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Abstract
Study objectives: To identify a fast and reliable method for rapid eye movement (REM) sleep without atonia (RWA) quantification.

Methods: We analyzed 36 video-polysomnographies (v-PSGs) of isolated REM sleep behavior disorder (iRBD) patients and 35 controls’ v-PSGs. Patients diagnosed 

with RBD had: i) RWA, quantified with a reference method, i.e. automatic and artifact-corrected 3-s Sleep Innsbruck Barcelona (SINBAR) index in REM sleep periods 

(RSPs, i.e. manually selected portions of REM sleep); and ii) v-PSG-documented RBD behaviors. We quantified RWA with other (semi)-automated methods requiring 

less human intervention than the reference one: the indices proposed by the SINBAR group (the 3-s and 30-s phasic flexor digitorum superficialis (FDS), phasic/”any”/

tonic mentalis), and the REM atonia, short and long muscle activity indices (in mentalis/submentalis/FDS muscles). They were calculated in whole REM sleep (i.e. 

REM sleep scored following international guidelines), in RSPs, with and without manual artifact correction. Area under curves (AUC) discriminating iRBD from 

controls were computed. Using published cut-offs, the indices’ sensitivity and specificity for iRBD identification were calculated. Apnea-hypopnea index in REM sleep 

(AHIREM) was considered in the analyses.

Results: RWA indices from FDS muscles alone had the highest AUCs and all of them had 100% sensitivity. Without manual RSP selection and artifact correction, the 

“30-s phasic FDS” and the “FDS long muscle activity” had the highest specificity (85%) with AHIREM < 15/h. RWA indices were less reliable when AHIREM≥15/h.

Conclusions: If AHIREM<15/h, FDS muscular activity in whole REM sleep and without artifact correction is fast and reliable to rule out RWA.
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Statement of Significance

This study shows that, independently from the method used, automatically quantified rapid eye movement (REM) sleep without atonia 
(RWA) in the flexor digitorum superficialis muscles (FDS) alone can better discriminate patients with and without isolated REM sleep be-
havior disorder from controls compared to automatic RWA quantified in the mentalis/submentalis muscle alone. Furthermore, the study 
shows that automatic quantification of RWA in the FDS muscles alone, without manual selection of REM sleep periods nor artifact correc-
tion, is useful and reliable to rule out RWA when apnea-hypopnea index in REM sleep is below 15/h. Routine recording of FDS muscular 

activity in clinical practice will allow ruling out of RWA and make diagnostic procedures faster.
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Introduction

Rapid eye movement (REM) sleep behavior disorder (RBD) is a 
parasomnia characterized by loss of muscle atonia during REM 
sleep and dream enactment [1]. Isolated RBD (iRBD, i.e. RBD not 
associated with any other disease/condition) constitutes the 
early stage of an alpha-synucleinopathy (i.e. Parkinson’s disease, 
dementia with Lewy bodies, and multiple system atrophy) [2]. 
According to the third edition of the International Classification 
of Sleep Disorders (ICSD-3) [1], demonstration of rapid eye move-
ment (REM) sleep without atonia (RWA) is necessary to estab-
lish the diagnosis of RBD. Various manual [3–8] and automatic/
semi-automatic [9–18] methods to score RWA have been valid-
ated. While most of the proposed methods to score RWA use 
the chin (i.e. mentalis or submentalis) electromyography (EMG) 
signal alone, the Sleep Innsbruck Barcelona (SINBAR) group has 
shown that combining muscular activity in the mentalis and bi-
lateral upper extremities (i.e. flexor digitorum superficialis (FDS)) 
muscles increases diagnostic accuracy for RBD [6,19,20]. Because 
of this and of the extensive further validations of the method 
[6,20–22], the SINBAR montage has been reported in the ICSD-3 
as the most current evidence-based method to quantify RWA [1] 
and recently recommended by international guidelines [23].

