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Abstract
Parkinson disease (PD), dementia with Lewy bodies (DLB) and multiple system atrophy are synucleinopathies, 
characterized by neuronal loss, gliosis and the abnormal deposition of α-synuclein in vulnerable areas of the 
nervous system. Neurodegeneration begins however several years before clinical onset of motor, cognitive 
or autonomic symptoms. The isolated form of REM sleep behavior disorder (RBD), a parasomnia with dream 
enactment behaviors and excessive muscle activity during REM sleep, is an early stage synucleinopathy. The 
neurophysiological hallmark of RBD is REM sleep without atonia (RWSA), i.e. the loss of physiological muscle atonia 
during REM sleep. RBD pathophysiology is not fully clarified yet, but clinical and basic science suggest that ɑ-syn 
pathology begins in the lower brainstem where REM atonia circuits are located, including the sublaterodorsal 
tegmental/subcoeruleus nucleus and the ventral medulla, then propagates rostrally to brain regions such as the 
substantia nigra, limbic system, cortex. Genetically, there is only a partial overlap between RBD, PD and DLB, and 
individuals with iRBD may represent a specific subpopulation. A genome-wide association study identified five loci, 
which all seem to revolve around the GBA1 pathway. iRBD patients often show subtle motor, cognitive, autonomic 
and/or sensory signs, neuroimaging alterations as well as biofluid and tissue markers of neurodegeneration 
(in particular pathologic α-synuclein aggregates), which can be useful for risk stratification. Patients with iRBD 
represent thus the ideal population for neuroprotective/neuromodulating trials. This review provides insights into 
these aspects, highlighting and substantiating the central role of iRBD in treatment development strategies for 
synucleinopathies.
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Introduction
REM sleep behavior disorder (RBD) is a parasomnia 
characterized by dream enactment in the setting of loss of 
physiological muscle atonia during REM sleep, with vocal 
and/or motor behaviors that may lead to injuries during 
sleep period [1]. RBD is diagnosed more commonly in 
males [2]; older studies reported a male to female ratio 
of 9:1, while more recent studies demonstrate this ratio 
to be closer to 2:1 [3–5] Estimated prevalence based on 
recent population-based studies is around 1% among 
individuals over 50 years of age [2, 6, 7].

Diagnostic criteria proposed by the American Academy 
of Sleep Medicine (AASM) require repeated episodes of 
vocalization or complex motor behaviors during REM 
sleep and the demonstration of REM sleep without ato-
nia (RSWA). RSWA is the neurophysiological signature 
of RBD, documented from a video polysomnography. 
The AASM and the International RBD Study Group have 
established scoring guidelines for RSWA [8]. Several RBD 
questionnaires have been developed and might be useful 
for screening purposes [9] but their specificity is low [10]. 
Different conditions may mimic RBD, the most common 
being non-REM parasomnias, sleep-related hypermotor 
epilepsy, periodic limb movement disorder [11], severe 
obstructive sleep apnea., sleep terrors in slow wave sleep 
[12], benzodiazepine-induced automatism and amnesia, 
and nocturnal dissociative (psychogenic) behaviors.

RBD can be classified into isolated (formerly idio-
pathic) RBD (iRBD) and secondary RBD. Isolated RBD 
occurs in the absence of an associated clinically manifest 
neurological disease. Secondary RBD occurs in the pres-
ence of associated disorders such as neurodegenerative 
disorders (in particular synucleinopathies), autoimmune 
disorders, narcolepsy, focal brainstem lesions, and other 
comorbidities. A high proportion of individuals affected 
by iRBD eventually develop synuclein-specific neurode-
generative disorders (i.e., synucleinopathies) such as PD, 
DLB or MSA [13]. The largest international study to date 
that examined 1280 patients with RBD and revealed a 
phenoconversion rate of 6.3% per year; 73% of this study 
cohort developed a synucleinopathy within a 12-year fol-
low up period [14]. These findings are in line with several 
longitudinal single-center studies that examined the evo-
lution of iRBD [15, 16].

This review aims at providing an overview of RBD 
with a focus on its isolated form as early synucleinopa-
thy, highlighting how RBD research can shed light into 
synucleinopathy pathophysiology and provide insights 
into neuromodulating or neuroprotective treatments for 
these neurodegenerative diseases from the earliest stages.

Clinical features of RBD
During sleep, patients with RBD act out violent dreams. 
They may box, kick and shout, usually in the second part 

of the night (when REM sleep predominates). The eyes 
are closed and patients generally stay in bed, but some-
times sit or jump out of bed. Unlike sleepwalkers, they do 
not get up and walk around. When they wake up, they 
are usually not confused and often remember a dream 
that matches their actions [17]. In the dream scenario, 
patients are often being attacked by humans or animals 
and fight back, protect their family, argue or play sport 
[18]. Sometimes they laugh, speak, or make non-violent 
gestures [19]. The movements are fast, less coordinated 
than waking movements, and often jerky. Of note, move-
ments can be rapid and vigorous even in PD patients who 
are severely bradykinetic during wakefulness [20]. The 
frequency of behaviors varies considerably from night 
to night. Many are not noticed by patients and their 
spouses. Due to the violent nature of these behaviors, 
patients may injure themselves or their loved ones, lead-
ing to abrasions and fractures [21].

During the daytime, there are no immediate conse-
quences of nocturnal behaviors. However, patients with 
iRBD may have mild motor and non-motor symptoms 
[22, 23]. This shows that neurodegeneration also affects 
pathways not involved in sleep. In the motor domain`, 
signs of parkinsonism may include minimal cogwheel 
rigidity when the examiner moves the wrist`, mild hypo-
kinesia or bradykinesia`, loss of arm swing when walk-
ing`, and subtly decreased face and vocal expression [24]. 
Independently from the presence of cognitive complaints, 
a comprehensive neurocognitive battery in iRBD patients 
often demonstrate reduced attention and executive func-
tions, and later memory and visuospatial decline, starting 
even before the development of mild cognitive impair-
ment and several years before dementia diagnosis in 
those patients who progress to DLB [25, 26]. In the sen-
sory domain, patients frequently present with hyposmia, 
altered taste perception, and color vision deficits [22, 27]. 
Common autonomic problems include blood pressure 
drop when standing, constipation, urinary problems, and 
erectile dysfunction [22]. In the psychiatric domain, anxi-
ety, low mood, and apathy can also be observed [28]. The 
olfactory and autonomic signs often appear well before 
motor and cognitive signs in the progression from iRBD 
to overt parkinsonism/dementia [23, 29].

People with PD who also have RBD most commonly 
have the rigid-akinetic form of parkinsonism, more non-
motor signs and hallucinations [30], and progress more 
quickly to PD dementia [31], motor disability [32], and 
falls [33], suggesting a more severe form of PD.

Neurophysiology of RBD
Neurophysiology provides classical and quantifiable bio-
markers of RBD and neurodegeneration in patients with 
isolated or no longer isolated RBD [13]. Video-polysom-
nography (V-PSG) records multiple neurophysiological 
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biomarkers in various channels, including electroenceph-
alography (EEG), electromyography (EMG) and elec-
trooculography (EOG). These have been used to better 
characterize RBD and predict conversion [34] and also 
proven useful in prodromal RBD [35]. V-PSG is not only 
the required diagnostic instrument for RBD (demonstrat-
ing RSWA is mandatory for the diagnosis), but capable 
to provide a unique set of multiple specific biomarkers 
in RBD. Its full potential has not yet been fully exploited. 
Both the AASM and the IRBDSG recommend RSWA 
quantification in the chin (tonic and phasic EMG activ-
ity [36, 37], attributed to different brain circuits [13]) and 
upper extremities. As early as in their first descriptions 
of RBD Schenck and Mahowald highlighted the need to 
record upper extremities EMG [38], as confirmed by later 
research [37, 39].

As RSWA quantification requires skilfulness and time, 
automatic methods have been developed [8]. The Inns-
bruck Group proposed a simple method with recording 
of flexor digitorum superficialis surface EMG only, vali-
dated as sensitive and specific to detect RBD in patients 
with an AHI < 15/h [40]. EEG is another key neurophysi-
ological signal, and researchers have early appreciated 
waking and sleep EEG slowing to be a marker of ongoing 
neurodegeneration in RBD [41–43]. More recent studies 
investigated REM sleep EEG microstructural alterations 
[44], hypnodensity, and increased phase synchronization 
in RBD [45].

Rapid eye movements are another neurophysiological 
hallmark occurring in clusters during REM sleep. In RBD, 
violent and elaborate movements occur mainly during 
REM sleep with REMs, compared to background jerk-
ing [46]. REM density was first investigated by Lapierre 
and Montplaisir [36], and later work showed that patients 
with iRBD have less slow and rapid eye movements dur-
ing wake after sleep onset on nocturnal polysomnogra-
phy [47]. These neurophysiological signals are useful 
markers of disease progression, instruments to define or 
even predict specific phenotypes of neurodegeneration, 
to predict timing of conversion and potential marker of 
treatment response. The full potential of neurophysiology 
might go far beyond the description of events and details. 
Well-done state-of-the-art neurophysiology recordings 
of EMG, EEG and EOG in RBD is able to provide most 
highly useful and precise information, which can be used 
to monitor progress quantitatively, quantify and charac-
terize treatment response, characterize different subtypes 
(e.g. with or without cognitive impairment, with our 
without psychiatric/hallucinatory symptoms).

Furthermore, neurophysiology is a very promising 
instrument to detect the often very subtle onset of RBD 
in its prodromal stages very sensitively and precisely 
[13], in particular using automated analysis as men-
tioned above. Other neurophysiological aspects in RBD 

(e.g. blink reflex variants, intracortical facilitation to gain 
insight into brain circuit function or periodic leg move-
ments) have been summarized elsewhere [48–50].

Isolated RBD as an early stage of synucleinopahty
Parkinson disease (PD), dementia with Lewy bodies 
(DLB) and multiple system atrophy (MSA) are neurode-
generative diseases characterized by neuronal loss, gliosis 
and the abnormal deposition of the protein α-synuclein 
(α-syn) in surviving cells of multiple vulnerable areas 
of the nervous system. In PD and in DLB, these depos-
its are found as Lewy bodies and Lewy neurites in neu-
rons, whereas in MSA they are found as cytoplasmic 
inclusions in glial cells [51, 52]. In PD, it is hypothesized 
that α-syn pathology begins when its misfolded form 
migrates from the olfactory bulb and/or gut to the brain 
where it spreads in a cell-to-cell fashion across the brain-
stem, subcortical areas and the neocortex. This may lead 
to progressive neurodegeneration and the sequential 
appearance of hyposmia, dysautonomia, RBD, parkinson-
ism, hallucinations and dementia [53]. Although α-syn 
pathology is a central element in synucleinopathies, other 
factors are involved including mitochondrial dysfunc-
tion, lysosomal dysfunction, oxidative stress and inflam-
mation [54].The etiology of synucleinopathies is complex 
wherein individual, genetic and environmental factors 
are involved [51, 52].

PD is the most common synucleinopathy and occurs in 
1–2% of the population over 60 years of age. The diagno-
sis of PD is made when parkinsonism (bradykinesia plus 
rigidity and/or resting tremor) is noticeable, correspond-
ing to 60–70% neuronal loss in the substantia nigra and 
80% dopaminergic deficit in the striatum [55]. DLB is the 
second most common dementia after Alzheimer’s disease 
and accounts for about 5–15% of dementia cases. Addi-
tional features in DLB are parkinsonism, fluctuations, and 
visual hallucinations [56]. PD and DLB are overlapping 
conditions characterized by different clinical starting 
points, with dementia preceding parkinsonism in DLB, 
and more than 80% PD cases developing dementia (at 
least on year after parkinsonism onset) when considering 
20-year follow-up time [57]. Neuropathology of DLB and 
PD dementia are similar, consisting of widespread Lewy 
pathology in the brainstem, limbic system and neocortex 
plus coexisting Alzheimer’s disease pathology and mul-
tiple age-related pathologies [58]. MSA is a less frequent 
condition with a more aggressive course characterized by 
dysautonomia in combination with parkinsonism and/or 
cerebellar syndrome [59].

The synucleinopathies have a prodromal period of 
many years where the neuropathological process (e.g., 
deposits of mis-folded α-syn), has started and where 
some symptoms occur before the onset of the cardinal 
symptoms which define these diseases (i.e., dementia, 
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parkinsonism and dysautonomia) [60–62]. Among these 
symptoms is RBD, that occurs as a prodromal feature in 
30–50% of PD [63], 50% of DLB and 50% of MSA patients 
[3, 64, 65].

Disease mechanisms in RBD and insights into 
synucleinopathies – evidence from basic science
Despite its clinical importance, our understanding of the 
mechanisms underlying RBD remains incomplete. Given 
that loss of REM sleep atonia defines RBD, the brainstem 
circuits responsible for REM sleep atonia are likely impli-
cated in its pathophysiology. The core of these circuits 
includes the sublaterodorsal tegmental nucleus (SLD; 
called the subcoeruleus nucleus in humans) and the 
gigantocellular and magnocellular nuclei in the ventral 
medulla (vM, Fig. 1).

