu, Michela Figorilli, Giuseppe Plazzi, Fabio Pizza, Luigi Ferini-
Strambi, Sara Marelli, Giuseppe Lanza.

References

1. Dauvilliers Y, Schenck CH, Postuma RB, Iranzo A, Luppi P-H, Plazzi G, et al. REM sleep behaviour disorder. Nat Rev Dis Primers. 2018;4(1):19.
https://doi.org/10.1038/s41572-018-0016-5 PMID: 30166532

2. Postuma RB, Iranzo A, Hu M, Hogl B, Boeve BF, Manni R, et al. Risk and predictors of dementia and parkinsonism in idiopathic REM sleep
behaviour disorder: a multicentre study. Brain. 2019;142(3):744-59. https://doi.org/10.1093/brain/awz030 PMID: 30789229

PLOS One | https://doi.org/10.1371/journal.pone.0350467 June 23, 2026 12/14



https://doi.org/10.1038/s41572-018-0016-5
http://www.ncbi.nlm.nih.gov/pubmed/30166532
https://doi.org/10.1093/brain/awz030
http://www.ncbi.nlm.nih.gov/pubmed/30789229

PLO\Sﬁ\\.- One

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

Miglis MG, Adler CH, Antelmi E, Arnaldi D, Baldelli L, Boeve BF, et al. Biomarkers of conversion to a-synucleinopathy in isolated rapid-eye-
movement sleep behaviour disorder. Lancet Neurol. 2021;20(8):671-84. https://doi.org/10.1016/S1474-4422(21)00176-9 PMID: 34302789

Ferri R, Aricd D, Cosentino Fll, Lanuzza B, Chiaro G, Manconi M. REM sleep without atonia with REM sleep-related motor events: broadening the
spectrum of REM sleep behavior disorder. Sleep. 2018;41(12). https://doi.org/10.1093/sleep/zsy187 PMID: 30239958

Buskova J, Miletinova E, Klikova M, Bares M, Novak T, Kosova J, et al. Associated factors of REM sleep without atonia in younger (< 50years)
hospitalized psychiatric patients. BMC Psychiatry. 2020;20(1):482. https://doi.org/10.1186/s12888-020-02879-4 PMID: 32998749

Sasai-Sakuma T, Frauscher B, Mitterling T, Ehrmann L, Gabelia D, Brandauer E, et al. Quantitative assessment of isolated rapid eye movement
(REM) sleep without atonia without clinical REM sleep behavior disorder: clinical and research implications. Sleep Med. 2014;15(9):1009—15.
https://doi.org/10.1016/j.sleep.2014.02.010 PMID: 24836608

Feemster JC, Jung Y, Timm PC, Westerland SM, Gossard TR, Teigen LN, et al. Normative and isolated rapid eye movement sleep without atonia in
adults without REM sleep behavior disorder. Sleep. 2019;42(10):zsz124. https://doi.org/10.1093/sleep/zsz124 PMID: 31587043

McCarter SJ, St Louis EK, Sandness DJ, Arndt K, Erickson M, Tabatabai G, et al. Antidepressants increase REM sleep muscle tone in patients with
and without REM sleep behavior disorder. Sleep. 2015;38(6):907-17. https://doi.org/10.5665/sleep.4738 PMID: 25325487

Lee K, Baron K, Soca R, Attarian H. The Prevalence and characteristics of REM sleep without atonia (RSWA) in patients taking antidepressants. J
Clin Sleep Med. 2016;12(3):351-5. https://doi.org/10.5664/jcsm.5582 PMID: 26446247

Stefani A, Gabelia D, Hégl B, Mitterling T, Mahlknecht P, Stockner H, et al. Long-term follow-up investigation of isolated rapid eye movement sleep
without atonia without rapid eye movement sleep behavior disorder: a pilot study. J Clin Sleep Med. 2015;11(11):1273-9. https://doi.org/10.5664/
jcsm.5184 PMID: 26156949

Dede HO, Benbir Senel G, Karadeniz D. Rapid eye movement sleep without atonia constitutes increased risk for neurodegenerative disorders.
Acta Neurol Scand. 2019;140(6):399—404. https://doi.org/10.1111/ane.13156 PMID: 31411727

Asah C, Frandsen R, Hgier NK, Baandrup L, Hasselbalch SG, Jennum P. Isolated REM sleep without atonia and isolated REM sleep behaviour
disorder: a study of clinical and prognostic differences. Sleep Adv. 2025;6(4):zpaf087. https://doi.org/10.1093/sleepadvances/zpaf087 PMID:
41445721

Ferri R, Arnulf I, Schenck CH. Enhancing diagnostic accuracy and accessibility in REM sleep behavior disorder: a proposed practical approach.
Sleep Med. 2026;137:106890. https://doi.org/10.1016/j.sleep.2025.106890 PMID: 41187441

