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s u m m a r y

Several studies report an association between REM Sleep Behavior Disorder (RBD) and neurodegener-
ative diseases, in particular synucleinopathies. Interestingly, the onset of RBD precedes the development
of neurodegeneration by several years. This review and meta-analysis aims to establish the rate of
conversion of RBD into neurodegenerative diseases. Longitudinal studies were searched from the
PubMed, Web of Science, and SCOPUS databases. Using random-effect modeling, we performed a meta-
analysis on the rate of RBD conversions into neurodegeneration. Furthermore, we fitted a Kaplan-Meier
analysis and compared the differences between survival curves of different diseases with log-rank tests.
The risk for developing neurodegenerative diseases was 33.5% at five years follow-up, 82.4% at 10.5 years
and 96.6% at 14 years. The average conversion rate was 31.95% after a mean duration of follow-up of
4.75 ± 2.43 years. The majority of RBD patients converted to Parkinson's Disease (43%), followed by
Dementia with Lewy Bodies (25%). The estimated risk for RBD patients to develop a neurodegenerative
disease over a long-term follow-up is more than 90%. Future studies should include control group for the
evaluation of REM sleep without atonia as marker for neurodegeneration also in non-clinical population
and target RBD as precursor of neurodegeneration to develop protective trials.

© 2018 Elsevier Ltd. All rights reserved.
Introduction

Rapid eye movement (REM) sleep behavior disorder (RBD) is a
REM parasomnia characterized by a consistent loss of the skeletal
muscle atonia typically observed during REM sleep in healthy
subjects. These periods of REM sleep without atonia allow patients
to enact their dreams, which are often characterized by violent
behaviors and may result injurious for themselves or their bed
partners [1]. According to the 3rd edition of the International
classification of sleep disorders (ICSD-3), in order to be diagnosed
as RBD, patients have to exhibit repeated episodes of vocalization or
complex motor behaviors during REM sleep documented by poly-
somnography (PSG) or based on clinically history of dream
nces OSR-Turro, Neurology e

ffaele, Milan, Italy.
-Strambi).
enactment; furthermore, PSG recording is crucial to demonstrate
the REM sleep period without atonia [2].

Several studies attested the prevalence of RBD to be between
0.5% and 2.01% in general population [2e5], with a higher incidence
in men after the age of 50 [6]. Recently, Haba-Rubio and colleagues
[4] performed a full PSG investigation in 1997 participants from the
general population and found a prevalence of 1.06% in this sample.
The control of environmental safetydsuch as removing dangerous
objectsdis crucial for RBD management [7]. Nevertheless, the
mainstay for the treatment of this pathology is represented by
pharmacological agents. In particular, clonazepam and melatonin
have shown clinical effectiveness in reducing RBD symptoms [8,9].

RBD is defined as secondary when it is associated with other
neurological diseases, often including a-synucleinopathies such as
Parkinson disease (PD), Dementia with Lewy bodies (DLB), and
Multiple system atrophy (MSA) [10]. Differently, RBD may be
defined as primary (or idiopathic) when it occurs in the absence of
any other disorder. However, even in this idiopathic form, RBD
often precedes the development of neurodegenerative diseases, in
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Abbreviations

AD Alzheimer's disease
DLB Dementia with Lewy bodies
ICSD International classification of sleep disorders
MCI Mild cognitive impairment
MSA Multiple system atrophy
PD Parkinson disease
PRISMA Preferred reporting items for systematic reviews

and meta-analyses
PSG Polysomnography
RBD REM sleep behavior disorder
REM Rapid eye movements
RSWA REM sleep without atonia

A. Galbiati et al. / Sleep Medicine Reviews 43 (2019) 37e4638
particular synucleinopathies. In a seminal work describing this
finding, Schenck and collaborators [11] reported that 11 out 29
(38%) patients developed parkinsonism after a mean follow-up of
3.7 ± 1.4 years from the initial diagnosis of RBD. The authors
recently published a 16 years update on the same cohort of pa-
tients, showing that 21 out of 26 (80.8%) patients who completed
the follow-up developed parkinsonism or dementia [12]. This evi-
dence suggests that the duration of follow-up is a critical factor to
determine a reliable conversion rate and it led the way to several
longitudinal studies suggesting an increasing conversion with
increasing follow-up time [13].