Experimental work in rats demonstrates that glutama-
tergic neurons in the SLD become selectively active dur-
ing REM sleep [66, 67]. Recent data indicate that these 
glutamate-releasing neurons express corticotropin-
releasing hormone-binding protein (Crhbp) [68]. These 
cells project to and excite GABA/glycine neurons in the 
vM [69–71] which, in turn, results in the release of GABA 
and glycine onto somatic motoneurons in the spinal cord 
and cranial nerve nuclei in the brainstem, causing muscle 
atonia [72–74]. Disrupting SLD or vM neurons through 
lesions and genetic inactivation results in the loss of 
REM atonia and motor behaviors reminiscent of human 
RBD [66, 75–80]. In humans, ischemic or inflammatory 
lesions involving structures homologous to the SLD and 
vM also lead to RBD [81–84]. Thus, converging lines of 
evidence suggest that REM sleep atonia is generated by 
the same brainstem circuits in animals and humans, and 

Fig. 1  Synucleinopathic degeneration of REM sleep circuits are hypothesized to underlie RBD. Alpha-synuclein aggregation begins in the caudal brain-
stem and propagates from cell to cell in a caudal-rostral fashion. At prodromal stages of disease, pathology initially develops within the brainstem 
substrates for REM atonia, including the sublaterodorsal tegmental (SLD) neurons and ventral medulla (vM) neurons. During healthy REM sleep, SLD 
cells excite vM cells that inhibit spinal motoneurons to induce motor atonia. In RBD, α-syn-mediated dysfunction of these cells leads to loss of REM sleep 
atonia and the motor behaviors of RBD. Eventually, pathology spreads rostrally towards regions classically associated with the synucleinopathies such as 
the substantia nigra pars compacta (SNpc) and corticolimbic circuits, where it causes the cardinal motor and cognitive manifestations of these disorders. 
Figure created with BioRender.com
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that dysfunction of these structures could underlie RBD 
symptomatology. Of note, impairment of the afferents of 
the key brainstem nuclei that regulate REM sleep atonia 
(e.g. amygdala in anti-leucine-rich glioma-inactivated 1 
encephalitis, and lateral posterior hypothalamus in nar-
colepsy) may also trigger RBD in humans with an intact 
brainstem [85]. 

While the exact cause of dysfunction in REM atonia-
regulating neurons is unclear, the notion that RBD is a 
prodromal stage of synucleinopathies implies synucle-
inopathic degeneration. Correspondingly, post-mortem 
examination of four iRBD patient brains revealed α-syn 
inclusions and neuronal loss in areas corresponding to 
the SLD and vM [86–88] whereas imaging data indi-
cates cell loss in these regions [89, 90]. Furthermore, 
recent post-mortem evidence reveals a loss of Crhbp-
expressing neurons, but not cholinergic neurons in the 
SLD of PD patients with RBD, thus implicating specific 
SLD cell types in RBD pathophysiology [68]. These data 
support the hypothesis that αsyn-mediated degenera-
tion of REM atonia circuits causes RBD. Neuropathologi-
cal evidence shows that isolated RBD patients exhibit a 
brainstem-predominant pathological distribution [86, 
87], which contrasts with the widespread pathology seen 
in advanced disease [91]. This suggests that the spread 
of ɑ-syn pathology from the caudal brainstem could 
drive clinical progression from prodromal (i.e. iRBD) to 
advanced stages of the synucleinopathies (Fig. 1).

Recent research has focused on whether experimen-
tally induced αsyn pathology can trigger RBD symptoms 
in animal models. In mice, the transgenic overexpres-
sion of αsyn increases muscle activity during REM sleep 
and elicits an RBD-like phenotype [92], supporting the 
link between α-syn pathology and RBD. Additionally, 
chemogenetic activation of Crhbp-expressing neurons 
in the SLD was shown to alleviate early reductions in 
NREM and REM sleep amounts seen in these transgenic 
mice [68]. However, the effects of this intervention on 
RBD-like behaviors that typically emerge at later stages 
in this model, were not assessed in the study. Another 
study found that direct inoculation of the SLD with α-syn 
fibrils induced αsyn pathology in SLD neurons, which 
triggered RBD-like behaviors in mice [93]. This same 
study also showed that the spread of ɑ-syn pathology to 
the substantia nigra led to parkinsonism. These findings 
strongly support the hypothesis that iRBD is caused by 
ɑ-syn pathology in the REM atonia circuit and establish a 
mechanistic link between iRBD and PD.

One question that remains unaddressed is why RBD 
circuits are initially targeted by neurodegeneration. 
Examining the similarities between these circuits and 
other selectively vulnerable cell populations may pro-
vide insights into RBD pathogenesis. Several factors may 
contribute to the vulnerability of REM atonia-regulating 

regions to pathogenic α-syn (Fig.  2). Cell-autonomous 
factors, such as the firing properties of SLD and vM neu-
rons [94, 95], their axonal projections [69, 70, 96, 97], and 
gene/protein expression levels could predispose these 
cells to pathology, as described for several nuclei with 
high pathologic burden in PD [98]. On the other hand, 
tract tracing [69, 70, 97, 99] and α-syn seeding experi-
ments [93, 100] support the capacity of brainstem REM 
atonia circuits to transmit pathology along the caudal-
rostral neuraxis, highlighting the role of connectivity in 
disease progression [101]. Additionally, the common 
occurrence of RBD among three distinct synucleinopa-
thies, along with the existence of distinct α-syn confor-
mational strains in each synucleinopathy [102–104], 
suggests a unique cellular milieu of SLD and vM neurons 
that supports the pathogenicity of different strains. Ulti-
mately, we speculate that these factors likely intersect at 
the level of REM atonia-regulating circuits, driving their 
degeneration and resultant RBD symptoms. Further 
research is needed to assess each factor in the context 
of SLD and vM neurons and their contribution to RBD 
pathogenesis.

In summary, clinical and basic science evidence suggest 
that ɑ-syn pathology begins in the lower brainstem where 
REM atonia circuits are located, then propagates ros-
trally to brain regions (e.g., substantia nigra, limbic sys-
tem, cortex) classically associated with PD and DLB. This 
observation is not only consistent with neuropathological 
evidence but is also in line with the early onset of RBD 
in the disease course of synucleinopathies. Therefore, the 
current thinking in the field is that iRBD is is one of the 
earliest detectable symptoms of synucleinopathies.

Genetics and epigenetics in RBD
Compared to PD, much less is known about the genetic 
basis of RBD, yet in recent years our understanding of 
the genetic factors underlying RBD has considerably 
improved. Overall, there is only a partial overlap between 
the genetics of RBD, PD and DLB, suggesting that indi-
viduals with RBD, or more specifically those with iRBD, 
may represent a specific subpopulation within PD and 
DLB.

Thus far, the largest genetic study on RBD was a 
genome-wide association study (GWAS) that included 
about 1,000 patients with v-PSG-confirmed iRBD, about 
1,700 PD patients with probable RBD and more than 
140,000 controls [105]. This GWAS revealed several 
interesting observations. First, all five loci identified in 
the GWAS seem to revolve around the GBA1 pathway. 
These loci include GBA1 itself, SNCA which encodes 
α-syn and interacts with GBA1 [106], TMEM175 which 
regulates lysosomal activity of the enzyme encoded 
by GBA1 – glucocerebrosidase [107], SCARB2 which 
encodes the transporter of glucocerebrosidase from 
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the endoplasmic reticulum to the lysosome [108], and 
the INPP5F locus which includes BAG3, which may 
be involved in folding of glucocerebrosidase [109]. It 
is therefore clear that GBA1 has an important role in 
RBD, as was suggested in an earlier multi-center study 
[110]. Another study that genetically links GBA1 to RBD 
showed that very rare loss-of-function mutations in 
PSAP, the gene that encodes saposin c (the co-activator 
of glucocerebrosidase) may occur together with GBA1 
mutations in RBD [111].

Other interesting findings in this GWAS were asso-
ciations that are not observed, despite having sufficient 
power to detect them. For example, while the MAPT and 
LRRK2 loci are among the top associations in PD GWAS 
[112], in the RBD GWAS they were not detected at all. 
This is consistent with previous reports suggesting lack of 
association between these two genes and RBD [113–115]. 
Similarly, the RBD GWAS did not find an association 
with APOE, which is the strongest risk factor identified 
in DLB GWAS [116]. These lack of associations exem-
plify the partial overlap between RBD and PD or DLB. 
Furthermore, in two of the loci that are shared between 
RBD, PD and DLB, there are different effects observed. 
In the SNCA region, different variants affect the risk for 
RBD and PD, as previously reported [117]. A similar 

phenomenon is seen in the SCARB2 locus, where the 
top associations are different between RBD and PD. This 
might be explained by different effects of these variants 
on expression in different brain regions, some of which 
are more relevant for PD (e.g. substantia nigra), while 
others might be more specific for the subpopulation of 
patients with RBD [105].

There are no good studies on familial RBD forms as 
there are in PD, and screening of known familial PD and 
atypical parkinsonism genes in sporadic RBD, such as 
PRKN, PINK1, LRRK2, VPS35 and others, found no evi-
dence for the involvement of any of the 10 tested genes 
in RBD [114]. However, testing for the effect of rare 
variants in genes that are known to be involved in spo-
radic PD that were identified through the most recent 
PD GWAS [112], suggested that BST1 and LAMP3 may 
also be involved in RBD [118]. While LAMP3 is another 
lysosomal related gene, which strengthen the notion of 
dysfunction of this organelle in RBD, BST1 was the first 
genetic marker that may associate RBD to the immune 
system. More recently, fine mapping of the HLA genomic 
region suggested that several HLA types may also be 
associated with RBD [119]. However, these findings need 
to be replicated in additional studies.

Fig. 2  Factors speculated to contribute to the selective vulnerability of REM-atonia regulating neurons in RBD. Clinical progression from prodromal (i.e. 
RBD) to clinically manifest stages of synucleinopathy is thought to be driven by the spread of αsyn pathology along neuronal connections. The affer-
ent and efferent connections of REM-atonia regulating brainstem populations such as the SLD and vM are largely consistent with caudal-rostral spread 
of pathology, which would give rise to RBD before Parkinson’s disease. The propagation of αsyn pathology can be further modulated by various cell-
autonomous factors, including the cell milieu, axonal projections, gene expression, neuronal activity, and different αsyn conformational strains. Future 
investigations into how each of these factors modulates pathology specifically in the context of SLD and vM neurons would enrich our understanding of 
RBD mechanisms. Figure created with BioRender.com
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Several recent studies have demonstrated that epi-
genetics may have an effect or serve as a marker for RBD 
progression. Epigenetics allow approximate determi-
nation of biological aging. Using this approach, it was 
shown that faster epigenetic aging may be associated 
with earlier age at onset of iRBD and faster phenocon-
version [120]. Overall, iRBD patients seem to have accel-
erated aging based on epigenetic markers [121]. More 
specific findings suggested that hypomethylation of the 
SNCA locus maybe associated with iRBD and its pheno-
conversion to PD [122, 123].

One of the major caveats in genetic and epigenetic 
studies of iRBD is that they require a large number of 
participants. Once home-based diagnosis of iRBD will 
be possible, identifying and recruiting iRBD patients will 
become easier and facilitate much larger studies.

What can we learn from neuroimaging in RBD?
Presynaptic dopaminergic imaging such as [123I]FP-CIT-
SPECT, commonly named dopamine transporter (DaT) 
SPECT, is the most established neuroimaging biomarker 
in iRBD and identifies patients at high risk of short-term 
phenoconversion [14, 124, 125]. However, some meth-
odological issues should be discussed. A dichotomous 
categorization of DaT-SPECT in normal/abnormal is an 
oversimplification, especially since a clear abnormality 
cut-off has not been defined yet. Of note, phenoconver-
sion risk in iRBD patients widely changes by applying 
different cut-offs [126]. DaT-SPECT semi-quantification 
[124, 125] provides instead continuous metrics reflect-
ing nigro-striatal dopaminergic function of different 
basal ganglia structures (such as putamen and caudate), 
as well as derived parameters (such as putamen/caudate 
ratios and asymmetries). ThusDaT-SPECT should be 
considered a stage biomarker, with degrees of abnormal-
ity depending on the disease stage (early to advanced), 
and with phenotype-related patterns of dopaminergic 
impairment. Following these concepts, a recent multi-
center study showed that using specific cut-offs the most 
affected putamen best identified iRBD who later devel-
oped overt parkinsonism or dementia, while the most 
affected putamen/most affected caudate ratio identified 
patients who developed a parkinsonism-first instead of 
a dementia-first phenotype [125]. Thus, DaT-SPECT can 
be considered as a stratification biomarker in alpha-synu-
cleinopathy. Notably, DaT-SPECT demonstrated pro-
gressive loss of nigro-striatal dopaminergic function in 
iRBD patients [127] and showed promising results as an 
explorative endpoint in a proof-of-concept neuroprotec-
tion study in iRBD patients [128]. Therefore, DaT-SPECT 
may also be considered as a neurodegeneration progres-
sion biomarker, at least for later stages of degeneration.

Brain MRI has been used to unveil structural and func-
tional abnormalities, and their progressive development, 

in iRBD patients [129]. Iron accumulation [130–132]
and neuromelanin loss [133–135] in the substantia nigra 
was found in iRBD patients. In a longitudinal study of 
RBD, striatal dopaminergic denervation occurred first 
followed by abnormal iron metabolism and finally neu-
romelanin changes in the substantia nigra pars compacta 
[132]. Recent studies highlighted cortical other than sub-
cortical abnormalities in iRBD patients [136, 137], with 
brain atrophy correlating with both motor and cognitive 
impairment [136], suggesting the presence of a wide-
spread neurodegeneration process already involving cor-
tical brain areas since prodromal alpha-synucleinopathy 
stages.