The manual quantification of RWA according to the SINBAR re-
commendations is a time-consuming process. Among the attempts 
made to automatize RWA scoring [9–18], the company OSG (www.
osg.be) has developed, in collaboration with the Sleep Disorders 
Unit, Department of Neurology, Medical University of Innsbruck 
(Austria), the semi-automatic integrated BrainRT algorithm to 
score muscular activity in REM sleep according to the SINBAR re-
commendations, which has been previously validated [21]. Expert 
scorers manually identify portions of REM sleep where RWA should 
be quantified and the automatically identified muscular activ-
ities in these portions are manually corrected to remove artifacts, 
thus avoiding RWA over-quantification [21]. The semi-automated 
artifact-corrected SINBAR score has been previously used as refer-
ence method for RWA quantification in several studies [24–27].

Despite the semi-automatic procedure, the manual selec-
tion of the portions of REM sleep for RWA quantification and 
the manual artifact correction are time-consuming tasks. 
Therefore, RWA quantification is still cumbersome in everyday 
clinical practice and alternative faster but still reliable methods 
are needed. It has been recently shown that the mentalis EMG 
signal is particularly affected by artifacts and that the higher 
the apnea-hypopnea index in REM sleep (AHIREM), the higher is 
the number of artifacts that need to be manually removed in the 
mentalis muscle [26]. On the other side, it has been shown that 
FDS muscular activity is minimally affected by artifacts [21,26].

Based on these previous results, we hypothesized that auto-
matically identified FDS muscular activity might be used as a 
first and fast PSG screening tool to either rule out or to con-
firm RWA and that it is more precise for this purpose than 
muscular activity automatically identified in the mentalis. In 
order to evaluate this hypothesis, the current study presents an 
analysis and comparison of the diagnostic accuracy of several 
automatic and semi-automatic RWA indices which require less 
human intervention than the semi-automatic artifact-corrected 
RWA quantification proposed by the SINBAR group. Indices are 
obtained from the FDS muscles alone, the mentalis/submentalis 
muscle alone, and their combination. The influence of AHIREM on 
the diagnostic accuracy of these indices is also investigated.

Methods

Subjects

A total of 43 consecutive iRBD patients and 65 consecutive 
controls (i.e. patients referred to the sleep lab and who were 
diagnosed with other sleep disorders and did not have either 
isolated or secondary RBD) were investigated with one full-night 
video-polysomnography (v-PSG) at the Sleep Disorders Unit, 
Department of Neurology, Medical University Innsbruck, Austria 
[24]. Six iRBD patients underwent a second consecutive v-PSG 
night, as part of regular clinical investigations. Sleep diagnoses 
were made according to the ICSD-3 criteria [1] and quantifica-
tion of RWA was performed in all participants with the semi-
automated artifact-corrected 3-s SINBAR EMG activity index 
in REM sleep periods (RSPs, i.e. selected portions of REM sleep 
for RWA quantification), as described in Video-polysomnography. 
A  subject was considered to have RWA if such index was ex-
ceeding the cut-off of 31.9%.[6] All iRBD patients had RWA over 
this cut-off and exhibited RBD behaviors during v-PSG.

Several exclusion criteria were defined for this retro-
spective study: i) age < 50  years (as iRBD is more frequent 
over 50  years, and this is also the population that would be 
most likely screened for risk of alpha-synucleinopathy once 
neuroprotective treatments will be available); ii) cumulative 
duration of RSPs < 10 minutes (see Video-polysomnography for 
the exact  definition of RSPs); iii) electrical, gain saturation, 
other technical (such as loose or pulled cables) or ECG inter-
ference artifacts in either the mentalis, submentalis or in both 
FDS EMG channels in at least one REM sleep epoch (this strict 
criterion was defined to avoid any bias towards any of the RWA 
quantification methods described in RWA quantification with 
different automated and semi-automated methods); and iv) tech-
nical issues in importing v-PSGs in Matlab R2020b (which was 
used to implement some of the automatic RWA quantification 
methods described in RWA quantification with different automated 
and semi-automated methods). Figure 1 shows the details of how 
many subjects and v-PSGs were excluded from the initial co-
hort. The final cohort included 36 v-PSGs of 31 iRBD patients 
(i.e. five second-night v-PSGs were included) and 35 v-PSGs 
of as many controls. Of these controls, 25 had a diagnosis of 
sleep-disordered breathing with periodic limb movements 
during sleep (PLMS), three of sleep-disordered breathing, three 
of restless legs syndrome, and four of PLMS.