Several biomarkers of neurodegeneration have been identified
in RBD, including imaging data showing a reduction in dopamine
transporter [14], impaired color vision and olfactory function [15],
electroencephalography slowing [16], and neurocognitive impair-
ments [17,18]. Taken together, these findings have challenged the
existence of an idiopathic form of RBD and the alternative term
“cryptogenic” has been proposed to better characterize the com-
plex etiopathogenesis and the high risk of conversion into a
neurodegenerative disease [19].

In light of this evidence the aim of the present work is to provide
a quantitative evaluation of the risk of conversion from RBD into a
neurodegenerative disease, through a systematic review and meta-
analysis of longitudinal studies conducted thus far.

Methods

Search method and studies selection

Two researchers (A.G. and L.V.) independently performed a
systematic search of the relevant literature up to October 2017 in
PUBMED, SCOPUS, and Web of Science. Key terms used were
“rapid-eye movement sleep behavior disorder”, “REM sleep
behavior disorder”, “RBD”, in combination with “conversion”,
“neurodegenerative”, “neurodegeneration”, “synucleinopathies”.
These terms could appear everywhere in the body of the manu-
script. Further studies were identified by examining the reference
list of retrieved papers. To reduce publication bias, both published
(i.e., peer reviewed papers) as well as unpublished (i.e., abstract of
posters or oral presentations) studies were considered; to this aim,
Special Issues of journals reporting conference abstracts (i.e., Sleep,
Journal of Sleep Research, Journal of Clinical Sleep Medicine, Eu-
ropean Journal of Neurology, Neurological Sciences, Movement
Disorders, Sleep Medicine) were also scanned. To reduce language
bias the relevant literature was searched for in several languages;
however, only English works were deemed suitable. Findings are
reported according to the Preferred reporting items for systematic
reviews and meta-analyses (PRISMA) statement [20], elaboration,
and explanation [21].
Inclusion and exclusion criteria

In a first step, the eligibility of each manuscript abstract was
assessed independently by two investigators (A.G. and L.V.), and
disagreements were discussed to reach a common conclusion.
Studies meeting the following criteria were included in the review:
1) RBD was confirmed by PSG, according to standard criteria of the
ICSD, 2nd edition [22]; 2) the follow-up timewas clearly reported. If
the follow-up was not reported, the study was included in the re-
view but not in the meta-analysis; 3) the study subjects were hu-
man participants; 4) the study reported the rate of RBD
phenoconversion.

Studies were excluded if: 1) the manuscript reported a single-
case study; 2) the manuscript reported a correlational study or a
review; 3) the study was a retrospective study investigating RBD in
patients with an outcome of neurodegenerative disease, as in this
case the conversion rate would be necessarily 100%; 4) study sub-
jects were animals. An overview of the selection process is depicted
by the PRISMA flow diagram in Fig. 1.
Data extraction

The selected manuscripts and abstracts were scanned inde-
pendently by A.G. and L.V. The extracted data were then compared
to ensure that information was correctly assessed. The following
variables were deemed relevant: Country where the study was
conducted, number of patients being tested, mean follow-up
duration (from first visit to diagnosis of conversion or second
visit), standard deviation of follow-up, participants' gender, num-
ber of patients who converted to a degenerative disease, percent-
age of converters on the total, type of disease patients converted to
(PD, MSA, DLB, Mild cognitive impairment [MCI], not otherwise
specified dementia, Alzheimer's disease [AD], others). When pa-
tients were lost to follow-up due to death, relocation, or other
similar causes, conversion rates were calculated only if de-
mographic details and disease of conversion of the removed
participant were provided; otherwise these patients were excluded
also from the original sample (e.g., [23]).
Specific methods for the systematic review

The quality of the studies selected for systematic review was
assessed using the critical appraisal skills program for cohort
studies tool (Critical appraisal skills programme [24]). This checklist
is intended to reliably evaluate each study in a systematic way. A.G.
and L.V. rated independently the quality of each study; results of
this assessment were compared, and disagreements were solved by
discussion. For the aim of the present study, the quality assessment
focused on the following aspects: Clarity of the research question
(Question 1), cohort recruitment (Question 2), selection bias
(Question 3), outcome measures (Question 4), possible confound-
ing factors (Question 5, a & b), follow-up completeness (Question
6a) and length (Question 6b), relevance, reliability, and credibility
of the results (Question 7, Question 8, and Question 9), applicability
of the results (Question 10), and lastly fitness of the results within
other available evidence (Question 11). Each study could reach a
maximum of 13 points; the average quality score for the selected
studies was 11.09. Since all studies scored above 50% of the
maximum result, none was excluded from subsequent analyses
based on the quality ratings.