The early involvement of the brain cortex in iRBD was 
also suggested by several [18F]FDG-PET studies. Indeed, 
iRBD patients already express the brain glucose metab-
olism pattern of overt PD [138, 139], and more severe 
brain glucose metabolism abnormalities were associ-
ated with an increased risk of short-term phenoconver-
sion [139, 140]. Interestingly, patients’ expression of such 
patterns changes from prodromal to overt alpha-synu-
cleinopathy stages [141, 142], suggesting that brain [18F]
FDG-PET may be candidate neurodegeneration progres-
sion biomarker.

Home detection and digital monitoring of RBD
The current diagnostic procedure for RBD requires 
video-polysomnography (vPSG) to demonstrate REM 
sleep without atonia (RSWA) [8], however vPSG analy-
sis and interpretation requires specific training, and it 
is costly and not widely accessible. RBD questionnaires 
consist of a single item or a set of questions screening 
for abnormal movements and/or vocalizations related to 
dream content. However, patients are often unaware of 
their symptoms, and they have a low positive predictive 
value in the general population due to the relatively low 
prevalence of iRBD compared to mimics (e.g., obstruc-
tive sleep apnea, periodic limb movement disorder, sleep-
related hypermotor epilepsy, other parasomnias causing 
abnormal behaviors) [10]. These limitations have pro-
vided the rationale for developing home-based solutions 
for diagnosing RBD. Broadly, three types of devices have 
been used to date.

Home vPSG systems
Seger et al. used a home vPSG system to evaluate RSWA 
in 124 community participants with a high pretest prob-
ability of RBD [143]. Although a portable one, the device 
used required labor-intensive manual scoring, and 
employed the same number of electrodes and sensors as 
conventional vPSG. A machine-learning model for diag-
nosing RBD based on 3D video analysis of REM sleep 
movements in a sleep laboratory has been developed 
[144, 145]. This approach has not yet been tested in the 
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home environment where it would require automated 
detection of REM sleep or movement analysis through-
out the night.

Head bands
One head band device was tested in 19 patients with 
iRBD. The device inputs signals from 3 frontopolar sen-
sors (electroencephalogram and electrooculogram), one 
frontal electromyographic sensor, photoplethysmography 
(pulse), head movements and snoring [146]. Although 
potentially more acceptable than full vPSG, its auto-stag-
ing algorithm needs to be further validated [147].

Wrist-worn accelerometers (known as “actigraphs”)
Several studies have used wrist actigraphy to detect 
abnormal movements during sleep [148–151] and 
disruption of 24  h rest-activity rhythms (RAR) [148, 
152–154]. Salient actigraphy features in RBD include 
increased total activity counts during sleep, clusters of 
movements coinciding with REM sleep cycles [151], 
and a relative reduction of diurnal activity counts. Used 
alone, single features of actigraphy do not have sufficient 
discriminative value in RBD, however their combination 
using machine learning is a promising approach for home 
diagnosis of RBD [148]. Advantages of a wrist wearable 
include high acceptability, low cost, and the possibility of 
recording multiple days/nights to raise accuracy. To date, 
three studies in distinct datasets of patients with iRBD 
[148, 155] or RBD secondary to PD [156] and controls 
with and without other sleep disorders have shown sen-
sitivities of 79–95% and specificities of 92–96%. Current 
limitations of actigraphy include potential reliance on 
sleep diaries and the uncertainty around the transferabil-
ity of existing algorithms to other devices and datasets.

What should digital approaches seek to measure for 
RBD progression? Multicentre studies demonstrate 
motor symptoms and signs show greater progression 
over time than non-motor features, with MDS-UPDRS-
III then Purdue Pegboard, MDS-UPDRS II and Timed 
Up and Go scores showing greatest change [14, 157]. In 
RBD who later developed PD, voice changes and hypo-
mimia appeared 9 years prior to diagnosis, followed by 
finger tapping deficits, mobility deficits, rigidity and limb 
bradykinesia [24]. Cognitive variables showed modest 
progression with higher variability, decline beginning 10 
years prior to dementia conversion [26, 157]. Here, we 
summarise digital monitoring of motor and cognitive 
progression in RBD, a rapidly evolving space.

Wearables- body worn devices
Approaches to monitor gait in RBD found micro changes 
(reduced gait velocity, variability and rhythm) in home 
gait measured over 7 days using lower back tri-axial 
accelerometry [158]. Subtle in-clinic gait deficits during 

fast-paced and dual-task walking using multiple sensors 
are also present [159–162].

Mobile technologies and applications
Finger-tapping deficits with impaired spontaneous 
rhythm production or amplitude decrement using a 
tablet/3D motion capture system are present in RBD 
compared to controls [163, 164]. Motor deficits including 
tremor, tapping speed, gait and voice changes were dem-
onstrated in RBD and PD compared to controls using 
smartphones [165]. Smartphone capture of spontaneous 
speech abnormalities in RBD allowed separation from 
controls [166, 167], while spoken language alterations 
predicted phenoconversion [168].

Home-based computers and sensing systems
A brief online cognitive battery via home PC in 50 con-
trol, 59 PD and 54 RBD participants showed greater 
sensitivity to memory, language, attention and execu-
tive function deficits than supervised neuropsychologi-
cal scales [169]. Metacognitive accuracy in RBD and PD 
aligned with controls, indicating subjects are generally 
aware of their cognitive status [170]. Home sensing sys-
tems have not been evaluated in RBD, although a recent 
study found the approach broadly acceptable for PD par-
ticipants [171].

Home detection and digital monitoring of RBD are 
however still being developed and currently vPSG cannot 
be replaced as diagnostic instrument, although screening 
possibilities are evolving and likely to further develop in 
the near future.

Biofluid and tissue markers of neurodegeneration
During the last few years research focused on early detec-
tion of α-syn alterations in biofluids and tissues (Table 1). 
Among biofluids, cerebrospinal fluid (CSF) is by far the 
one expected to bring the most relevant results, even if 
slightly invasive. The diagnostic performance of α-syn-
seed amplification assays (α-syn-SAAs) for patients with 
RBD showed sensitivity rates of 0.64 (95% CI, 0.50–0.77) 
[172], 0.80 (95% CI, 0.58–0.92) [173] and 1.00 (95% CI, 
0.82–1.00) [174]. A recently published cross-sectional 
study evaluating the PPMI at-risk groups indicated a 
sensitivity of SAA assays in 86% of subjects with iRBD/
hyposmia and 8% of mutation carriers [175]. Unfortu-
nately, only a few studies included longitudinal assess-
ment. Iranzo and co-authors found a diagnostic accuracy 
of 90% in predicting the phenoconversion of iRBD, con-
sidering a follow-up interval of up to ten years [173].

Other tissues may also serve for α-syn detection. 
Nasal brushing for detecting α-syn aggregates by α-syn 
SAA showed positivity in 44% of the patients with iRBD 
(particularly those with coexistent hyposmia), 46% with 
manifested PD and 10% of controls without RBD [176]. 
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Immunohistochemistry for phosphorylated α-syn (p-α-
syn) was first reported in colonic tissue, although with 
a very low positivity rate (24%) [177]. Higher sensitiv-
ity (89%) was then obtained with submandibular gland 
biopsy. Still, adequate biopsy material can be obtained 
in less than half of the patients [178], while minor sali-
vary glands biopsy obtained adequate tissue in all cases, 
although showing lower sensitivity (50%) [179].

Lately, detection of p-α-syn with fluorescence immu-
nohistochemistry analysis of skin biopsies emerged as a 
promising and less invasive technique [180, 181] with a 
sensitivity of up to 86.7% [182] and a high specificity (up 
to 100%).

When comparing detection of α-syn by means of flu-
orescence immunohistochemistry and α-syn SAAs in 
skin and CSF, the first seems to have greater diagnostic 
accuracy [183]. However, Iranzo et al., by comparing the 
results of αSyn SAA in the skin and CSF, performing both 
sampling on the same morning, in 91 patients with iRBD 
and 41 controls, found similar high sensitivity (> 75%), 
specificity (> 97%) [184],, and a near perfect concor-
dance between skin and CSF results. A large study in 148 
iRBD patients showed CSF synuclein positivity in 75%, 

decreased Aβ42/Aβ40 ratio in 22%, increased phosphory-
lated tau in 16%, increased total tau in 15%, and elevated 
neurofilaments (NfL) in 15%. In the CSF, only synuclein 
positivity was a marker of short-term overall phenocon-
version, while elevated p-tau/Aβ42 was predictive of DLB 
[185]. 

Biomarkers have been researched also in the blood 
which of course carries less invasiveness for the patients. 
Two longitudinal studies using the SIMOA technique 
indicated NfL as a promising biomarker in reflecting dis-
ease severity of iRBD and predicting disease progression 
and phenoconversion [186, 187]. Among other blood bio-
markers, also increased α-synuclein measured by immu-
nocapture in neuronally derived extracellular vesicles has 
been proposed for the stratification of patients at higher 
risk of phenoconversion [188]. Recently, by applying a 
machine-learning model to a targeted multiplexed mass 
spectrometry assay for blood samples, authors could iso-
late a specific blood panel of molecular events for identi-
fying at-risk participants [189].

Further longitudinal studies are needed to under-
stand sensitivity and specificity of biofluids and tissues 
biomarkers and also their potential role as prognostic 

Table 1  Biofluids and tissues markers in iRBD
Technique Biological Sample Cost Invasiveness Sensitivity/

specificity
Prodromal PD cross-sectional Prodromal 

PD longi-
tudinal

Total αSyn CSF +/-
+
NA

- -

oligomeric αSyn (ELISA) CSF
Blood

+/-
+
NA
+/-
+
NA

++
NE

-
NE

RT-QuIC αSyn CSF
Saliva
GI Biopsy
Skin
Olfactory Mucosa

+
+
+++/+++
+/-
-
NA
+
++
-/-
+
+/-
+++/+++
+
+/-
+/++

++
-
++
++
+

+
-
-
++
-

NfL CSF
Blood

NA
-
-
++/-

-
++

-
++

NA: non available

NE: non evidence
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biomarkers. Future engagement in improving these tech-
niques with quantitative measurements for prognostic 
aims is warranted.

The role of RBD in the new staging systems of Parkinson’s 
disease
Recent biomarkers advances, including detection of mis-
folded α-synuclein aggregates through seed amplification 
assay, led to proposal of two similar but conceptually dif-
ferent approaches to improve integration of biological 
information in the definition and classification of PD or 
neuronal α-synuclein diseases. This is relevant also for 
iRBD, as this prodromal stage is included in the proposed 
staging systems.

The SynNeurGe classification [190] is a biological clas-
sification of PD aiming at advancing basic science and 
clinical knowledge eventually leading to precision medi-
cine for disease-modifying treatments. This classification 
uses three components: pathological α-synuclein (Syn) 
in tissues or CSF; neurodegeneration (Neur) as defined 
by dopaminergic deficit demonstrated by neuroimag-
ing; and pathogenetic gene variants (Ge) causing or 
strongly predisposing to PD. A clinical component is also 
included, in order to define whether a given clinical syn-
drome can be attributed to biologically-diagnosed PD. 
Either a single high-specificity clinical feature or multi-
ple lower-specificity clinical features can be used. RBD is 
considered possibly related to PD is not PSG-confirmed, 
and probably related to PD if PSG-confirmed. No distinc-
tion between prodromal and defined disease stages is 
present. Of note, none of these components is required, 
to account for the biological heterogeneity of Parkinson’s 
disease.

The neuronal α-synuclein disease integrated stag-
ing system (NSD-ISS) [191] proposes a new definition 
of PD and DLB under the common concept of neuro-
nal α-synuclein disease, based on the in vivo detection 
of pathological neuronal α-synuclein, regardless of any 
specific clinical features. Accordingly, stage 0 is defined 
by the presence of pathogenic variants in the SNCA 
gene; stage 1 requires presence of pathological neuro-
nal α-synuclein, alone (stage 1 A), or with dopaminergic 
neuronal dysfunction (stage 1B). Subtle clinical manifes-
tations without functional impairment (including iRBD) 
mark stage 2, with sub-classification based on dopami-
nergic neuronal dysfunction. Stages 3 to 6 present stage-
specific increases in functional impairment.

As knowledge and biomarkers develop, a shift towards 
a biologically driven diagnosis is desirable. However, 
several aspects need to be carefully considered. These 
include reliability and availability of proposed biomark-
ers, and most relevantly their clinical significance. Thus 
far, no data are available to inform if subjects with path-
ological α-synuclein will develop clinical symptoms, 

when symptoms would develop, and if those would be 
predominantly motor or cognitive. Adopting such clas-
sification and staging methods without a clear answer to 
these issues raises ethical issues, which are particularly 
relevant for patients with isolated RBD. iRBD is already 
recognized as a prodromal stage of α-synucleinopathy, as 
the vast majority of these patients will develop a clinically 
manifest α-synucleinopathy over time [14]. However, 
those patients may be excluded from clinical trials on dis-
ease-modifying treatments if they present no pathologic 
α-synuclein. Moreover, those going to phenoconvert into 
multiple system atrophy are not represented in the pro-
posed classification and staging methods. The peculiar-
ity of iRBD as prodromal synucleinopathy should not get 
lost in such proposals.