This retrospective study was approved by the ethical com-
mittee of the Medical University Innsbruck, Austria.

Video-polysomnography

V-PSG included recording of electroencephalography (EEG, with 
F3, F4, C3, C4, O1, O2, M1, and M2 electrodes), electrooculography 
(EOG, vertical and horizontal eye movements), EMG recorded 
at the mentalis (derivation ChinZ-Chin2, according to the 
American Academy of Sleep Medicine (AASM) manual [28]), 
submentalis (derivation Chin2-Chin1, according to the AASM 
manual [28]), bilateral FDS and bilateral tibialis anterior (TA) 
muscles, and cardiorespiratory signals (single lead electrocar-
diography (ECG), nasal airflow, tracheal microphone, thoracic 
and abdominal respiratory movements and transcutaneous 
oxygen saturation). EMG signals were recorded with sampling 
frequency of 1000 Hz. Sleep stages and respiratory events were 
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manually scored according to international criteria [28]. PLMS 
were scored with a validated software [29].

For each v-PSG, RWA was quantified with the validated 
artifact-corrected semi-automated BrainRT software according 
to the SINBAR criteria in 3-s mini-epochs included in RSPs [21], 
following the steps here explained.

First, an expert scorer (AS, blinded to sleep diagnoses) 
manually selected RSPs in REM sleep on the basis of 3-s mini-
epochs. A  RSP started at the beginning of the first 3-s mini-
epoch  including a rapid eye movement and continued until 
the end of the 3-s mini-epoch occurring right before a mini-
epoch including a sleep spindle, K-complex, and/or EEG signs 
of arousals or after three consecutive minutes without rapid 
eye movements [3,6]. Figure 2 and Supplementary Figure S1 
in the Supplemental Material present an example of start and 
end of a RSP, respectively. As an example, for the specific pa-
tient shown in Figure 2 and Supplementary Figure S1, a total 
of 194 30-s epochs of REM sleep (i.e. 1h37m) were scored ac-
cording to the international guidelines [28] and 14 RSPs were 
manually identified with the method described above. The 
selected RSPs had a length varying from 42s (i.e. 14 3-s mini-
epochs) to 19m42s (i.e. 394 3-s mini-epochs). The cumulative 
length of the RSPs for this patient was 1h26m03s (i.e. 1721 3-s 
mini-epochs).

After manual selection of 3-s mini-epochs, EMG signals were 
then filtered between 50 Hz and 300 Hz and the BrainRT software 
was run to identify phasic, tonic, and “any” muscular activity in 
the mentalis muscle and phasic activity in the FDS muscles in 
REM sleep according to the SINBAR criteria [6,21].

Finally, expert scorers (AH and EH, blinded to sleep diag-
noses) visually checked the automatically scored activations in 
the EMG channels included in RSPs and performed manual arti-
fact correction, which consisted in the manual removal of acti-
vations generated by e.g. technical issues, respiration, snoring, 
ECG, which were not recognized as muscular activity to be con-
sidered for RWA quantification [6,21].

The artifact-corrected (AC) 3-s SINBAR EMG activity index 
in RSPs (SINBAR3s,RSP,AC) was calculated as the percentage of 3-s 
mini-epochs included in RSPs with “any” mentalis and/or phasic 
activity in the left and/or right FDS muscles, after manual arti-
fact correction. A subject was considered to have RWA if such 
index was above 31.9% [6].

RWA quantification with different automated and 
semi-automated methods

In order to investigate our hypothesis, we computed RWA with 
different automatic and semi-automatic methods requiring less 
human intervention and being therefore less time-consuming 
than the reference method (i.e. SINBAR3s,RSP,AC). The indices were 
calculated considering FDS muscular activity alone, mentalis/
submentalis muscle activity alone, and their combination. The 
quantification was performed both in manually selected RSPs as 
well as in whole REM sleep (i.e. REM sleep scored in 30-s epochs 
according to international recommendations [28]) and with/
without manual artifact correction. With this approach, we could 
compare the diagnostic performances of different automated and 
semi-automated RWA quantification methods considering mus-
cular activity in different muscles. Despite TA muscular activity is 
routinely recorded during v-PSGs, we did not quantify RWA in the 
TA muscles, as it has been shown that TA muscular activity is less 
specific for RWA compared to FDS and mentalis muscles [6–8].