Fig. 1. PRISMA flow diagram summarizing the selection procedure.
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Specific methods for meta-analysis

Analyses were conducted using the software R Studio version
1.1.383 (R Studio Inc., Boston, USA) supporting R version 3.4.3
(http://www.R-project.org/). Effects sizes were calculated using the
package metafor [25] as log-transformed incidence rates. I2 statis-
tics was calculated to investigate heterogeneity between studies.
Publication bias was controlled for a-priori by including published
and non-published material in the systematic review, and assessed
for a-posteriori by visual inspection of the corresponding funnel
plot. Given the high heterogeneity between studies, a random ef-
fects model was employed for the meta-analytic investigation.

In addition, a Kaplan-Meier survival analysis was conducted
using the R survival package [26,27] on the conversion rates from
the included studies, with number of converters as a dichotomous
variable (0 ¼ disease free at follow-up time, 1 ¼ converted) and
mean follow-up of each study as the timing variable. The R Surv-
miner package [28] was then used to perform a pairwise log-rank
test with a False Discovery rate (FDR) correction on pairwise
combinations of treatments.
Fig. 2. Correlation between follow-up duration and conversion rate.
Results

Systematic review

The systematic review analyzed 51 studies, including papers
published in peer-reviewed journals (N ¼ 43) as well as conference

http://www.R-project.org/


Table 1
Study characteristics.

Study
Number

First author and year Country Number of
Patients

Follow-up
(years)

Age Gender Converters Conversion rate
(%)

Disease type Publication
Type

PD MSA DLB MCI Dementia AD Other

1 Schenck et al., 1996 [11] USA 29 3.7 ± 1.4 / 29 M 11 37.93 11 0 0 0 0 1a 1a cerebro-vascular
disease

Paper

2 Fantini et al., 2001 [36] Canada 19 4.6 ± 2.4 70 ± 4.7 17 M, 2 F 4 21.05 4 0 0 0 0 0 0 Abstract
3 Iranzo et al., 2006 [37] Spain 44 5.10 ± 2.7 74.1 ± 6.5 39 M, 5 F 20 45.0 9 1 6 4 0 0 0 Paper
4 Stavros et al., 2006b [32] Greece 4 / / / 1 25 1 0 0 0 0 0 0 Abstract
5 Iranzo et al., 2009 [30] Spain 11 5.0 ± 1.9 73.2 ± 5.4 9 M, 2 F 0 0 0 0 0 0 0 0 0 Paper
6 Postuma et al. 2009b [33] Canada 67 / / / 17 25.4 6 0 0 0 11 0 0 Paper
7 Postuma et al., 2009 [13] Canada 93 4.8 ± 3.6 65.4 ± 9.3 75 M, 18 F 26 28.0 14 1 7 0 0 4 0 Paper
8 Iranzo et al., 2010 [38] Spain 43 3.54 ± 3.00 70.1 ± 6.8 37 M, 6 F 8 18.6 5 1 2 0 0 0 0 Paper
9 Postuma et al., 2010 [23] Canada 88 6.67 ± 0.59 / / 21 23.86 11 1 5 0 0 4 0 Paper
10 Postuma et al., 2010