These newly proposed staging systems of PD may be 
still be biased by oversimplification, focusing only on 
one abnormal protein (synuclein), one neurotransmitter 
(dopamine), one cell (neuron) and neglecting molecu-
lar (e.g., lysosomal, mitochondrial) and neuropathologi-
cal (comorbid proteinopathies) data. A post-mortem 
examination of 20 brains of patients with PSG-proven 
RBD, isolated or who evolved to PD or DLB before 
death, showed that all had a postmortem synucleinopa-
thy but all also had abundant synuclein deposits in the 
astrocytes, and exhibited co-pathologies [192], including 
Alzheimer’s disease pathology (i.e. amyloid β plaques and 
neurofibrillary tangles), ageing-related tau astrogliopathy, 
cerebral amyloid angiopathy, argyrophilic grain disease, 
limbic-predominant age-related TDP-43 encephalopathy, 
and early changes indicative of progressive supranuclear 
palsy). These aspects need to be taken into account in 
future staging systems.

Towards clinical trials in iRBD
There may be no group more ideally placed for synucle-
inopathy neuroprotective trials than iRBD patients, 
because:

1.	 They already have a neurodegenerative disease — 
more than 80% would qualify for biological PD in 
the SyNeurGe classification, with a slightly lower 
proportion in the NSD classification [190, 191].

2.	 They are not receiving symptomatic therapy– The 
need to start symptomatic therapy dramatically 
impairs the successful conduct of neuroprotective 
trials in PD. For example, 65% of de novo PD patients 
in the PPMI study started symptomatic therapy 
within the first year [193]. Removal of this confound 
allows shorter trials in patients with iRBD, i.e. 2–3 
years.

3.	 They are at earlier stages, implying room to 
intervene. Almost all dopaminergic SNpc neurons 
are already lost within a few years of PD diagnosis, 
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while by contrast, 60–70% of iRBD patients still have 
normal dopamine transporter scans [124].

Selection of the intervention
Although many agents currently in development for PD 
and DLB may be useful for iRBD, there are some special 
considerations. First, an agent should preferably be use-
ful against both forms of synucleinopathy, at least unless 
careful stratification is used. It must also target mecha-
nisms of disease that are present early in the disease 
course, and those that are evident in PD/DLB patients 
with iRBD. Finally, as iRBD participants still generally 
feel relatively well and so may be less tolerant of invasive 
interventions, the agent should be relatively safe and easy 
to administer.

This suggests several options. Synuclein is the obvi-
ous primary target, and options include including pas-
sive immunotherapy, active immunotherapy, aggregation 
inhibitors, antisense oligonucleotides, etc. Lysosomal 
dysfunction also seems to be a critical in iRBD patho-
physiology, and agents targeting glucocerebrosidase 
A-related mechanisms are currently in trials in PD (e.g. 
GCAse activators and chaperones). Finally, neuroin-
flammation is prominent early in iRBD, and so agents 
targeting inflammation (e.g. inflammasome targets, 
already-approved immunotherapy agents) also hold 
promise.

Patient inclusion
Accurate patient inclusion is essential to success. Some 
key considerations include:

1.	 Ensuring synucleinopathy is present. While most 
PSG-proven iRBD have underlying synucleinopathy, 
some may not. RBD can be triggered by 
antidepressant medications, or associated with 
brainstem lesions, autoantibody syndromes, etc 
[194]. A second positive test, such as synucleinopathy 
documentation in biofluids and tissues via highly 
specific assays, can help ensure the patient is ‘on 
target’ for intervention. However, follow-up data 
about false negative cases is still limited, large-scale 
operationalization is not yet available, and delays can 
complicate screening. Recent studies found strong 
correlations between olfactory loss and synuclein 
seeding assays [175]; suggesting that olfactory loss 
documentation may serve as sufficient secondary 
surrogate confirmation, pending longitudinal data on 
individuals with olfactory loss.

Video-polysomnographic confirmation of iRBD is the 
gold standard for diagnosis. However, it should be 
remembered that the goal of disease modifying trials is 
to detect early prodromal synucleinopathy, not iRBD per 

se. Given resource limitations, using a clear RBD history 
combined with strong ancillary evidence of degeneration 
(e.g., detection of synuclein in biofluids or tissues, dopa-
minergic imagings) might be considered to identify early-
stage synucleinopathy. Additional lower-specificity tests 
for RBD itself (actigraphy or home-based PSG devices) 
may increase diagnostic accuracy further [148, 156], 
notwithstanding currently available literature supports 
higher accuracy of vPSG confirmed iRBD as early stage 
synucleinopathy.

2.	 The late-stage vs. generalizability trade-off. Selecting 
all RBD patients aids recruitment and ensures early 
intervention, but selecting more advanced patients 
may yield more observable decline, reducing sample 
size and study duration. Suggested stratification 
measures like mild motor/cognitive impairment 
or dopaminergic denervation can be considered, 
although this implies having < 50% of patients eligible 
and risk of treatment failure if these patients are 
already too close to phenoconversion at the time of 
inclusion.

3.	 Would you select IRBD patients with negative 
synuclein in the CSF (about 25%)?

Outcome selection
Choosing the most appropriate primary outcome is criti-
cal. Primary options include:

1.	 Biomarkers: Earlier phase studies generally rely upon 
sensitive biomarkers, even with uncertain clinical 
application. However, in prodromal PD, there may 
not be sufficiently sensitive biomarkers; some studies 
suggest slight numerical advantages to presynaptic 
dopaminergic imaging [124], though sample size 
advantages are modest.

2.	 Phenoconversion: This is the most direct 
marker, although there can be challenges with 
standardization and higher sample size/duration 
requirements.

3.	 Clinical scales– Scales for parkinsonism and 
impaired cognition are broadly validated. A recent 
analysis of the International RBD Study Group 
concluded the most efficient clinical outcome was 
a clinically-meaningful decline in motor and/or 
cognitive scales, analyzed categorically as a time-
to-event. Sample sizes using this measure ranged 
from 121 (50% effective agent, 3-year study) to 742 
(30% effective agent, 2-year study) patients per group 
[157].

4.	 Regardless of design details, the compelling 
advantages of iRBD implies multiple avenues 
forward. The field is clearly ready to start 
neuroprotective trials.



Page 12 of 17Stefani et al. Molecular Neurodegeneration           (2025) 20:19 

Acknowledgements
Not applicable.

Author contributions
AS, EA, AD, IA, ED, BH, MMTH, AI, RL, JP, RBP, AV and ZGO have all written parts 
of the first draft, provided critical review and approved the final draft.

Funding
Not applicable.

Data availability
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
AS, EA, AD, IA, ED, BH, AI, RL, JP and AV declare that they have no competing 
interests. RBP is supported by grants from Fonds de la Recherche en Sante, 
grants from Canadian Institute of Health Research, the Michael J. Fox 
Foundation, the Webster Foundation, Roche, and the National Institute of 
Health; RBP reports personal fees from Takeda, Biogen, Abbvie, Curasen, 
Lilly, Novartis, Eisai, Paladin, Merck, Vaxxinity, Korro, Bristol Myers Squibb 
and the International Parkinson and Movement Disorders Society, outside 
the submitted work. MMTH is supported by grants from Parkinson’s UK, 
Oxford NIHR Biomedical Research Centre, University of Oxford, Michael J 
Fox Foundation, H2020 European Union and the PSP Association. She is an 
advisory founder of NeuHealth Digital Ltd (company number: 14492037), 
a digital biomarker platform to remotely manage condition progression 
for Parkinson’s disease. ZG received consultancy fees from Lysosomal 
Therapeutics Inc. (LTI), Idorsia, Prevail Therapeutics, Ono Therapeutics, Denali, 
Handl Therapeutics, Neuron23, Bial Biotech, Bial, UCB, Capsida, Vanqua 
bio, Congruence Therapeutics, Takeda, Jazz pharmaceuticals, Guidepoint, 
Lighthouse and Deerfield.

Received: 14 October 2024 / Accepted: 5 February 2025

References
1.	 McCarter SJ, St Louis EK, Boswell CL, Dueffert LG, Slocumb N, Boeve BF, Silber 

MH, Olson EJ, Morgenthaler TI, Tippmann-Peikert M. Factors associated with 
injury in REM sleep behavior disorder. Sleep Med. 2014;15:1332–8.

2.	 Haba-Rubio J, Frauscher B, Marques-Vidal P, Toriel J, Tobback N, Andries D, 
Preisig M, Vollenweider P, Postuma R, Heinzer R. Prevalence and determinants 
of rapid eye movement sleep behavior disorder in the general population. 
Sleep. 2018;41.

3.	 Iranzo A, Santamaria J, Rye DB, Valldeoriola F, Marti MJ, Munoz E, Vilaseca I, 
Tolosa E. Characteristics of idiopathic REM sleep behavior disorder and that 
associated with MSA and PD. Neurology. 2005;65:247–52.

4.	 Frauscher B, Gschliesser V, Brandauer E, Marti I, Furtner MT, Ulmer H, Poewe 
W, Hogl B. REM sleep behavior disorder in 703 sleep-disorder patients: 
the importance of eliciting a comprehensive sleep history. Sleep Med. 
2010;11:167–71.

5.	 Ju YE, Larson-Prior L, Duntley S. Changing demographics in REM sleep behav-
ior disorder: possible effect of autoimmunity and antidepressants. Sleep Med. 
2011;12:278–83.

6.	 Pujol M, Pujol J, Alonso T, Fuentes A, Pallerola M, Freixenet J, Barbe F, Salamero 
M, Santamaria J, Iranzo A. Idiopathic REM sleep behavior disorder in the 
elderly Spanish community: a primary care center study with a two-stage 
design using video-polysomnography. Sleep Med. 2017;40:116–21.

7.	 Kang SH, Yoon IY, Lee SD, Han JW, Kim TH, Kim KW. REM sleep behavior disor-
der in the Korean elderly population: prevalence and clinical characteristics. 
Sleep. 2013;36:1147–52.

8.	 Cesari M, Heidbreder A, St Louis EK, Sixel-Doring F, Bliwise DL, Baldelli L, 
Bes F, Fantini ML, Iranzo A, Knudsen-Heier S et al. Video-polysomnography 
procedures for diagnosis of rapid eye movement sleep behavior disorder 
(RBD) and the identification of its prodromal stages: guidelines from the 
International RBD Study Group. Sleep. 2022;45.

9.	 Bramich S, King A, Kuruvilla M, Naismith SL, Noyce A, Alty J. Isolated REM 
sleep behaviour disorder: current diagnostic procedures and emerging new 
technologies. J Neurol. 2022;269:4684–95.

10.	 Stefani A, Serradell M, Holzknecht E, Gaig C, Ibrahim A, Marrero P, Cesari M, 
Perez-Carbonell L, Brandauer E, Fernandez-Arcos A, et al. Low specificity of 
Rapid Eye Movement Sleep Behavior Disorder questionnaires: need for Better 
Screening methods. Mov Disord. 2023;38:1000–7.

11.	 Gaig C, Iranzo A, Pujol M, Perez H, Santamaria J. Periodic limb movements 
during sleep mimicking REM sleep behavior disorder: a New Form of Periodic 
Limb Movement Disorder. Sleep. 2017;40.

12.	 Uguccioni G, Golmard JL, de Fontreaux AN, Leu-Semenescu S, Brion A, Arnulf 
I. Fight or flight? Dream content during sleepwalking/sleep terrors vs. rapid 
eye movement sleep behavior disorder. Sleep Med. 2013;14:391–8.

13.	 Hogl B, Stefani A, Videnovic A. Idiopathic REM sleep behaviour disorder and 
neurodegeneration - an update. Nat Rev Neurol. 2018;14:40–55.

14.	 Postuma RB, Iranzo A, Hu M, Hogl B, Boeve BF, Manni R, Oertel WH, Arnulf I, 
Ferini-Strambi L, Puligheddu M, et al. Risk and predictors of dementia and 
parkinsonism in idiopathic REM sleep behaviour disorder: a multicentre 
study. Brain. 2019;142:744–59.

15.	 Leitner C, D’Este G, Verga L, Rahayel S, Mombelli S, Sforza M, Casoni F, Zucconi 
M, Ferini-Strambi L, Galbiati A. Neuropsychological changes in isolated REM 
sleep behavior disorder: a systematic review and Meta-analysis of cross-
sectional and longitudinal studies. Neuropsychol Rev. 2024;34:41–66.

16.	 Galbiati A, Verga L, Giora E, Zucconi M, Ferini-Strambi L. The risk of neurode-
generation in REM sleep behavior disorder: a systematic review and meta-
analysis of longitudinal studies. Sleep Med Rev. 2019;43:37–46.

17.	 Scaglione C, Vignatelli L, Plazzi G, Marchese R, Negrotti A, Rizzo G, Lopane 
G, Bassein L, Maestri M, Bernardini S, et al. REM sleep behaviour disorder in 
Parkinson’s disease: a questionnaire-based study. Neurol Sci. 2005;25:316–21.

18.	 Iranzo A, Santamaria J, Tolosa E. Idiopathic rapid eye movement sleep behav-
iour disorder: diagnosis, management, and the need for neuroprotective 
interventions. Lancet Neurol. 2016;15:405–19.

19.	 Oudiette D, De Cock VC, Lavault S, Leu S, Vidailhet M, Arnulf I. Nonviolent 
elaborate behaviors may also occur in REM sleep behavior disorder. Neurol-
ogy. 2009;72:551–7.

20.	 De Cock VC, Vidailhet M, Leu S, Texeira A, Apartis E, Elbaz A, Roze E, Willer JC, 
Derenne JP, Agid Y, Arnulf I. Restoration of normal motor control in Parkin-
son’s disease during REM sleep. Brain. 2007;130:450–6.