RWA indices according to SINBAR recommendations in REM sleep 
periods.  As previously described, the BrainRT software was 
used to score phasic, “any” and tonic activity in the mentalis 
muscle and phasic activity in the FDS muscles. Expert scorers 
performed artifact correction (see Video-polysomnography). The 
software was programmed to identify “any” and tonic activities 
only in the mentalis muscle and not in the submentalis one, as 
the mentalis is the derivation recommended by the AASM [28]. 
For each subject, we calculated the following RWA indices:

 • 3-s phasic mentalis EMG activity index with (phasic-M3s,RSP,AC) 
and without artifact correction (phasic-M3s,RSP): the percentage 
of 3-s mini-epochs in RSPs with phasic mentalis EMG activity, 
before and after manual artifact correction, respectively.

 • 3-s “any” mentalis EMG activity index with (any-M3s,RSP,AC) and 
without artifact correction (any-M3s,RSP): the percentage of 3-s 
mini-epochs in RSPs with “any” mentalis EMG activity, before 
and after manual artifact correction, respectively.

 • 30-s tonic mentalis EMG activity index with (tonic-M30s,RSP,AC) 
and without artifact correction (tonic-M30s,RSP): the per-
centage of complete 30-s REM sleep epochs included in RSPs 
scored as tonic, before and after manual artifact correction, 
respectively.

 • 3-s phasic FDS EMG activity index with (phasic-FDS3s,RSP,AC) and 
without artifact correction (phasic-FDS3s,RSP): the percentage of 
3-s mini-epochs in RSPs with phasic FDS EMG activity, be-
fore and after manual artifact correction, respectively. If one 
FDS channel had electrical, gain saturation, other technical 
or ECG artifacts, only the other one was used to obtain the 
phasic-FDS3s,RSP index.

 • 3-s SINBAR EMG activity index with (SINBAR3s,RSP,AC) and 
without artifact correction (SINBAR3s,RSP): the percentage of 3-s 
mini-epochs in RSPs with “any” EMG activity in the mentalis 
muscle and/or phasic EMG activity in at least one FDS muscle, 

Figure 1. Overview of how many subjects and v-PSGs were excluded from the 

initial cohort. The different exclusion criteria are reported together with how 

many subjects and v-PSGs were excluded. Legend: iRBD: isolated REM sleep be-

havior disorder; REM: rapid eye movement; v-PSG: video-polysomnography.
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before and after manual artifact correction, respectively. In 
the case one FDS channel had electrical, gain saturation, or 
other technical artifacts, only the other one was used to ob-
tain the SINBAR3s,RSP index. The SINBAR3s,RSP,AC index was used 
as reference method to quantify RWA (see Participants).

RWA indices according to SINBAR recommendations in whole REM 
sleep.  When considering whole REM sleep (i.e. REM sleep scored 
according to international guidelines [28]), the SINBAR group 
has validated cut-offs for RWA indices calculated on the basis 
of 30-s REM sleep epochs [6]. The automatically scored phasic, 
“any”, and tonic activity in the mentalis and phasic activity in 
the FDS muscles without manual artifact correction were used 
to compute the RWA indices described below.

 • 30-s phasic mentalis EMG activity index (phasic-M30s,REM): the 
percentage of 30-s REM sleep epochs with at least five 3-s 
mini-epochs with phasic mentalis EMG activity.

 • 30-s “any” mentalis EMG activity index (any-M30s,REM): the per-
centage of 30-s REM sleep epochs with at least five 3-s mini-
epochs with “any” mentalis EMG activity.

 • 30-s tonic mentalis EMG activity index (tonic-M30s,REM): the per-
centage of 30-s REM sleep epochs scored as tonic.

 • 30-s phasic FDS EMG activity index (phasic-FDS30s,REM): the per-
centage of 30-s REM sleep epochs with at least five 3-s mini-epochs 
with phasic activity in the left and/or right FDS EMG signal. In case 
of electrical, gain saturation, other technical or ECG artifacts in 
one FDS channel, only the other one was used for computation.