[34],b
Canada 52 / / / 26 50.0 12 1 7 0 0 6 0 Paper

11 Fantini et al., 2011 [39] Italy 24 2.19 ± 0.42 69.5 ± 7.3 18 M, 6 F 3 12.5 3 0 0 0 0 0 0 Paper
12 Iranzo et al., 2011 [40] Spain 20 3.55 ± 2.67 70.55 ± 6.02 18 M, 2 F 3 15 3 0 0 0 0 0 0 Paper
13 Postuma et al., 2011 [15] Canada 59 5 interval 67.8 ± 9.9 47 M, 15 F 21 33.8 4 0 0 0 17 0 0 Paper
14 Postuma et al., 2012 [41] Canada 78 3.3 ± 1.8 / / 28 35.9 12 1 9 0 6 0 0 Paper
15 Dang-Vu et al., 2012 [42] Canada 20 3.0 ± 0.0 / / 10 50.0 5 0 5 0 0 0 0 Paper
16 Wing et al., 2012 [43] China 83 5.6 ± 3.30 / 68 M, 15 F 19 22.89 8 0 1 0 2 8 0 Paper
17 Iranzo et al., 2013 [44] Spain 19 3.63 ± 2.72 70.78 ± 6.08 17 M, 2 F 4 21.1 3 1 0 0 0 0 0 Paper
18 Iranzo et al., 2013 [45] Spain 44 Median 10.5 74.0 ± 0.0 39 M, 5 F 36 82 16 1 14 5 0 0 0 Paper
19 Postuma et al., 2013 [46] Canada 84 4.5 / / 36 42.9 15 3 18 0 0 0 0 Paper
20 Postuma et al., 2013 [47] Canada 91 3.30 ± 2.30 70.3 ± 9.4 70 M, 21 F 32 35.2 16 1 15 0 0 0 0 Paper
21 Schenck et al., 2013 [12] USA 26 14.2 ± 6.2 / / 21 80.8 13 2 3 0 1 2 0 Paper
22 Terzaghi et al., 2013 [48] Italy 20 3.58 ± 1.58 66.1 ± 7.1 19 M, 1 F 3 15 2 1 0 0 0 0 0 Paper
23 Holtbernd et al., 2014

[49]
Canada 17 4.60 ± 2.50 68.9 ± 4.8 14 M, 3 F 8 47.1 5 0 3 0 0 0 0 Paper

24 Iranzo et al., 2014 [50] Spain 55 5.0 ± 0.0 68.9 ± 7.8 47 M, 8 F 21 38.2 11 1 9 0 0 0 0 Paper
25 Iranzo et al., 2014 [51] Spain 174 Median 4 68.82 ± 6.44 136 M,

38 F
65 37.3 22 2 29 12 0 0 0 Paper

26 Sakurai et al., 2014 [31] Japan 9 1.90 ± 0.77 71.1 ± 3.2 7 M, 2 F 0 0 0 0 0 0 0 0 0 Paper
27 Zhou et al., 2014 [52] China 90 1.57 ± 0.82 59.1 ± 15.5 63 M, 27 F 4 4.4 3 0 0 0 1 0 0 Paper
28 Mahlknecht et al.,

2014 [53]
Austria,
Spain

35 4.40 ± 0.70 / / 9 25.71 6 0 3 0 0 0 0 Abstract

29 Kim et al., 2014 [54] South Korea 21 8.40 ± 0.60 66.8 ± 4.7 16 M, 5 F 9 42.9 5 1 2 0 0 0 1 Abstract
30 Rodrigues Braz�ete

et al., 2014 [55]
Canada 52 3.40 ± 0.00 / / 26 50 / / / / / / / Abstract

31 G�enier Marchand
et al., 2014 [56]

Canada 63 1.60 ± 1.10 / / 27 42.9 11 2 14 0 0 0 0 Abstract

32 Arnulf et al., 2015 [57] France 69 Median 3 / / 16 23.2 6 2 0 0 6 0 2 Parkinsonism þ
dementia

Paper

33 Mahlknecht et al., 2015
[58]

Austria,
Spain

34 5.5 ± 4.7 67.8 ± 5.8 29 M, 5 F 9 26.5 6 0 3 0 0 0 0 Paper

34 Postuma et al., 2015 [59] Canada 89 5.40 ± 2.90 66.9 ± 9.3 73 M, 16 F 41 46.1 17 3 0 0 21 0 0 Paper
35 Postuma et al., 2015 [60] International 279 3.80 ± 1.40 69.07 ± 8.4 222 M,