Ferri R, Manconi M, Plazzi G, Bruni O, Vandi S, Montagna P, et al. A quantitative statistical analysis of the submentalis muscle EMG amplitude
during sleep in normal controls and patients with REM sleep behavior disorder. J Sleep Res. 2008;17(1):89—-100. https://doi.org/10.1111/j.1365-
2869.2008.00631.x PMID: 18275559

Ferri R, Rundo F, Manconi M, Plazzi G, Bruni O, Oldani A, et al. Improved computation of the atonia index in normal controls and patients with
REM sleep behavior disorder. Sleep Med. 2010;11(9):947-9. https://doi.org/10.1016/j.sleep.2010.06.003 PMID: 20817596

Ferri R, Bruni O, Fulda S, Zucconi M, Plazzi G. A quantitative analysis of the submentalis muscle electromyographic amplitude during rapid eye
movement sleep across the lifespan. J Sleep Res. 2012;21(3):257—-63. https://doi.org/10.1111/j.1365-2869.2011.00958.x PMID: 21955170

Figorilli M, Lanza G, Congiu P, Lecca R, Casaglia E, Mogavero MP, et al. Neurophysiological aspects of REM Sleep Behavior Disorder (RBD): a
narrative review. Brain Sci. 2021;11(12):1588. https://doi.org/10.3390/brainsci11121588 PMID: 34942893

Lanza G, Arico D, Lanuzza B, Cosentino Fll, Tripodi M, Giardina F, et al. Facilitatory/inhibitory intracortical imbalance in REM sleep behavior disor-
der: early electrophysiological marker of neurodegeneration? Sleep. 2020;43(3):zsz242. https://doi.org/10.1093/sleep/zsz242 PMID: 31599326
Puligheddu M, Figorilli M, Serra A, Laccu |, Congiu P, Tamburrino L, et al. REM Sleep without atonia correlates with abnormal vestibular-evoked
myogenic potentials in isolated REM sleep behavior disorder. Sleep. 2019;42(9):zsz128. https://doi.org/10.1093/sleep/zsz128 PMID: 31310647
Mondello S, Kobeissy F, Mechref Y, Zhao J, Talih FR, Cosentino F, et al. Novel biomarker signatures for idiopathic REM sleep behavior disorder: a
proteomic and system biology approach. Neurology. 2018;91(18):e1710-5. https://doi.org/10.1212/VWWNL.0000000000006439 PMID: 30258025
Dong X, Mondello S, Kobeissy F, Talih F, Ferri R, Mechref Y. LC-MS/MS glycomics of idiopathic rapid eye movement sleep behavior disorder. Elec-
trophoresis. 2018;39(24):3096—103. https://doi.org/10.1002/elps.201800316 PMID: 30168606

American Academy of Sleep Medicine. International Classification of Sleep Disorders, 3rd ed, text revision. Darien, IL: American Academy of Sleep
Medicine; 2023.

Postuma RB, Berg D, Stern M, Poewe W, Olanow CW, Oertel W, et al. MDS clinical diagnostic criteria for Parkinson’s disease. Mov Disord.
2015;30(12):1591-601. https://doi.org/10.1002/mds.26424 PMID: 26474316

McKeith 1G, Boeve BF, Dickson DW, Halliday G, Taylor J-P, Weintraub D, et al. Diagnosis and management of dementia with Lewy bodies: fourth
consensus report of the DLB Consortium. Neurology. 2017;89(1):88—100. https://doi.org/10.1212/VWWNL.0000000000004058 PMID: 28592453

Wenning GK, Stankovic |, Vignatelli L, Fanciulli A, Calandra-Buonaura G, Seppi K, et al. The Movement disorder society criteria for the diagnosis of
multiple system atrophy. Mov Disord. 2022;37(6):1131-48. https://doi.org/10.1002/mds.29005 PMID: 35445419

Berg D, Postuma RB, Adler CH, Bloem BR, Chan P, Dubois B, et al. MDS research criteria for prodromal Parkinson’s disease. Mov Disord.
2015;30(12):1600-11. https://doi.org/10.1002/mds.26431 PMID: 26474317

Heinzel S, Berg D, Gasser T, Chen H, Yao C, Postuma RB, et al. Update of the MDS research criteria for prodromal Parkinson’s disease. Mov
Disord. 2019;34(10):1464-70. https://doi.org/10.1002/mds.27802 PMID: 31412427