 • 30-s SINBAR EMG activity index (SINBAR30s,REM): the per-
centage of 30-s REM sleep epochs which had at least five 

3-s mini-epochs with “any” and/or phasic activity in the left 
and/or right FDS muscles. Also in this case, in presence of 
electrical, gain saturation, other technical or ECG artifacts in 
one FDS muscle, only the other one was used for analysis.

The indices were calculated only without manual artifact 
correction, because semi-automated artifact-corrected indices 
in 30-s epochs have not been validated against manual scoring 
[21]. Manual artifact correction is likely more challenging when 
scoring RWA in 30-s epochs, due to the inclusion of muscular ac-
tivity related to arousals, which is automatically excluded from 
RSPs. For this reason, we did not include artifact-corrected in-
dices in 30-s epochs.

REM atonia index.  The REM atonia index (RAI), proposed by 
Ferri et al.[9,10], is an automatic measure quantifying the level 
of atonia ranging from 0 (no atonia) to 1 (complete atonia). RAI 
calculated in the submentalis muscle has been extensively val-
idated to measure RWA and to identify patients with RBD [7–
10,30,31]. To calculate RAI for an EMG signal, the following steps 
are performed [9,10]: i) the EMG signal is filtered between 10 and 
100 Hz and a notch filter at 50 Hz is applied; ii) the signal is recti-
fied; iii) the signal is divided in 1-s windows for which the average 
rectified EMG amplitude is calculated; iv) from each 1-s window 
average rectified EMG amplitude, the minimum EMG ampli-
tude found in a moving window including the 60 surrounding 
windows is subtracted, thus obtaining a noise-corrected 
average rectified EMG amplitude for each 1-s window; v)  
RAI is calculated as the ratio between the percentage of 1-s win-
dows with noise-corrected average rectified EMG amplitude 

Figure 2. Example of start of a REM sleep period. The REM sleep periods selected for quantification of RWA are shown in blue and it can be seen that they are portions 

of REM sleep. The start of a REM sleep period is set at the beginning of the first 3-s mini-epoch where a rapid eye movement is present. Legend: EOG-H-L: left horizontal 

electrooculogram (EOG); EOG-H-R: right horizontal EOG; EOG-V-U: vertical upper EOG; EOG-V-D: vertical lower EOG; Neck-L: splenius capitis muscle left; Neck-R: sple-

nius capitis muscle right; Ment: mentalis muscle; Subment: submental EMG; ECG: electrocardiogram; FDS-L: left flexor digitorum superficialis (FDS) muscle; FDS-R: 

right flexor digitorum superficialis muscle; TIB-L: left anterior tibialis muscle; TIB-R: right anterior tibialis muscle; Cann: cannula; Thor: thorax; Abd: abdomen; Mic: 

microphone; EMG: electromyogram; REM: rapid eye movement; RWA: REM sleep without atonia.
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≤1μV and the percentage of 1-s windows with noise-corrected 
average rectified EMG amplitude ≤1μV or >2 μV.

In this work, we implemented this algorithm in Matlab 
R2020b and we derived the following RAI values for each subject:

 • RAI mentalis in RSPs (RAI-MRSP) and in whole REM sleep (RAI-
MREM): the RAI calculated for the mentalis muscle, consid-
ering the signal included in RSPs and in whole REM sleep, 
respectively.

 • RAI submentalis in RSPs (RAI-SMRSP) and in whole REM sleep 
(RAI-SMREM): the RAI calculated for the submentalis muscle, 
considering the signal included in RSPs and in whole REM 
sleep, respectively.

 • RAI FDS in RSPs (RAI-FDSRSP) and in whole REM sleep (RAI-
FDSREM): RAI was calculated for both FDS muscles, consid-
ering the signals included in RSPs and in whole REM sleep, 
respectively. The indices were calculated as the average RAI 
value across the two muscles if both were not affected by 
saturation or other technical artifacts. In case of one of the 
two muscles had electrical, gain saturation, other technical 
or ECG artifacts, only the other muscle was considered.