57 F
93 33.3 39 7 28 0 19 0 0 Paper

36 Youn et al., 2016 [18] South Korea 84 4.10 ± 2.12 65.49 ± 6.66 / 18 21.4 9 1 4 0 0 3 1 ataxia Paper
37 Gan-Or et al., 2015 [35] International 56 4.50 ± 1.50 / / 19 34 9 0 10 0 0 0 0 Paper
38 Li et al., 2016 [9] China 39 2.40 ± 1.11 68.3 ± 7.8 29 M, 10 F 8 20.5 / / / / / / / Paper
39 Mahlknecht et al., 2016

[61]
Austria 24 6.00 ± 0.00 66.0 ± 5.0 21 M, 3 F 8 33.3 8 0 0 0 0 0 0 Paper

40 Fernandez-Arcos
et al., 2016 [62]

Spain 203 5 median 68 median 162 M,
41 F

69 34.0 22 2 32 13 0 0 0 Paper

41 Rodrigues Braz�ete
et al., 2016 [63]

Canada 61 3.60 ± 0.00 / / 26 42.6 / / / / / / / Abstract

42 Canada 54 3.50 ± 2.20 66.9 ± 7.6 41 M, 13 F 28 51.9 12 2 14 0 0 0 0 Paper

A
.G

albiati
et

al./
Sleep

M
edicine

Review
s
43

(2019)
37

e
46

40



R
od

ri
gu

es
B
ra
z� e

te
et

al
.,
20

16
[6
4]

43
Zh

ou
et

al
.,
20

16
[6
5]

C
h
in
a

18
2

7.
10

±
4.
50

/
/

50
27

.5
/

/
/

/
/

/
/

Pa
p
er

44
G
an

-O
r
et

al
.,
20

17
[6
6]
,b

In
te
rn

at
io
n
al

48
0

/
/

/
14

0
29

.2
98

14
28

0
0

0
0

Pa
p
er

45
Li

et
al
.,
20

17
[6
7]

C
h
in
a

43
4.
1
m
ed

ia
n

65
.1
5
±
5.
50

34
M
,9

F
18

41
.9

12
3

2
0

0
0

0
Pa

p
er

46
G
� en

ie
r
M
ar
ch

an
d

et
al
.,
20

17
[1
7]

C
an

ad
a

76
3.
59

±
2.
36

67
.3
6
±
7.
13

56
M
,2

0
F
34

44
.7

17
2

15
0

0
0

0
Pa

p
er

47
Zh

ou
et

al
.,
20

17
[6
8]

C
h
in
a

17
9

5.
80

±
4.
30

66
.3

±
9.
8

14
2
M
,

37
F

50
27

.9
27

2
7

0
0

14
0

Pa
p
er

48
Fe

re
sh

te
h
n
ej
ad

et
al
.,
20

17
[6
9]

C
an

ad
a

12
1

5.
70

±
3.
70

66
.4
0
±
9.
10

90
M
,3

1
F
48

39
.7

/
/

/
/

/
/

/
Pa

p
er

49
Ta

ba
ta
ba

i
et

al
.2

01
7b

,c

[2
9]
.

U
SA

77
11

.7
m
ed

ia
n

/
77

F
/

/
/

/
/

/
/

/
/

A
bs

tr
ac
t

50
B
ar
be

r
et

al
.,
20

17
[7
0]

U
K

17
1

2.
10

±
1.
25

64
.7

±
9.
0

15
1
M
,

20
F

16
9

9
2

1
0

3
0

1
p
u
re

au
to
n
om

ic
fa
ilu

re
Pa

p
er

51
Ir
an

zo
et

al
.,
20

17
[1
4]

Sp
ai
n

87
5.
7
±
2.
2

70
.0

±
6.
7

67
M
,2

0
F
25

28
.7

11
1

13
0

0
0

0
Pa

p
er

a
N
ot

co
m
p
u
te
d
in

th
e
or
ig
in
al

w
or
k
fo
r
co

n
ve

rs
io
n
ra
te
.

b
N
ot

in
cl
u
d
ed

in
th
e
m
et
a-
an

al
yt
ic

ca
lc
u
la
ti
on

s.
c
Th

is
ab

st
ra
ct

re
p
or
t
a
co

n
ve

rs
io
n
ra
te

of
91

.5
%
at

21
.7
%
ba

se
d
on

su
rv
iv
al

es
ti
m
at
io
n
s
p
er
fo
rm

ed
w
it
h
th
e
K
ap

la
n
-M

ei
er

m
et
h
od

.