PLOS One | https://doi.org/10.1371/journal.pone.0350467 June 23, 2026 13/14



https://doi.org/10.1016/S1474-4422(21)00176-9
http://www.ncbi.nlm.nih.gov/pubmed/34302789
https://doi.org/10.1093/sleep/zsy187
http://www.ncbi.nlm.nih.gov/pubmed/30239958
https://doi.org/10.1186/s12888-020-02879-4
http://www.ncbi.nlm.nih.gov/pubmed/32998749
https://doi.org/10.1016/j.sleep.2014.02.010
http://www.ncbi.nlm.nih.gov/pubmed/24836608
https://doi.org/10.1093/sleep/zsz124
http://www.ncbi.nlm.nih.gov/pubmed/31587043
https://doi.org/10.5665/sleep.4738
http://www.ncbi.nlm.nih.gov/pubmed/25325487
https://doi.org/10.5664/jcsm.5582
http://www.ncbi.nlm.nih.gov/pubmed/26446247
https://doi.org/10.5664/jcsm.5184
https://doi.org/10.5664/jcsm.5184
http://www.ncbi.nlm.nih.gov/pubmed/26156949
https://doi.org/10.1111/ane.13156
http://www.ncbi.nlm.nih.gov/pubmed/31411727
https://doi.org/10.1093/sleepadvances/zpaf087
http://www.ncbi.nlm.nih.gov/pubmed/41445721
https://doi.org/10.1016/j.sleep.2025.106890
http://www.ncbi.nlm.nih.gov/pubmed/41187441
https://doi.org/10.1111/j.1365-2869.2008.00631.x
https://doi.org/10.1111/j.1365-2869.2008.00631.x
http://www.ncbi.nlm.nih.gov/pubmed/18275559
https://doi.org/10.1016/j.sleep.2010.06.003
http://www.ncbi.nlm.nih.gov/pubmed/20817596
https://doi.org/10.1111/j.1365-2869.2011.00958.x
http://www.ncbi.nlm.nih.gov/pubmed/21955170
https://doi.org/10.3390/brainsci11121588
http://www.ncbi.nlm.nih.gov/pubmed/34942893
https://doi.org/10.1093/sleep/zsz242
http://www.ncbi.nlm.nih.gov/pubmed/31599326
https://doi.org/10.1093/sleep/zsz128
http://www.ncbi.nlm.nih.gov/pubmed/31310647
https://doi.org/10.1212/WNL.0000000000006439
http://www.ncbi.nlm.nih.gov/pubmed/30258025
https://doi.org/10.1002/elps.201800316
http://www.ncbi.nlm.nih.gov/pubmed/30168606
https://doi.org/10.1002/mds.26424
http://www.ncbi.nlm.nih.gov/pubmed/26474316
https://doi.org/10.1212/WNL.0000000000004058
http://www.ncbi.nlm.nih.gov/pubmed/28592453
https://doi.org/10.1002/mds.29005
http://www.ncbi.nlm.nih.gov/pubmed/35445419
https://doi.org/10.1002/mds.26431
http://www.ncbi.nlm.nih.gov/pubmed/26474317
https://doi.org/10.1002/mds.27802
http://www.ncbi.nlm.nih.gov/pubmed/31412427

PLO\S\% One

28. Fereshtehnejad S-M, Montplaisir JY, Pelletier A, Gagnon J-F, Berg D, Postuma RB. Validation of the MDS research criteria for prodromal Parkin-
son’s disease: Longitudinal assessment in a REM sleep behavior disorder (RBD) cohort. Mov Disord. 2017;32(6):865—73. https://doi.org/10.1002/
mds.26989 PMID: 28429825

29. Ferri R, Fulda S, Cosentino Fll, Pizza F, Plazzi G. A preliminary quantitative analysis of REM sleep chin EMG in Parkinson’s disease with or without
REM sleep behavior disorder. Sleep Med. 2012;13(6):707-13. https://doi.org/10.1016/j.sleep.2012.01.003 PMID: 22440085

30. Akkan Suzan A, Tezen D, Onar RD, Karadeniz D, Benbir Senel G, Ferri R. Polysomnographic biomarkers for persisting (isolated) REM sleep with-
out atonia in patients with obstructive sleep apnea. Sleep Med. 2025;132:106558. https://doi.org/10.1016/j.sleep.2025.106558 PMID: 40367826

PLOS One | https://doi.org/10.1371/journal.pone.0350467 June 23, 2026 14714



https://doi.org/10.1002/mds.26989
https://doi.org/10.1002/mds.26989
http://www.ncbi.nlm.nih.gov/pubmed/28429825
https://doi.org/10.1016/j.sleep.2012.01.003
http://www.ncbi.nlm.nih.gov/pubmed/22440085
https://doi.org/10.1016/j.sleep.2025.106558
http://www.ncbi.nlm.nih.gov/pubmed/40367826

	Protocol for the DREAMER study: Design and methodological framework of a multicenter trial-ready cohort of individuals with isolated REM sleep without atonia
	1. Introduction
	2. Materials and methods
	2.1. Objectives
	2.2. Study design
	2.3. Setting and participating centers
	2.4. Study population, inclusion and exclusion criteria
	2.5. Baseline assessment
	2.6. Ancillary neurophysiological and biomarker assessments
	2.7. Outcomes
	2.8. Follow-up procedures and phenoconversion ascertainment
	2.9. Sample size and recruitment assumptions
	2.10. Data management and quality assurance
	2.11. Statistical analysis plan
	2.12. Study status and timeline
	2.13. Ethical and regulatory considerations

	3. Discussion
	4. Conclusions
	References