Short and long muscle activity indices.  Mayer et al. proposed an 
automatic method to identify short (<0.5s) and long (≥0.5s) mus-
cular activity during REM sleep [11]. The short and long muscle 
activity indices (SMI and LMI, calculated as the frequency of 
short and long muscle activity per hour of REM sleep, respect-
ively) have been validated for the mentalis and FDS muscles as 
measures of RWA to identify patients with RBD [11,12]. To auto-
matically score short and long muscular activity in one EMG 
signal, the following steps are performed [11]: i) the EMG signal 
is filtered between 10 Hz and 120 Hz; ii) the smoothed (0.025 s) 
lower and upper envelopes of the EMG signal are obtained; iii) 
the amplitude signal is calculated as the difference between 
the upper and lower envelopes; iv) the amplitude signal is 
smoothed over 200 s with a moving window; v) the threshold 
curve is obtained as twice the smoothed amplitude signal; vi) 
muscle activity is identified when the amplitude signal exceeds 
the threshold curve and clusters of muscle activity at distance 
<1 s are merged; vii) SMI is calculated as the number of short 
muscle activity (i.e. with duration <0.5s) per hour of REM sleep 
and LMI as the number of long muscle activity (i.e. with duration 
≥0.5s) per hour of REM sleep.

In this work, we implemented the algorithm in Matlab 
R2020b and calculated the following values for each subject:

 • Indices for the mentalis muscle: short and long muscular ac-
tivities were identified in the mentalis muscle. The SMI-MRSP, 
LMI-MRSP, and their combination (SMI&LMI-MRSP) were calcu-
lated in RSPs as the number of short, long, and any (i.e. short 
and long) muscle activity in the mentalis muscle per hour of 
sleep included in RSPs, respectively. Similarly, these indices 
were calculated also in whole REM sleep (SMI-MREM, LMI-MREM, 
and SMI&LMI-MREM).

 • Indices for the submentalis muscle: short and long mus-
cular activities were identified in the submentalis muscle. 
The SMI (SMI-SMRSP), LMI (LMI-SMRSP), and their combination 
(SMI&LMI-SMRSP) were calculated in RSPs as the number of 
short, long, and any (i.e. short and long) muscle activity in 
the submentalis muscle per hour of sleep included in RSPs, 
respectively. Similarly, these indices were calculated also in 
whole REM sleep (SMI-SMREM, LMI-SMREM, and SMI&LMI-SMREM).

 • Indices for the FDS muscles: muscle activities were iden-
tified separately for the left and right FDS muscles and 
then merged to calculate in RSPs the SMI (SMI-FDSRSP), LMI 
(LMI-FDSRSP), and their combination (SMI&LMI-FDSRSP) as the 
number of short, long, and any (i.e. short and long) muscle 
activity per hour of sleep included in RSPs, respectively. In 
case of electrical, gain saturation, other technical or ECG 
artifacts in one FDS muscle, only the other one was used to 
compute these indices. Similarly, these indices were calcu-
lated also in whole REM sleep (SMI-FDSREM, LMI-FDSREM, and 
SMI&LMI-FDSREM).

Evaluation of the discrimination power of the 
RWA indices

For each RWA index, we compared with Mann-U-Whitney tests the 
values obtained for iRBD patients and controls. Furthermore, for 
each index, we obtained the receiver operating characteristic curve 
(ROC) and calculated the area under the curve (AUC) to evaluate 
its discrimination power to distinguish iRBD patients from controls. 
These analyses were done for all v-PSGs, as well as for only the 
v-PSGs with AHIREM<15/h and the ones with AHIREM≥15/h. DeLong’s 
test was used to statistically compare the AUC values obtained for 
the different indices [32,33]. Benjamini-Hochberg procedure was 
used to correct p-values for multiple comparisons (false discovery 
rate set at 0.05). ROCs, AUCs computations, and DeLong’s tests were 
performed with an open-source Matlab user interface [32,34].