A. Galbiati et al. / Sleep Medicine Reviews 43 (2019) 37e46 41
abstracts (N ¼ 8) to minimize file drawer effect (publication bias),
namely the tendency not to publish negative or null results in peer-
reviewed journals. In total, these studies evaluated the rate of
conversion of 3942 patients with polysomnographic confirmed
idiopathic RBD. However, one study did not report the number of
converters [29]; hence, the patients included in this study (N ¼ 77)
are not calculated in the total rate of conversion. Of the remaining
3865 patients, 1235 (31.95%) converted into a neurodegenerative
disease with a mean follow-up duration of 4.75 ± 2.43 years. Re-
ported diseases of conversion were PD (538 patients, 44% of con-
verters), MSA (62 patients, 5%), DLB (309 patients, 25%), MCI (34
patients, 3%), not better specified dementia (87 patients, 7%), AD
(42 patients, 3%), other type of degenerative diseases (6 patients,
0.5%).

The selected studies covered a large variety of follow-up dura-
tions and conversion rates, as illustrated by the fact that the lowest
conversion ratewas 0%, reported by Iranzo and colleagues [30] after
a follow-up of five years, and by Sakurai et al. [31] after a follow-up
of 1.9 years on average. The highest conversion rate was described
by Schenck et al. [12] reporting that 81% of the patients converted
into a neurodegenerative disease 14 years after RBD diagnosis.

Duration of follow-up and percentage of converters were
significantly correlated (r¼ 0.59, p < .001; Fig. 2). 18 studies did not
report the mean age of participants at the beginning of the study;
those who did (N ¼ 34) revealed an average age of 68.24 ± 2.97
years, with a predominance of males (N ¼ 1902) as compared to
females (N ¼ 542).

The studies reported in the systematic review were conducted
in 13 different countries. The vast majority was carried out in
Canada (13 studies) and Spain (12 studies). Other studies have been
executed in Austria (two studies), China (six studies), France (one
study), Greece (one study), Italy (two studies), Japan (one study),
Korea (two studies), United Kingdom (one study), United States of
America (three studies). Two studies were conducted within mul-
tiple centers.

The studies included in the systematic review and the corre-
sponding data are summarized in Table 1.

Meta-analysis

Themeta-analysis took into account 46 studies including in total
3262 patients. Five studies included in the systematic review were
not included in the meta-analysis [29,32e35], because they lacked
information on the duration of follow-up.

Heterogeneity between studies was high (I2 ¼ 69.93%; Q¼ 150).
A graphical summary of the results is presented in Fig. 3. The
estimated rate of conversion across all studies was 33% [95% C.I.
29.39 to 37.35].

The Kaplan-Meier survival analysis based on the overall con-
version rate shows a significant conversion rate from RBD to either
one of the selected diseases with an increasing risk over time
(LogeRank test p < .001; Fig. 4).

As anticipated by the summary statistics of the systematic re-
view, PD was the main disease of conversion followed by DLB.
Pairwise comparisons between different types of diseases were
calculated with a log-rank test, FDR adjusted for multiple com-
parisons. These results are presented in Table 2 and Fig. 5.

Discussion

The aim of this systematic review and meta-analysis was to
quantitatively estimate the risk of developing a neurodegener-
ative disease in patients affected by RBD. Our analysis included
all longitudinal studies present in the scientific literature
regarding RBD and responding to stringent qualitative criteria.



Fig. 3. Graphical summary of the meta-analytic results.
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We found a significant risk for developing a neurodegenerative
disease: After a mean follow-up of 4.75 ± 2.43 years, 31.95% of
RBD patients converted into a neurodegenerative disorder. The
most frequent condition was represented by PD (44% of con-
verters), followed by DLB (25%), not otherwise specified forms
of dementia (7%), MSA (5%), AD (3%), MCI (3%), and other forms
of neurodegenerative disorders (0.5%). By employing a Kaplan-
Meier analysis we estimated a conversion risk of 97% after a
follow-up of 14.2 years, and a significantly higher risk for
developing PD than for any other disorder (Table 2). Further-
more, we found a significant positive correlation between
conversion rate and duration of the follow-up (Fig. 2), indi-
cating that the risk of conversion increases over years after RBD
diagnosis.