21.	 Schenck CH, Lee SA, Bornemann MA, Mahowald MW. Potentially lethal 
behaviors associated with rapid eye movement sleep behavior disor-
der: review of the literature and forensic implications. J Forensic Sci. 
2009;54:1475–84.

22.	 Postuma RB, Gagnon JF, Vendette M, Montplaisir JY. Markers of neurode-
generation in idiopathic rapid eye movement sleep behaviour disorder and 
Parkinson’s disease. Brain. 2009;132:3298–307.

23.	 Fereshtehnejad SM, Yao C, Pelletier A, Montplaisir JY, Gagnon JF, Postuma RB. 
Evolution of prodromal Parkinson’s disease and dementia with Lewy bodies: 
a prospective study. Brain. 2019;142:2051–67.

24.	 Postuma RB, Lang AE, Gagnon JF, Pelletier A, Montplaisir JY. How does par-
kinsonism start? Prodromal parkinsonism motor changes in idiopathic REM 
sleep behaviour disorder. Brain. 2012;135:1860–70.

25.	 Genier Marchand D, Postuma RB, Escudier F, De Roy J, Pelletier A, Montplaisir 
J, Gagnon JF. How does dementia with Lewy bodies start? Prodromal cogni-
tive changes in REM sleep behavior disorder. Ann Neurol. 2018;83:1016–26.

26.	 Joza S, Hu MT, Jung KY, Kunz D, Arnaldi D, Lee JY, Ferini-Strambi L, Antelmi 
E, Sixel-Doring F, De Cock VC, et al. Prodromal dementia with Lewy bodies 
in REM sleep behavior disorder: a multicenter study. Alzheimers Dement. 
2024;20:91–102.

27.	 Nigam M, Ayadi I, Noiray C, Branquino-Bras AC, Herraez Sanchez E, Leu-
Semenescu S, Vidailhet M, Dodet P, Arnulf I. Sweet or bland dreams? Taste 
loss in isolated REM-Sleep behavior disorder and Parkinson’s Disease. Mov 
Disord. 2021;36:2431–5.

28.	 Honeycutt L, Gagnon JF, Pelletier A, Montplaisir JY, Gagnon G, Postuma RB. 
Characterization of depressive and anxiety symptoms in idiopathic REM sleep 
behavior disorder. J Parkinsons Dis. 2021;11:1409–16.

29.	 Di Folco C, Couronne R, Arnulf I, Mangone G, Leu-Semenescu S, Dodet P, 
Vidailhet M, Corvol JC, Lehericy S, Durrleman S. Charting Disease trajectories 



Page 13 of 17Stefani et al. Molecular Neurodegeneration           (2025) 20:19 

from isolated REM sleep behavior disorder to Parkinson’s Disease. Mov Disord. 
2024;39:64–75.

30.	 Goetz CG, Ouyang B, Negron A, Stebbins GT. Hallucinations and sleep 
disorders in PD: ten-year prospective longitudinal study. Neurology. 
2010;75:1773–9.

31.	 Anang JB, Gagnon JF, Bertrand JA, Romenets SR, Latreille V, Panisset M, 
Montplaisir J, Postuma RB. Predictors of dementia in Parkinson disease: a 
prospective cohort study. Neurology. 2014;83:1253–60.

32.	 Gjerstad MD, Boeve B, Wentzel-Larsen T, Aarsland D, Larsen JP. Occurrence 
and clinical correlates of REM sleep behaviour disorder in patients with 
Parkinson’s disease over time. J Neurol Neurosurg Psychiatry. 2008;79:387–91.

33.	 Liu Y, Lawton MA, Lo C, Bowring F, Klein JC, Querejeta-Coma A, Scotton S, 
Welch J, Razzaque J, Barber T, et al. Longitudinal changes in Parkinson’s 
disease symptoms with and without Rapid Eye Movement Sleep Behavior 
Disorder: the Oxford Discovery Cohort Study. Mov Disord. 2021;36:2821–32.

34.	 Cesari M, Christensen JAE, Muntean ML, Mollenhauer B, Sixel-Doring F, 
Sorensen HBD, Trenkwalder C, Jennum P. A data-driven system to identify 
REM sleep behavior disorder and to predict its progression from the prodro-
mal stage in Parkinson’s disease. Sleep Med. 2021;77:238–48.

35.	 Stefani A, Gabelia D, Hogl B, Mitterling T, Mahlknecht P, Stockner H, Poewe W, 
Frauscher B. Long-term follow-up investigation of isolated Rapid Eye Move-
ment Sleep without Atonia without Rapid Eye Movement Sleep Behavior 
disorder: a pilot study. J Clin Sleep Med. 2015;11:1273–9.

36.	 Lapierre O, Montplaisir J. Polysomnographic features of REM sleep behavior 
disorder: development of a scoring method. Neurology. 1992;42:1371–4.

37.	 Frauscher B, Iranzo A, Gaig C, Gschliesser V, Guaita M, Raffelseder V, Ehrmann 
L, Sola N, Salamero M, Tolosa E, et al. Normative EMG values during REM sleep 
for the diagnosis of REM sleep behavior disorder. Sleep. 2012;35:835–47.

38.	 Schenck CH, Bundlie SR, Ettinger MG, Mahowald MW. Chronic behavioral 
disorders of human REM sleep: a new category of parasomnia. Sleep. 
1986;9:293–308.

39.	 Frauscher B, Iranzo A, Hogl B, Casanova-Molla J, Salamero M, Gschliesser V, 
Tolosa E, Poewe W, Santamaria J. Sinbar: quantification of electromyographic 
activity during REM sleep in multiple muscles in REM sleep behavior disorder. 
Sleep. 2008;31:724–31.

40.	 Cesari M, Heidbreder A, Gaig C, Bergmann M, Brandauer E, Iranzo A, Hol-
zknecht E, Santamaria J, Hogl B, Stefani A. Automatic analysis of muscular 
activity in the flexor digitorum superficialis muscles: a fast screening method 
for rapid eye movement sleep without atonia. Sleep. 2023;46.

41.	 Gagnon JF, Fantini ML, Bedard MA, Petit D, Carrier J, Rompre S, Decary A, 
Panisset M, Montplaisir J. Association between waking EEG slowing and REM 
sleep behavior disorder in PD without dementia. Neurology. 2004;62:401–6.

42.	 Fantini ML, Gagnon JF, Petit D, Rompre S, Decary A, Carrier J, Montplaisir J. 
Slowing of electroencephalogram in rapid eye movement sleep behavior 
disorder. Ann Neurol. 2003;53:774–80.

43.	 Ferini-Strambi L. Does idiopathic REM sleep behavior disorder (iRBD) really 
exist? What are the potential markers of neurodegeneration in iRBD? Sleep 
Med. 2011;12(Suppl 2):S43–49.

44.	 Rechichi I, Iadarola A, Zibetti M, Cicolin A, Olmo G. Assessing REM sleep 
Behaviour Disorder: from machine learning classification to the definition of a 
continuous dissociation index. Int J Environ Res Public Health. 2021;19.

45.	 Roascio M, Canessa A, Tro R, Mattioli P, Fama F, Giorgetti L, Girtler N, Orso 
B, Morbelli S, Nobili F et al. Phase and amplitude electroencephalography 
correlations change with disease progression in people with idiopathic rapid 
eye-movement sleep behavior disorder. Sleep. 2022;45.

46.	 Frauscher B, Gschliesser V, Brandauer E, Ulmer H, Poewe W, Hogl B. The rela-
tion between abnormal behaviors and REM sleep microstructure in patients 
with REM sleep behavior disorder. Sleep Med. 2009;10:174–81.

47.	 Christensen JAE, Cesari M, Pizza F, Antelmi E, Frandsen RAV, Plazzi G, Jennum 
P. Nocturnal eye movements in patients with idiopathic rapid eye movement 
sleep behaviour disorder and patients with Parkinson’s disease. J Sleep Res. 
2021;30:e13125.

48.	 Figorilli M, Lanza G, Congiu P, Lecca R, Casaglia E, Mogavero MP, Puligheddu 
M, Ferri R. Neurophysiological aspects of REM sleep behavior disorder (RBD): a 
narrative review. Brain Sci. 2021;11.

49.	 Figorilli M, Ferri R, Zibetti M, Beudin P, Puligheddu M, Lopiano L, Cicolin A, 
Durif F, Marques A, Fantini ML. Comparison between automatic and visual 
scorings of REM sleep without Atonia for the diagnosis of REM sleep behavior 
disorder in Parkinson Disease. Sleep. 2017;40.

50.	 Bergmann M, Hogl B, Stefani A. Clinical neurophysiology of REM parasomnias: 
diagnostic aspects and insights into pathophysiology. Clin Neurophysiol 
Pract. 2024;9:53–62.

51.	 Goedert M, Jakes R, Spillantini MG. The synucleinopathies: twenty years on. J 
Parkinsons Dis. 2017;7:S51–69.

52.	 Lamotte G, Singer W. Synucleinopathies. Handb Clin Neurol. 
2023;196:175–202.

53.	 Braak H, Ghebremedhin E, Rub U, Bratzke H, Del Tredici K. Stages in the 
development of Parkinson’s disease-related pathology. Cell Tissue Res. 
2004;318:121–34.

54.	 Ganguly U, Singh S, Pal S, Prasad S, Agrawal BK, Saini RV, Chakrabarti S. Alpha-
Synuclein as a biomarker of Parkinson’s Disease: good, but not good enough. 
Front Aging Neurosci. 2021;13:702639.

55.	 Postuma RB, Berg D, Stern M, Poewe W, Olanow CW, Oertel W, Obeso J, 
Marek K, Litvan I, Lang AE, et al. MDS clinical diagnostic criteria for Parkinson’s 
disease. Mov Disord. 2015;30:1591–601.

56.	 McKeith IG, Boeve BF, Dickson DW, Halliday G, Taylor JP, Weintraub D, Aarsland 
D, Galvin J, Attems J, Ballard CG, et al. Diagnosis and management of 
dementia with Lewy bodies: fourth consensus report of the DLB Consortium. 
Neurology. 2017;89:88–100.

57.	 Hely MA, Reid WG, Adena MA, Halliday GM, Morris JG. The Sydney multicenter 
study of Parkinson’s disease: the inevitability of dementia at 20 years. Mov 
Disord. 2008;23:837–44.

58.	 Colom-Cadena M, Grau-Rivera O, Planellas L, Cerquera C, Morenas E, Helgueta 
S, Munoz L, Kulisevsky J, Marti MJ, Tolosa E, et al. Regional Overlap of patholo-
gies in Lewy Body Disorders. J Neuropathol Exp Neurol. 2017;76:216–24.

59.	 Wenning GK, Stankovic I, Vignatelli L, Fanciulli A, Calandra-Buonaura G, Seppi 
K, Palma JA, Meissner WG, Krismer F, Berg D, et al. The Movement Disorder 
Society Criteria for the diagnosis of multiple system atrophy. Mov Disord. 
2022;37:1131–48.

60.	 Heinzel S, Berg D, Gasser T, Chen H, Yao C, Postuma RB. Disease MDSTFot-
DoPs: Update of the MDS research criteria for prodromal Parkinson’s disease. 
Mov Disord. 2019;34:1464–70.

61.	 McKeith IG, Ferman TJ, Thomas AJ, Blanc F, Boeve BF, Fujishiro H, Kantarci K, 
Muscio C, O’Brien JT, Postuma RB, et al. Research criteria for the diagnosis of 
prodromal dementia with Lewy bodies. Neurology. 2020;94:743–55.

62.	 Xia C, Postuma RB. Diagnosing multiple system atrophy at the prodromal 
stage. Clin Auton Res. 2020;30:197–205.

63.	 Mollenhauer B, Trautmann E, Sixel-Doring F, Wicke T, Ebentheuer J, Schaum-
burg M, Lang E, Focke NK, Kumar KR, Lohmann K, et al. Nonmotor and diag-
nostic findings in subjects with de novo Parkinson disease of the DeNoPa 
cohort. Neurology. 2013;81:1226–34.

64.	 Fernandez-Arcos A, Morenas-Rodriguez E, Santamaria J, Sanchez-Valle R, 
Llado A, Gaig C, Lleo A, Iranzo A. Clinical and video-polysomnographic 
analysis of rapid eye movement sleep behavior disorder and other sleep 
disturbances in dementia with Lewy bodies. Sleep. 2019;42.

65.	 Iranzo A, Cochen De Cock V, Fantini ML, Perez-Carbonell L, Trotti LM. Sleep 
and sleep disorders in people with Parkinson’s disease. Lancet Neurol. 
2024;23:925–37.

66.	 Lu J, Sherman D, Devor M, Saper CB. A putative flip-flop switch for control of 
REM sleep. Nature. 2006;441:589–94.

67.	 Clement O, Sapin E, Berod A, Fort P, Luppi PH. Evidence that neurons of the 
sublaterodorsal tegmental nucleus triggering paradoxical (REM) sleep are 
glutamatergic. Sleep. 2011;34:419–23.

68.	 Kashiwagi M, Beck G, Kanuka M, Arai Y, Tanaka K, Tatsuzawa C, Koga Y, Saito 
YC, Takagi M, Oishi Y et al. A pontine-medullary loop crucial for REM sleep 
and its deficit in Parkinson’s disease. Cell 2024.

69.	 Sakai K, Sastre JP, Salvert D, Touret M, Tohyama M, Jouvet M. Tegmentoreticu-
lar projections with special reference to the muscular atonia during paradoxi-
cal sleep in the cat: an HRP study. Brain Res. 1979;176:233–54.