Previous studies have proposed cut-offs to identify RWA for 
the following indices: phasic mentalis EMG activity index (16.3% 
for 3-s mini-epochs included in RSPs and 10.6% for 30-s REM 
sleep epochs in whole REM sleep) [6], “any” mentalis EMG activity 
index (18.2% for 3-s mini-epochs included in RSPs and 14.5% for 
30-s REM sleep epochs in whole REM sleep) [6], tonic mentalis 
EMG activity index (9.6% for 30-s REM sleep epochs included in 
RSPs and 8.7% for 30-s REM sleep epochs in whole REM sleep) 
[6], phasic bilateral FDS EMG activity index (16.8% for 3-s mini-
epochs included in RSPs and 7.7% for 30-s REM sleep epochs 
in whole REM sleep) [6], SINBAR EMG activity index (31.9% for 
3-s mini-epochs included in RSPs and 27.2% for 30-s REM sleep 
epochs in whole REM sleep) [6], RAI in the submentalis muscle 
(0.8 and 0.9) [10], SMI in the mentalis muscle (90.1/h) [12], LMI 
in the mentalis muscle (43.1/h) [12], SMI in the FDS muscles 
(124.3/h) [12] and LMI in the FDS muscles (50.1/h) [12]. Using 
these cut-offs, we calculated the sensitivity and specificity of 
these RWA indices for identifying iRBD patients in our study 
sample. The analysis was done for all v-PSGs, and separately for 
the v-PSGs with AHIREM<15/h and the ones with AHIREM≥15/h.

Results

Cohort

The demographic and sleep information of the cohort are shown 
in Table 1, where they are reported for all v-PSGs and separately 
for v-PSGs with AHIREM<15/h and with AHIREM≥15/h.

RWA indices

The RWA indices are reported in Table 2. When considering all 
v-PSGs and v-PSGs with AHIREM<15/h, all RWA indices of iRBD 
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patients were always significantly higher compared to the ones 
of controls. When considering v-PSGs with AHIREM≥15/h, the 
values of RWA indices including the FDS muscles were always 
significantly higher for iRBD patients compared to controls. In 
contrast, many indices obtained for the mentalis/submentalis 
muscles alone (i.e. phasic-M3s,RSP, any-M3s,RSP, tonic-M30s,RSP, RAI-MRSP, 
LMI-MRSP, LMI-SMRSP, phasic-M30s,REM, any-M30s,REM, tonic-M30s,REM, RAI-
MREM, RAI-SMREM, LMI-MREM, and LMI-SMREM) where not significantly 
different between iRBD and controls for v-PSGs when AHI in 
REM sleep was ≥15/h.

AUC values

The values of AUC obtained from the ROC curves to distin-
guish iRBD patients from controls are reported in Table 3 and 
shown in Supplementary Figure S2. The p-values obtained by 
using DeLong’s test to compare AUCs are shown in Figure 3, 
when considering all v-PSGs, and in Supplementary Figures S3 
and S4 when considering v-PSGs with AHIREM<15/h and with 
AHIREM≥15/h, respectively. The SINBAR3s,RSP,AC index, being the ref-
erence method used for quantifying RWA and diagnosing RBD, 
had always AUC of 1.000, per definition. Detailed analyses of the 
AUC values are reported below.

All v-PSGs.  All RWA indices obtained from the FDS muscles 
alone (except SMI) had significantly higher AUC values compared 
to the vast majority of RWA indices calculated including the 
mentalis/submentalis muscles alone (Figure 3). The SINBAR3s,RSP 
and SINBAR30s,REM indices had significantly higher AUC values than 
most of the indices calculated from the mentalis/submentalis 
muscles alone. Thus, when considering all v-PSG, RWA indices 
calculated from FDS muscle only allowed to have significantly 
better discrimination between iRBD patients and controls than 
RWA indices obtained from the mentalis/submentalis muscle 
only.

v-PSGs with AHIREM<15/h.  The indices obtained from the FDS 
muscles and the non-artifact corrected SINBAR indices had very 
high values of AUCs (ranging from 0.987 to 1.000). However, des-
pite the RWA indices obtained from the FDS muscles alone had 
higher AUC values compared to all RWA indices calculated from 
the mentalis/submentalis muscle, no significant difference was 
observed (Supplementary Figure S3). The same was observed for 
both the non-artifact corrected SINBAR indices. This indicates 
that, for v-PSG with AHI in REM <15/h, all RWA indices have 
similar discrimination power.