Fig. 4. Kaplan-Meier analysis plotting disease-free survival in RBD patients.

Table 2
Results of the log-rank test comparing the fitted Kaplan-Meier estimates stratified
for each disease of conversion.

PD MSA DLB MCI Dementia AD

MSA <.001
DLB <.001 <.001
MCI <.001 0.16 <.001
dementia <.001 <.05 <.001 <.001
AD <.001 0.19 <.001 0.90 <.001
Other <.001 <.001 <.001 <.001 <.001 <.001
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Since the seminal work by Schenck and collaborators [11] and its
subsequent update [12], it has become clear that RBD can precede
the onset of parkinsonism and dementia. In those studies, the
conversion rate from RBD to a neurodegenerative disease was
found to be 38% at 3.7 years with an increase at 80.8% after a mean
follow-up of 14.2 years. This observationwas recently confirmed by
Iranzo and colleagues who showed that the risk of developing an
overt neurodegeneration exceeds 90% [51]. The current meta-
analysis further confirms a risk higher than 90% at 14 years.
Furthermore, it highlights a positive correlation between rate of
conversion and length of the follow-up indicating that the risk
increases with time in agreement with previous results [11,12].

In patients who develop neurodegeneration, RBD most
frequently converts into a synucleinopathy. It is now well estab-
lished that RBD is a consistent precocious indicator for the insur-
gence of PD, PD with dementia, DLB, andeonly in few caseseMSA
[10]. Accordingly, the largest series of idiopathic RBD patients
who underwent neuropathological investigation reported clear
signs of an underlying synucleinopathy in most cases [71]. DAT-
SCAN abnormalities in the substantia nigra and putamen of idio-
pathic RBD patients have been also found to predict the develop-
ment of a clinically defined synucleinopathy [14]. Taken together
these findings are consistent with the pathological staging hy-
pothesized by Braak and collaborators [72]. In this model neuronal
degeneration proceeds upwards from the brainstem, involving
structures fundamental for the control of REM sleep atoniadthus
causing RBDd, then reaching the midbrain, in particular the sub-
stantia nigradcausing parkinsonism. Our study also highlights that
not every RBD patient converts to a defined neurodegeneration:
RBD may remain idiopathic even after a decade from its diagnosis.
However, it is plausible to think that even these long-term idio-
pathic cases would convert given sufficient follow-up time. This
hypothesis is in line with a recent work by Iranzo and collaborators
[73] who assessed 20 longstanding idiopathic RBD patients. Results
showed the presence of clinical, neuroimaging, and pathological
markers for PD, suggesting that also these patients are subject to an
underlying neurodegeneration despite not being overtly diagnosed.

Conversion in MCI and AD was far less frequent and comparable
to that observed in healthy population [74,75]. This conversion rate
challenges the interpretation of MCI and AD as a consequence of
RBD in these patients and raises the question if RBD may exhibit
pathophysiological relationship with the tauopathies progression
or with tauopathies at all [76]. If MCI can be interpreted as an early
stage of DLB [77], given sufficient time these patients could evolve
in an overt synucleinopathy. The issue is different for AD, which
belongs to a different family of neurodegenerative diseases. Only
few longitudinal studies reported the development of AD
[11e13,18,23,34,68] and only one study reported a post-mortem
neuropathological examination demonstrating the presence of AD
and DLB histopathological features [12]. These findings suggest that
those patients converting from RBD to AD can in reality represent
the coexistence of two different dementias, i.e., AD and DLB.
However, given the lack of systematical studies future neuropath-
ological examinations are required to confirm this hypothesis.