70.	 Boissard R, Gervasoni D, Schmidt MH, Barbagli B, Fort P, Luppi PH. The rat 
ponto-medullary network responsible for paradoxical sleep onset and main-
tenance: a combined microinjection and functional neuroanatomical study. 
Eur J Neurosci. 2002;16:1959–73.

71.	 Valencia Garcia S, Libourel PA, Lazarus M, Grassi D, Luppi PH, Fort P. Genetic 
inactivation of glutamate neurons in the rat sublaterodorsal tegmental 
nucleus recapitulates REM sleep behaviour disorder. Brain. 2017;140:414–28.

72.	 Lai YY, Siegel JM. Medullary regions mediating atonia. J Neurosci. 
1988;8:4790–6.

73.	 Lai YY, Kodama T, Schenkel E, Siegel JM. Behavioral response and transmitter 
release during atonia elicited by medial medullary stimulation. J Neuro-
physiol. 2010;104:2024–33.

74.	 Brooks PL, Peever JH. Identification of the transmitter and receptor mecha-
nisms responsible for REM sleep paralysis. J Neurosci. 2012;32:9785–95.



Page 14 of 17Stefani et al. Molecular Neurodegeneration           (2025) 20:19 

75.	 Mouret J, Delorme F, Jouvet M. [Lesions of the pontine tegmentum and sleep 
in rats]. C R Seances Soc Biol Fil. 1967;161:1603–6.

76.	 Henley K, Morrison AR. A re-evaluation of the effects of lesions of the pontine 
tegmentum and locus coeruleus on phenomena of paradoxical sleep in the 
cat. Acta Neurobiol Exp (Wars). 1974;34:215–32.

77.	 Holmes CJ, Jones BE. Importance of cholinergic, GABAergic, serotoner-
gic and other neurons in the medial medullary reticular formation for 
sleep-wake states studied by cytotoxic lesions in the cat. Neuroscience. 
1994;62:1179–200.

78.	 Krenzer M, Anaclet C, Vetrivelan R, Wang N, Vong L, Lowell BB, Fuller PM, Lu J. 
Brainstem and spinal cord circuitry regulating REM sleep and muscle atonia. 
PLoS ONE. 2011;6:e24998.

79.	 Torontali ZA, Fraigne JJ, Sanghera P, Horner R, Peever J. The Sublaterodorsal 
Tegmental Nucleus functions to couple brain state and motor activity during 
REM sleep and wakefulness. Curr Biol. 2019;29:3803–e38133805.

80.	 Luppi PH. Jouvet’s animal model of RBD, clinical RBD, and their relationships 
to REM sleep mechanisms. Sleep Med. 2018;49:28–30.

81.	 Kimura K, Tachibana N, Kohyama J, Otsuka Y, Fukazawa S, Waki R. A discrete 
pontine ischemic lesion could cause REM sleep behavior disorder. Neurology. 
2000;55:894–5.

82.	 Xi Z, Luning W. REM sleep behavior disorder in a patient with pontine stroke. 
Sleep Med. 2009;10:143–6.

83.	 Limousin N, Dehais C, Gout O, Heran F, Oudiette D, Arnulf I. A brainstem 
inflammatory lesion causing REM sleep behavior disorder and sleepwalking 
(parasomnia overlap disorder). Sleep Med. 2009;10:1059–62.

84.	 Iranzo A, Aparicio J. A lesson from anatomy: focal brain lesions causing REM 
sleep behavior disorder. Sleep Med. 2009;10:9–12.

85.	 Munoz-Lopetegi A, Guasp M, Prades L, Martinez-Hernandez E, Rosa-Justicia 
M, Patricio V, Armangue T, Rami L, Borras R, Castro-Fornieles J, et al. Neurologi-
cal, psychiatric, and sleep investigations after treatment of anti-leucine-rich 
glioma-inactivated protein 1 (LGI1) encephalitis in Spain: a prospective 
cohort study. Lancet Neurol. 2024;23:256–66.

86.	 Uchiyama M, Isse K, Tanaka K, Yokota N, Hamamoto M, Aida S, Ito Y, Yoshimura 
M, Okawa M. Incidental Lewy body disease in a patient with REM sleep 
behavior disorder. Neurology. 1995;45:709–12.

87.	 Boeve BF, Dickson DW, Olson EJ, Shepard JW, Silber MH, Ferman TJ, Ahlskog 
JE, Benarroch EE. Insights into REM sleep behavior disorder pathophysiology 
in brainstem-predominant Lewy body disease. Sleep Med. 2007;8:60–4.

88.	 Gaig C, Iranzo A, Tolosa E, Vilaseca I, Rey MJ, Santamaria J. Pathological 
description of a non-motor variant of multiple system atrophy. J Neurol 
Neurosurg Psychiatry. 2008;79:1399–400.

89.	 Garcia-Lorenzo D, Longo-Dos Santos C, Ewenczyk C, Leu-Semenescu S, 
Gallea C, Quattrocchi G, Pita Lobo P, Poupon C, Benali H, Arnulf I, et al. The 
coeruleus/subcoeruleus complex in rapid eye movement sleep behaviour 
disorders in Parkinson’s disease. Brain. 2013;136:2120–9.

90.	 Ehrminger M, Latimier A, Pyatigorskaya N, Garcia-Lorenzo D, Leu-Semenescu 
S, Vidailhet M, Lehericy S, Arnulf I. The coeruleus/subcoeruleus com-
plex in idiopathic rapid eye movement sleep behaviour disorder. Brain. 
2016;139:1180–8.

91.	 Braak H, Del Tredici K, Rub U, de Vos RA, Jansen Steur EN, Braak E. Staging of 
brain pathology related to sporadic Parkinson’s disease. Neurobiol Aging. 
2003;24:197–211.

92.	 Taguchi T, Ikuno M, Hondo M, Parajuli LK, Taguchi K, Ueda J, Sawamura M, 
Okuda S, Nakanishi E, Hara J, et al. Alpha-synuclein BAC transgenic mice 
exhibit RBD-like behaviour and hyposmia: a prodromal Parkinson’s disease 
model. Brain. 2020;143:249–65.

93.	 Shen Y, Yu WB, Shen B, Dong H, Zhao J, Tang YL, Fan Y, Yang YF, Sun YM, 
Luo SS, et al. Propagated alpha-synucleinopathy recapitulates REM sleep 
behaviour disorder followed by parkinsonian phenotypes in mice. Brain. 
2020;143:3374–92.

94.	 Boucetta S, Cisse Y, Mainville L, Morales M, Jones BE. Discharge profiles across 
the sleep-waking cycle of identified cholinergic, GABAergic, and glutamater-
gic neurons in the pontomesencephalic tegmentum of the rat. J Neurosci. 
2014;34:4708–27.

95.	 Sakai K. Behavioural state-specific neurons in the mouse medulla involved in 
sleep-wake switching. Eur J Neurosci. 2018;47:1482–503.

96.	 Jones BE, Yang TZ. The efferent projections from the reticular formation and 
the locus coeruleus studied by anterograde and retrograde axonal transport 
in the rat. J Comp Neurol. 1985;242:56–92.

97.	 Boissard R, Fort P, Gervasoni D, Barbagli B, Luppi PH. Localization of the 
GABAergic and non-GABAergic neurons projecting to the sublaterodorsal 

nucleus and potentially gating paradoxical sleep onset. Eur J Neurosci. 
2003;18:1627–39.

98.	 Surmeier DJ, Obeso JA, Halliday GM. Selective neuronal vulnerability in 
Parkinson disease. Nat Rev Neurosci. 2017;18:101–13.

99.	 Hermann DM, Luppi PH, Peyron C, Hinckel P, Jouvet M. Afferent projections 
to the rat nuclei raphe magnus, raphe pallidus and reticularis gigantocel-
lularis pars alpha demonstrated by iontophoretic application of choleratoxin 
(subunit b). J Chem Neuroanat. 1997;13:1–21.

100.	 Kim S, Kwon SH, Kam TI, Panicker N, Karuppagounder SS, Lee S, Lee JH, Kim 
WR, Kook M, Foss CA, et al. Transneuronal Propagation of pathologic alpha-
synuclein from the gut to the Brain models Parkinson’s Disease. Neuron. 
2019;103:627–e641627.

101.	 Rahayel S, Misic B, Zheng YQ, Liu ZQ, Abdelgawad A, Abbasi N, Caputo A, 
Zhang B, Lo A, Kehm V, et al. Differentially targeted seeding reveals unique 
pathological alpha-synuclein propagation patterns. Brain. 2022;145:1743–56.

102.	 Shahnawaz M, Mukherjee A, Pritzkow S, Mendez N, Rabadia P, Liu X, Hu B, 
Schmeichel A, Singer W, Wu G, et al. Discriminating alpha-synuclein strains in 
Parkinson’s disease and multiple system atrophy. Nature. 2020;578:273–7.

103.	 Just MK, Gram H, Theologidis V, Jensen PH, Nilsson KPR, Lindgren M, Knudsen 
K, Borghammer P, Van Den Berge N. Alpha-synuclein strain variability in body-
first and brain-first synucleinopathies. Front Aging Neurosci. 2022;14:907293.

104.	 Woerman AL, Bartz JC. Effect of host and strain factors on alpha-synuclein 
prion pathogenesis. Trends Neurosci. 2024;47:538–50.

105.	 Krohn L, Heilbron K, Blauwendraat C, Reynolds RH, Yu E, Senkevich K, Ruda-
kou U, Estiar MA, Gustavsson EK, Brolin K, et al. Genome-wide association 
study of REM sleep behavior disorder identifies polygenic risk and brain 
expression effects. Nat Commun. 2022;13:7496.

106.	 Mazzulli JR, Xu YH, Sun Y, Knight AL, McLean PJ, Caldwell GA, Sidransky E, 
Grabowski GA, Krainc D. Gaucher disease glucocerebrosidase and alpha-
synuclein form a bidirectional pathogenic loop in synucleinopathies. Cell. 
2011;146:37–52.

107.	 Krohn L, Ozturk TN, Vanderperre B, Ouled Amar Bencheikh B, Ruskey JA, 
Laurent SB, Spiegelman D, Postuma RB, Arnulf I, Hu MTM, et al. Genetic, 
structural, and functional evidence link TMEM175 to Synucleinopathies. Ann 
Neurol. 2020;87:139–53.

108.	 Alcalay RN, Levy OA, Wolf P, Oliva P, Zhang XK, Waters CH, Fahn S, Kang U, 
Liong C, Ford B, et al. SCARB2 variants and glucocerebrosidase activity in 
Parkinson’s disease. NPJ Parkinsons Dis. 2016;2:16004.

109.	 Yang C, Swallows CL, Zhang C, Lu J, Xiao H, Brady RO, Zhuang Z. Celastrol 
increases glucocerebrosidase activity in Gaucher disease by modulating 
molecular chaperones. Proc Natl Acad Sci U S A. 2014;111:249–54.

110.	 Krohn L, Ruskey JA, Rudakou U, Leveille E, Asayesh F, Hu MTM, Arnulf I, Dauvil-
liers Y, Hogl B, Stefani A, et al. GBA variants in REM sleep behavior disorder: a 
multicenter study. Neurology. 2020;95:e1008–16.

111.	 Sosero YL, Yu E, Estiar MA, Krohn L, Mufti K, Rudakou U, Ruskey JA, Asayesh F, 
Laurent SB, Spiegelman D, et al. Rare PSAP variants and possible Interaction 
with GBA in REM sleep behavior disorder. J Parkinsons Dis. 2022;12:333–40.

112.	 Nalls MA, Blauwendraat C, Vallerga CL, Heilbron K, Bandres-Ciga S, Chang D, 
Tan M, Kia DA, Noyce AJ, Xue A, et al. Identification of novel risk loci, causal 
insights, and heritable risk for Parkinson’s disease: a meta-analysis of genome-
wide association studies. Lancet Neurol. 2019;18:1091–102.

113.	 Li J, Ruskey JA, Arnulf I, Dauvilliers Y, Hu MTM, Hogl B, Leblond CS, Zhou S, 
Ambalavanan A, Ross JP, et al. Full sequencing and haplotype analysis of 
MAPT in Parkinson’s disease and rapid eye movement sleep behavior disor-
der. Mov Disord. 2018;33:1016–20.

114.	 Mufti K, Rudakou U, Yu E, Krohn L, Ruskey JA, Asayesh F, Laurent SB, Spiegel-
man D, Arnulf I, Hu MTM, et al. Comprehensive analysis of familial parkinson-
ism genes in Rapid-Eye-Movement Sleep Behavior Disorder. Mov Disord. 
2021;36:235–40.

115.	 Ouled Amar Bencheikh B, Ruskey JA, Arnulf I, Dauvilliers Y, Monaca CC, De 
Cock VC, Gagnon JF, Spiegelman D, Hu MTM, Hogl B, et al. LRRK2 protective 
haplotype and full sequencing study in REM sleep behavior disorder. Parkin-
sonism Relat Disord. 2018;52:98–101.

116.	 Chia R, Sabir MS, Bandres-Ciga S, Saez-Atienzar S, Reynolds RH, Gustavsson 
E, Walton RL, Ahmed S, Viollet C, Ding J, et al. Genome sequencing analysis 
identifies new loci associated with Lewy body dementia and provides 
insights into its genetic architecture. Nat Genet. 2021;53:294–303.

117.	 Krohn L, Wu RYJ, Heilbron K, Ruskey JA, Laurent SB, Blauwendraat C, Alam 
A, Arnulf I, Hu MTM, Dauvilliers Y, et al. Fine-mapping of SNCA in Rapid Eye 
Movement Sleep Behavior Disorder and overt synucleinopathies. Ann Neurol. 
2020;87:584–98.



Page 15 of 17Stefani et al. Molecular Neurodegeneration           (2025) 20:19 

118.	 Mufti K, Yu E, Rudakou U, Krohn L, Ruskey JA, Asayesh F, Laurent SB, Spiegel-
man D, Arnulf I, Hu MTM, et al. Novel associations of BST1 and LAMP3 with 
REM sleep behavior disorder. Neurology. 2021;96:e1402–12.

119.	 Yu E, Krohn L, Ruskey JA, Asayesh F, Spiegelman D, Shah Z, Chia R, Arnulf I, Hu 
MTM, Montplaisir JY, et al. HLA in isolated REM sleep behavior disorder and 
Lewy body dementia. Ann Clin Transl Neurol. 2023;10:1682–7.

120.	 Senkevich K, Pelletier A, Sato C, Liu L, Keil A, Gan-Or Z, Lang AE, Postuma RB, 
Rogaeva E. DNA methylation age acceleration as a potential biomarker for 
early onset of Rapid Eye Movement Sleep Behavior Disorder. Ann Neurol 
2023.

121.	 Baldelli L, Pirazzini C, Sambati L, Ravaioli F, Gentilini D, Calandra-Buonaura G, 
Guaraldi P, Franceschi C, Cortelli P, Garagnani P, et al. Epigenetic clocks sug-
gest accelerated aging in patients with isolated REM sleep behavior disorder. 
NPJ Parkinsons Dis. 2023;9:48.

122.	 Li Y, Hao S, Zhang H, Mao W, Xue J, Zhang Y, Cai Y, Chan P. Hypomethylation of 
SNCA in idiopathic REM sleep behavior disorder Associated with Phenocon-
version. Mov Disord. 2021;36:955–62.

123.	 Zhao A, Li Y, Niu M, Li G, Luo N, Zhou L, Kang W, Liu J. SNCA Hypomethylation 
in Rapid Eye Movement Sleep Behavior disorder is a potential biomarker for 
Parkinson’s Disease. J Parkinsons Dis. 2020;10:1023–31.

124.	 Arnaldi D, Chincarini A, Hu MT, Sonka K, Boeve B, Miyamoto T, Puligheddu M, 
De Cock VC, Terzaghi M, Plazzi G, et al. Dopaminergic imaging and clinical 
predictors for phenoconversion of REM sleep behaviour disorder. Brain. 
2021;144:278–87.

125.	 Arnaldi D, Mattioli P, Raffa S, Pardini M, Massa F, Iranzo A, Perissinotti A, 
Ninerola-Baizan A, Gaig C, Serradell M, et al. Presynaptic dopaminergic 
imaging characterizes patients with REM sleep behavior disorder due to 
Synucleinopathy. Ann Neurol. 2024;95:1178–92.

126.	 Arnaldi D, Mattioli P, Fama F, Girtler N, Brugnolo A, Pardini M, Donniaquio A, 
Massa F, Orso B, Raffa S, et al. Stratification Tools for Disease-modifying trials 
in Prodromal Synucleinopathy. Mov Disord. 2022;37:52–61.

127.	 Iranzo A, Valldeoriola F, Lomena F, Molinuevo JL, Serradell M, Salamero M, 
Cot A, Ros D, Pavia J, Santamaria J, Tolosa E. Serial dopamine transporter 
imaging of nigrostriatal function in patients with idiopathic rapid-eye-
movement sleep behaviour disorder: a prospective study. Lancet Neurol. 
2011;10:797–805.

128.	 Arnaldi D, Fama F, Girtler N, Brugnolo A, Pardini M, Mattioli P, Meli R, Massa 
F, Orso B, Sormani MP, et al. Rapid eye movement sleep behavior disorder: a 
proof-of-concept neuroprotection study for prodromal synucleinopathies. 
Eur J Neurol. 2021;28:1210–7.

129.	 Grimaldi S, Guye M, Bianciardi M, Eusebio A. Brain MRI biomarkers in isolated 
Rapid Eye Movement Sleep Behavior Disorder: where are we? A systematic 
review. Brain Sci. 2023;13.

130.	 Bae YJ, Kim JM, Kim KJ, Kim E, Park HS, Kang SY, Yoon IY, Lee JY, Jeon B, Kim 
SE. Loss of Substantia Nigra Hyperintensity at 3.0-T MR imaging in idiopathic 
REM sleep behavior disorder: comparison with (123)I-FP-CIT SPECT. Radiol-
ogy. 2018;287:285–93.

131.	 Barber TR, Griffanti L, Bradley KM, McGowan DR, Lo C, Mackay CE, Hu MT, 
Klein JC. Nigrosome 1 imaging in REM sleep behavior disorder and its asso-
ciation with dopaminergic decline. Ann Clin Transl Neurol. 2020;7:26–35.

132.	 Biondetti E, Santin MD, Valabregue R, Mangone G, Gaurav R, Pyatigorskaya N, 
Hutchison M, Yahia-Cherif L, Villain N, Habert MO, et al. The spatiotemporal 
changes in dopamine, neuromelanin and iron characterizing Parkinson’s 
disease. Brain. 2021;144:3114–25.

133.	 Biondetti E, Gaurav R, Yahia-Cherif L, Mangone G, Pyatigorskaya N, Valabregue 
R, Ewenczyk C, Hutchison M, Francois C, Arnulf I, et al. Spatiotemporal 
changes in substantia nigra neuromelanin content in Parkinson’s disease. 
Brain. 2020;143:2757–70.

134.	 Pyatigorskaya N, Gaurav R, Arnaldi D, Leu-Semenescu S, Yahia-Cherif L, 
Valabregue R, Vidailhet M, Arnulf I, Lehericy S. Magnetic Resonance Imaging 
Biomarkers to Assess Substantia Nigra Damage in idiopathic Rapid Eye Move-
ment Sleep Behavior Disorder. Sleep. 2017;40.

135.	 De Marzi R, Seppi K, Hogl B, Muller C, Scherfler C, Stefani A, Iranzo A, Tolosa 
E, Santamaria J, Gizewski E, et al. Loss of dorsolateral nigral hyperintensity on 
3.0 tesla susceptibility-weighted imaging in idiopathic rapid eye movement 
sleep behavior disorder. Ann Neurol. 2016;79:1026–30.

136.	 Rahayel S, Tremblay C, Vo A, Zheng YQ, Lehericy S, Arnulf I, Vidailhet M, 
Corvol JC, Group IS, Gagnon JF, et al. Brain atrophy in prodromal synucle-
inopathy is shaped by structural connectivity and gene expression. Brain. 
2022;145:3162–78.

137.	 Varga Z, Keller J, Robinson SD, Serranova T, Nepozitek J, Zogala D, Trnka J, 
Ruzicka E, Sonka K, Dusek P. Whole brain pattern of iron accumulation in REM 
sleep behavior disorder. Hum Brain Mapp. 2024;45:e26675.

138.	 Janzen A, Kogan RV, Meles SK, Sittig E, Renken RJ, Geibl FF, Booij J, Stor-
mezand G, Luster M, Mayer G, et al. Rapid Eye Movement Sleep Behavior 
Disorder: abnormal cardiac image and progressive abnormal metabolic brain 
pattern. Mov Disord. 2022;37:624–9.

139.	 Shin JH, Lee JY, Kim YK, Yoon EJ, Kim H, Nam H, Jeon B. Parkinson Disease-
related brain metabolic patterns and neurodegeneration in isolated REM 
sleep behavior disorder. Neurology. 2021;97:e378–88.

140.	 Mattioli P, Orso B, Liguori C, Fama F, Giorgetti L, Donniaquio A, Massa F, Giberti 
A, Vallez Garcia D, Meles SK, et al. Derivation and validation of a phenocon-
version-related pattern in idiopathic Rapid Eye Movement Behavior Disorder. 
Mov Disord. 2023;38:57–67.

141.	 Kim R, Lee JY, Kim YK, Kim H, Yoon EJ, Shin JH, Yoo D, Nam H, Jeon B. Longi-
tudinal changes in isolated Rapid Eye Movement Sleep Behavior disorder-
related metabolic pattern expression. Mov Disord. 2021;36:1889–98.

142.	 Kogan RV, Janzen A, Meles SK, Sittig E, Renken RJ, Gurvits V, Mayer G, Leen-
ders KL, Oertel WH, Group RW. Four-year follow-up of [(18) F]Fluorodeoxy-
glucose Positron Emission Tomography-based Parkinson’s Disease-Related 
Pattern expression in 20 patients with isolated Rapid Eye Movement Sleep 
Behavior Disorder shows Prodromal Progression. Mov Disord. 2021;36:230–5.

143.	 Seger A, Ophey A, Heitzmann W, Doppler CEJ, Lindner MS, Brune C, Kickartz 
J, Dafsari HS, Oertel WH, Fink GR, et al. Evaluation of a structured Screening 
Assessment to detect isolated Rapid Eye Movement Sleep Behavior Disorder. 
Mov Disord. 2023;38:990–9.

144.	 Waser M, Stefani A, Holzknecht E, Kohn B, Hackner H, Brandauer E, Bergmann 
M, Taupe P, Gall M, Garn H, Hogl B. Automated 3D video analysis of lower limb 
movements during REM sleep: a new diagnostic tool for isolated REM sleep 
behavior disorder. Sleep. 2020;43.

145.	 Cesari M, Ruzicka L, Hogl B, Ibrahim A, Holzknecht E, Heidbreder A, Bergmann 
M, Brandauer E, Garn H, Kohn B, Stefani A. Improved automatic identification 
of isolated rapid eye movement sleep behavior disorder with a 3D time-of-
flight camera. Eur J Neurol. 2023;30:2206–14.

146.	 Levendowski DJ, Walsh CM, Boeve BF, Tsuang D, Hamilton JM, Salat D, Berka 
C, Lee-Iannotti JK, Shprecher D, Westbrook PR, et al. Non-REM sleep with 
hypertonia in Parkinsonian Spectrum disorders: a pilot investigation. Sleep 
Med. 2022;100:501–10.

147.	 Levendowski DJ, Neylan TC, Lee-Iannotti JK, Timm PC, Guevarra C, Angel E, 
Shprecher D, Mazeika G, Walsh CM, Boeve BF. St Louis EK: the accuracy and 
reliability of sleep staging and sleep biomarkers in patients with isolated 
Rapid Eye Movement Sleep Behavior Disorder. Nat Sci Sleep. 2023;15:323–31.

148.	 Brink-Kjaer A, Gupta N, Marin E, Zitser J, Sum-Ping O, Hekmat A, Bueno F, 
Cahuas A, Langston J, Jennum P, et al. Ambulatory detection of isolated 
Rapid-Eye-Movement Sleep Behavior Disorder combining actigraphy and 
questionnaire. Mov Disord. 2023;38:82–91.

149.	 Louter M, Arends JB, Bloem BR, Overeem S. Actigraphy as a diagnostic aid for 
REM sleep behavior disorder in Parkinson’s disease. BMC Neurol. 2014;14:76.

150.	 Naismith SL, Rogers NL, Mackenzie J, Hickie IB, Lewis SJ. The relationship 
between actigraphically defined sleep disturbance and REM sleep behaviour 
disorder in Parkinson’s Disease. Clin Neurol Neurosurg. 2010;112:420–3.

151.	 Stefani A, Heidbreder A, Brandauer E, Guaita M, Neier LM, Mitterling T, San-
tamaria J, Iranzo A, Videnovic A, Trenkwalder C et al. Screening for idiopathic 
REM sleep behavior disorder: usefulness of actigraphy. Sleep 2018, 41.

152.	 Feng H, Chen L, Liu Y, Chen X, Wang J, Yu MWM, Huang B, Li SX, Chau SWH, 
Chan JWY, et al. Rest-activity pattern alterations in idiopathic REM sleep 
behavior disorder. Ann Neurol. 2020;88:817–29.

153.	 Filardi M, Stefani A, Holzknecht E, Pizza F, Plazzi G, Hogl B. Objective rest-
activity cycle analysis by actigraphy identifies isolated rapid eye movement 
sleep behavior disorder. Eur J Neurol. 2020;27:1848–55.

154.	 Liguori C, Zuccarelli V, Spanetta M, Izzi F, Biagio Mercuri N, Placidi F. Sleep-
wake cycle dysregulation in idiopathic REM sleep behaviour disorder. J Sleep 
Res. 2021;30:e13234.

155.	 Brink-Kjaer A, Winer J, Zeitzer JM, Sorensen HBD, Jennum P, Mignot E, Dur-
ing E. Fully automated detection of isolated Rapid-Eye-Movement Sleep 
Behavior Disorder using Actigraphy. Annu Int Conf IEEE Eng Med Biol Soc. 
2023;2023:1–5.

156.	 Raschella F, Scafa S, Puiatti A, Martin Moraud E, Ratti PL. Actigraphy Enables 
Home Screening of Rapid Eye Movement Behavior Disorder in Parkinson’s 
Disease. Ann Neurol. 2023;93:317–29.

157.	 Joza S, Hu MT, Jung KY, Kunz D, Stefani A, Dusek P, Terzaghi M, Arnaldi D, 
Videnovic A, Schiess MC, et al. Progression of clinical markers in prodromal 



Page 16 of 17Stefani et al. Molecular Neurodegeneration           (2025) 20:19 

Parkinson’s disease and dementia with Lewy bodies: a multicentre study. 
Brain. 2023;146:3258–72.