The discrepancy between the conversions rate in DLB, AD, and
other forms of dementia can also have clinical implications.
Although the presence of RBD has been included in the core
clinical feature for the diagnosis of DLB [78], only one study sys-
tematically investigated if adding RBD to diagnostic criteria



Fig. 5. Kaplan-Meier analysis plotting disease-free survival in RBD patients, stratified for neurodegenerative disease of conversion.
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boosts accuracy of autopsy-confirmed DLB [79]. In this remark-
able investigation, 234 patients with dementia (DLB, AD, corti-
cobasal and frontotemporal dementia) were followed until
autopsy. The inclusion of RBD as a core clinical feature increased
the odds of autopsy confirmed DLB by 6-fold. However, it is
important to underline that in this study PSG recordings were
available for a minority of patients (36 out of 74 DLB patients) and
a complete evaluation REM sleep without atonia (RSWA) was not
performed. Future studies are needed in order to fully address this
point. Concerning AD, the presence of RBD in AD patients or the
conversion from RBD into AD may be instead explainable by a
“mixed pathology”, i.e., the presence of neuropathological fea-
tures of more than one neurodegenerative disease in the same
patient (in this case AD and DLB) [80]. Given this evidence, the
employment of PSG-investigation in clinical setting could be
useful to differentiate between DLB and AD.

Our meta-analysis considered all longitudinal studies where
RBD diagnosis was performed throughout PSG evaluation,
following the diagnostic criteria determined by the ICSD-2 [22] and
a conversion rate and follow-up length were provided. A careful
analysis of these studies revealed some methodological issues that
should be taken into account. First, the lack of a healthy control
group in a consistent number of longitudinal studies does not allow
to quantitatively determining a conversion risk for RBD in com-
parison to healthy population. In addition, RBD represents a
selected clinical population primarily characterized by the loss of
physiological REM sleep atonia; however, RSWA may occur even
without a diagnosis of RBD. If this neurophysiologic hallmark is able
to pinpoint subjects at risk for neurodegenerative diseases, longi-
tudinal studies investigating RSWA also in healthy controls are
required to fully address this point. Another relevant matter con-
cerns the diagnostic criteria for neurodegenerative diseases.
Clinical diagnosis and the International and Parkinson movement
disorder society unified Parkinson's disease rating scale are
frequently employed but there is a certain degree of heterogeneity
among studies. The picture is even more complex for dementias.
Only few studies had autopsy confirmed diagnosis for AD and DLB;
furthermore, the employment of outdated diagnostic criteria is
frequent. Therefore, future investigations must use updated diag-
nostic criteria in order to improve classification accuracy. Lastly, it is
likely that a certain degree of overlap exists in cohorts of patients
reported in different studies conducted by the same authors or
belonging to multi-centric studies. While we are aware of this
possibility, this has not been fully controlled for in the meta-
analysis. Therefore, the risk of conversion here reported might be
affected by this confounding factor.

In conclusion, this meta-analysis identified RBD as a strong
predictor of neurodegenerative diseases. Synucleinopathies repre-
sent the most common outcome for RBD patients. In particular, the
risk of conversion to PD is the greatest among all other neuropa-
thologies, followed by DLBdwhose risk is significantly greater in
comparison to MSA, AD, and MCI (Table 2). The duration of the
follow-up is crucial in order to reliably determine the development
of a neurodegeneration, as highlighted by the positive correlation
between follow-up and conversion rate (Fig. 2). PD prevalence is
more than doubled from 1990 to 2015 and this led some authors to
refer to a PD pandemic [81]. This might reflect also on the preva-
lence and conversion rate of RBD. Future systematic longitudinal
studies investigating the development of neurodegenerative dis-
eases in RBD patients should focus on improving diagnostic accu-
racy by employing the most updated criteria, in particular for a
consistent differential diagnosis among dementias, and control
group for the evaluation of RSWA as a marker for neuro-
degeneration also in non-clinical populations.



Practice points

1. The conversion of RBD patients into neurodegenerative

disease has been extensively investigated.

2. The development of neurodegeneration over time is

frequent in RBD patients.

3. Synucleinopathyd in particular PD and DLBdis themost

frequent outcome.

4. The length of the follow-up is crucial in order to deter-

mine a reliable rate of conversion.
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Research agenda

1. Control group should be included in order to determine a

conversion risk comparable to healthy population.

2. The employment of the most updated diagnostic criteria

should be mandatory and autopsy-confirmed diagnosis

is recommendable.

3. Longitudinal studies evaluating RSWA in general popu-

lation are needed.

4. The possibility to include PSG recordings in clinical

routine to perform differential diagnoses among de-

mentias should be evaluated.
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