158.	 Del Din S, Yarnall AJ, Barber TR, Lo C, Crabbe M, Rolinski M, Baig F, Hu MT, 
Rochester L. Continuous real-world gait monitoring in idiopathic REM sleep 
behavior disorder. J Parkinsons Dis. 2020;10:283–99.

159.	 Ehgoetz Martens KA, Matar E, Hall JM, Phillips J, Szeto JYY, Gouelle A, 
Grunstein RR, Halliday GM, Lewis SJG. Subtle gait and balance impairments 
occur in idiopathic rapid eye movement sleep behavior disorder. Mov Disord. 
2019;34:1374–80.

160.	 Ehgoetz Martens KA, Matar E, Shine JM, Phillips JR, Georgiades MJ, Grunstein 
RR, Halliday GM, Lewis SJG. The neural signature of impaired dual-tasking 
in idiopathic Rapid Eye Movement Sleep Behavior Disorder patients. Mov 
Disord. 2020;35:1596–606.

161.	 Gnarra O, Wulf MA, Schafer C, Nef T, Bassetti CLA. Rapid eye movement sleep 
behavior disorder: a narrative review from a technological perspective. Sleep. 
2023;46.

162.	 Ma L, Liu SY, Cen SS, Li Y, Zhang H, Han C, Gu ZQ, Mao W, Ma JH, Zhou YT, 
et al. Detection of Motor Dysfunction with Wearable sensors in patients 
with idiopathic Rapid Eye Movement Disorder. Front Bioeng Biotechnol. 
2021;9:627481.

163.	 De Cochen V, de Verbizier D, Picot MC, Damm L, Abril B, Galtier F, Driss V, 
Lebrun C, Pageot N, Giordano A, et al. Rhythm disturbances as a potential 
early marker of Parkinson’s disease in idiopathic REM sleep behavior disorder. 
Ann Clin Transl Neurol. 2020;7:280–7.

164.	 Krupicka R, Kryze P, Netukova S, Duspivova T, Klempir O, Szabo Z, Dusek P, 
Sonka K, Rusz J, Ruzicka E. Instrumental analysis of finger tapping reveals a 
novel early biomarker of parkinsonism in idiopathic rapid eye movement 
sleep behaviour disorder. Sleep Med. 2020;75:45–9.

165.	 Arora S, Baig F, Lo C, Barber TR, Lawton MA, Zhan A, Rolinski M, Ruffmann C, 
Klein JC, Rumbold J, et al. Smartphone motor testing to distinguish idiopathic 
REM sleep behavior disorder, controls, and PD. Neurology. 2018;91:e1528–38.

166.	 Rusz J, Hlavnicka J, Tykalova T, Buskova J, Ulmanova O, Ruzicka E, Sonka K. 
Quantitative assessment of motor speech abnormalities in idiopathic rapid 
eye movement sleep behaviour disorder. Sleep Med. 2016;19:141–7.

167.	 Rusz J, Hlavnicka J, Tykalova T, Novotny M, Dusek P, Sonka K, Ruzicka E. 
Smartphone allows capture of Speech abnormalities Associated with High 
Risk of developing Parkinson’s Disease. IEEE Trans Neural Syst Rehabil Eng. 
2018;26:1495–507.

168.	 Subert M, Novotny M, Tykalova T, Hlavnicka J, Dusek P, Ruzicka E, Skrabal D, 
Pelletier A, Postuma RB, Montplaisir J, et al. Spoken Language alterations can 
predict phenoconversion in isolated Rapid Eye Movement Sleep Behavior 
disorder: a Multicenter Study. Ann Neurol. 2024;95:530–43.

169.	 Balaet M, Alhajraf F, Zerenner T, Welch J, Razzaque J, Lo C, Giunchiglia V, 
Trender W, Lerede A, Hellyer PJ, et al. Online cognitive monitoring technology 
for people with Parkinson’s disease and REM sleep behavioural disorder. NPJ 
Digit Med. 2024;7:118.

170.	 Balaet M, Alhajraf F, Bourke NJ, Welch J, Razzaque J, Malhotra P, Hu MT, 
Hampshire A. Metacognitive accuracy differences in Parkinson’s disease and 
REM sleep behavioral disorder relative to healthy controls. Front Neurol. 
2024;15:1399313.

171.	 Morgan C, Tonkin EL, Craddock I, Whone AL. Acceptability of an In-home Mul-
timodal Sensor platform for Parkinson Disease: Nonrandomized qualitative 
study. JMIR Hum Factors. 2022;9:e36370.

172.	 Poggiolini I, Gupta V, Lawton M, Lee S, El-Turabi A, Querejeta-Coma A, Trenk-
walder C, Sixel-Doring F, Foubert-Samier A, Pavy-Le Traon A, et al. Diagnostic 
value of cerebrospinal fluid alpha-synuclein seed quantification in synucle-
inopathies. Brain. 2022;145:584–95.

173.	 Iranzo A, Fairfoul G, Ayudhaya ACN, Serradell M, Gelpi E, Vilaseca I, Sanchez-
Valle R, Gaig C, Santamaria J, Tolosa E, et al. Detection of alpha-synuclein 
in CSF by RT-QuIC in patients with isolated rapid-eye-movement sleep 
behaviour disorder: a longitudinal observational study. Lancet Neurol. 
2021;20:203–12.

174.	 Rossi M, Candelise N, Baiardi S, Capellari S, Giannini G, Orru CD, Antelmi 
E, Mammana A, Hughson AG, Calandra-Buonaura G, et al. Ultrasensitive 
RT-QuIC assay with high sensitivity and specificity for Lewy body-associated 
synucleinopathies. Acta Neuropathol. 2020;140:49–62.

175.	 Siderowf A, Concha-Marambio L, Lafontant DE, Farris CM, Ma Y, Urenia PA, 
Nguyen H, Alcalay RN, Chahine LM, Foroud T, et al. Assessment of heteroge-
neity among participants in the Parkinson’s progression markers Initiative 

cohort using alpha-synuclein seed amplification: a cross-sectional study. 
Lancet Neurol. 2023;22:407–17.

176.	 Stefani A, Iranzo A, Holzknecht E, Perra D, Bongianni M, Gaig C, Heim B, 
Serradell M, Sacchetto L, Garrido A, et al. Alpha-synuclein seeds in olfactory 
mucosa of patients with isolated REM sleep behaviour disorder. Brain. 
2021;144:1118–26.

177.	 Sprenger FS, Stefanova N, Gelpi E, Seppi K, Navarro-Otano J, Offner F, Vilas 
D, Valldeoriola F, Pont-Sunyer C, Aldecoa I, et al. Enteric nervous system 
alpha-synuclein immunoreactivity in idiopathic REM sleep behavior disorder. 
Neurology. 2015;85:1761–8.

178.	 Vilas D, Iranzo A, Tolosa E, Aldecoa I, Berenguer J, Vilaseca I, Marti C, Serradell 
M, Lomena F, Alos L, et al. Assessment of alpha-synuclein in submandibular 
glands of patients with idiopathic rapid-eye-movement sleep behaviour 
disorder: a case-control study. Lancet Neurol. 2016;15:708–18.

179.	 Iranzo A, Borrego S, Vilaseca I, Marti C, Serradell M, Sanchez-Valle R, Kovacs 
GG, Valldeoriola F, Gaig C, Santamaria J et al. Alpha-synuclein aggregates 
in labial salivary glands of idiopathic rapid eye movement sleep behavior 
disorder. Sleep. 2018;41.

180.	 Doppler K, Jentschke HM, Schulmeyer L, Vadasz D, Janzen A, Luster M, 
Hoffken H, Mayer G, Brumberg J, Booij J, et al. Dermal phospho-alpha-
synuclein deposits confirm REM sleep behaviour disorder as prodromal 
Parkinson’s disease. Acta Neuropathol. 2017;133:535–45.

181.	 Antelmi E, Donadio V, Incensi A, Plazzi G, Liguori R. Skin nerve phosphory-
lated alpha-synuclein deposits in idiopathic REM sleep behavior disorder. 
Neurology. 2017;88:2128–31.

182.	 Antelmi E, Pizza F, Donadio V, Filardi M, Sosero YL, Incensi A, Vandi S, Moresco 
M, Ferri R, Marelli S, et al. Biomarkers for REM sleep behavior disorder in 
idiopathic and narcoleptic patients. Ann Clin Transl Neurol. 2019;6:1872–6.

183.	 Liguori R, Donadio V, Wang Z, Incensi A, Rizzo G, Antelmi E, Biscarini F, Pizza 
F, Zou W, Plazzi G. A comparative blind study between skin biopsy and seed 
amplification assay to disclose pathological alpha-synuclein in RBD. NPJ 
Parkinsons Dis. 2023;9:34.

184.	 Iranzo A, Mammana A, Munoz-Lopetegi A, Dellavalle S, Maya G, Rossi M, 
Serradell M, Baiardi S, Arqueros A, Quadalti C, et al. Misfolded alpha-synuclein 
Assessment in the skin and CSF by RT-QuIC in isolated REM sleep behavior 
disorder. Neurology. 2023;100:e1944–54.

185.	 Munoz-Lopetegi A, Baiardi S, Balasa M, Mammana A, Maya G, Rossi M, Ser-
radell M, Zenesini C, Ticca A, Santamaria J, et al. CSF markers of neurodegen-
eration Alzheimer’s and Lewy body pathology in isolated REM sleep behavior 
disorder. NPJ Parkinsons Dis. 2024;10:157.

186.	 Wilke C, Dos Santos MCT, Schulte C, Deuschle C, Scheller D, Verbelen M, 
Brockmann K, von Thaler AK, Sunkel U, Roeben B, et al. Intraindividual Neu-
rofilament Dynamics in serum Mark the Conversion to sporadic Parkinson’s 
Disease. Mov Disord. 2020;35:1233–8.

187.	 Zhang X, Ma L, Liang D, Song B, Chen J, Huang Y, Xu L, Zhao P, Wu W, Zhang 
N, Xue R. Neurofilament light protein predicts Disease Progression in idio-
pathic REM sleep behavior disorder. J Parkinsons Dis. 2023;13:485–99.

188.	 Yan S, Jiang C, Janzen A, Barber TR, Seger A, Sommerauer M, Davis JJ, Marek K, 
Hu MT, Oertel WH, Tofaris GK. Neuronally derived Extracellular Vesicle alpha-
synuclein as a serum biomarker for individuals at risk of developing Parkinson 
Disease. JAMA Neurol. 2024;81:59–68.

189.	 Hallqvist J, Bartl M, Dakna M, Schade S, Garagnani P, Bacalini MG, Pirazzini C, 
Bhatia K, Schreglmann S, Xylaki M, et al. Plasma proteomics identify biomark-
ers predicting Parkinson’s disease up to 7 years before symptom onset. Nat 
Commun. 2024;15:4759.

190.	 Hoglinger GU, Adler CH, Berg D, Klein C, Outeiro TF, Poewe W, Postuma R, 
Stoessl AJ, Lang AE. A biological classification of Parkinson’s disease: the Syn-
NeurGe research diagnostic criteria. Lancet Neurol. 2024;23:191–204.

191.	 Simuni T, Chahine LM, Poston K, Brumm M, Buracchio T, Campbell M, Chow-
dhury S, Coffey C, Concha-Marambio L, Dam T, et al. A biological definition of 
neuronal alpha-synuclein disease: towards an integrated staging system for 
research. Lancet Neurol. 2024;23:178–90.

192.	 Maya G, Iranzo A, Gaig C, Sanchez-Valle R, Serradell M, Molina-Porcel L, 
Santamaria J, Gelpi E, Aldecoa I. Post-mortem neuropathology of idiopathic 
rapid eye movement sleep behaviour disorder: a case series. Lancet Neurol. 
2024;23:1238–51.



Page 17 of 17Stefani et al. Molecular Neurodegeneration           (2025) 20:19 

193.	 Adam O, Shih L, Molho E, Hanspal E, Zurbenko I. Time to initiation of symp-
tomatic treatment in untreated Parkinson disease in the Parkinson progres-
sion marker initiative cohort: a 10-year follow up. Parkinsonism Relat Disord. 
2023;114:105796.

194.	 Antelmi E, Lippolis M, Biscarini F, Tinazzi M, Plazzi G. REM sleep behavior 
disorder: mimics and variants. Sleep Med Rev. 2021;60:101515.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	﻿From mechanisms to future therapy: a synopsis of isolated REM sleep behavior disorder as early synuclein-related disease
	﻿Abstract
	﻿Introduction
	﻿Clinical features of RBD
	﻿Neurophysiology of RBD
	﻿Isolated RBD as an early stage of synucleinopahty
	﻿Disease mechanisms in RBD and insights into synucleinopathies – evidence from basic science
	﻿Genetics and epigenetics in RBD
	﻿What can we learn from neuroimaging in RBD?
	﻿Home detection and digital monitoring of RBD
	﻿Home vPSG systems
	﻿Head bands
	﻿Wrist-worn accelerometers (known as “actigraphs”)
	﻿Wearables- body worn devices
	﻿Mobile technologies and applications
	﻿Home-based computers and sensing systems


	﻿Biofluid and tissue markers of neurodegeneration
	﻿The role of RBD in the new staging systems of Parkinson’s disease
	﻿Towards clinical trials in iRBD
	﻿Selection of the intervention
	﻿Patient inclusion
	﻿Outcome selection
	﻿References