v-PSGs with AHIREM≥15/h.  Supplementary Figure S4 shows that 
some RWA indices obtained from the FDS muscles alone (i.e. phasic-
FDS3s,RSP,AC, phasic-FDS3s,RSP, LMI-FDSRSP, SMI&LMI-FDSRSP, phasic-FDS30s,RSP, 
LMI-FDSREM, and SMI&LMI-FDSREM) had significantly higher AUC 
values than some of the RWA indices calculated from the mentalis/
submentalis muscles alone (i.e. phasic-M3s,RSP, RAI-MRSP, phasic-M30s,REM, 
RAI-MREM, RAI-SMRSP, RAI-SMREM), Only SMI calculated in the FDS 
muscles alone had lower AUC values than the same indices calcu-
lated in the mentalis/submentalis muscles (Table 3). The SINBAR3s,RSP 
index had significantly higher AUC value compared to phasic-M3s,RSP, 
phasic-M30s,REM, RAI-SMRSP, LMI-SMRSP, and RAI-SMREM (Supplementary 
Figure S4). The SINBAR30s,REM had significantly higher AUC value 
than only phasic-M30s,REM and RAI-SMRSP (Supplementary Figure S4). 
Therefore, in case of AHI in REM above 15/h, only some indices 
using FDS muscular activity allow to distinguish iRBD patients 

from controls significantly better than indices calculated consid-
ering muscular activity in the mentalis/submentalis muscle alone.

Additional analyses.  In the Supplemental Material (Section S1 
and Supplementary Figure S5), additional analyses report: i) dif-
ferences in AUCs between v-PSGs with AHIREM<15/h and with 
AHIREM≥15/h; ii) difference in AUCs between the indices com-
puted in RSPs and in whole REM sleep; and iii) differences in 
AUCs of the SINBAR indices with and without artifact correction. 
Briefly, such analyses show that: i) higher frequency of apneas 
and hypopneas in REM sleep generally reduces the discrimin-
ation power of RWA indices to identify iRBD patients, but the 
indices obtained from the FDS muscles alone are more robust 
than the ones obtained from the mentalis/submentalis muscles 
alone; ii) all RWA indices did not show significant difference in 
their discrimination power when computed in RSPs or in whole 
REM sleep; and iii) the discrimination power of the indices pro-
posed by the SINBAR group did not change significantly when 
performing or not artifact correction.

Sensitivity and specificity

The values of sensitivity and specificity to identify iRBD patients 
obtained when using the previously proposed cut-offs are re-
ported in Table 4 and shown in Supplementary Figure S6. The 
SINBAR3s,RSP,AC index, being the reference method used for diag-
nosis of RBD, had always sensitivity and specificity of 100%. 
Some detailed analyses are presented below.

Analysis of the performances of different RWA indices.  The RWA in-
dices obtained from the FDS muscles alone allowed identifying 
iRBD patients with 100.0% sensitivity. The specificity of these in-
dices was noninferior to the one of the indices obtained from 
the mentalis/submentalis muscle alone. The only exception 
was observed for SMI-FDSRSP and SMI-FDSREM for v-PSGs with 
AHIREM<15/h, which had both specificity of 70.0%, which was 10% 
lower than the lowest specificity of RWA indices obtained from 
the mentalis/submentalis muscle alone. Among the different 
RWA indices obtained from the FDS muscles alone, the phasic-
FDS30s,REM and the LMI-FDSREM (both obtained without manual 
selection of REM sleep periods and artifact correction) had spe-
cificity of 85.0% for v-PSGs with AHIREM<15/h. Thus, the phasic-
FDS30s,REM and the LMI-FDSREM, which require only traditional 
scoring of REM sleep epochs, allowed to identify with high sensi-
tivity and specificity iRBD patients with AHI in REM sleep lower 
than 15/h.

Both non-artifact corrected SINBAR indices had also 100% 
sensitivity. For the one calculated in RSPs (i.e. SINBAR3s,RSP), speci-
ficity was high (95%) for v-PSGs with AHIREM<15/h, but low (26.7%) 
for v-PSGs with AHIREM≥15/h. The index calculated in whole REM 
sleep (i.e. SINBAR30s,REM) had low specificity (40% for v-PSGs with 
AHIREM<15/h and 0% for v-PSGs with AHIREM≥15/h). These results 
indicate that the non-artifact corrected 3-s SINBAR EMG activity 
index in RSPs is a reliable RWA quantification method when 
AHIREM<15/h.

Concerning the indices obtained from the mentalis/
submentalis EMG channels only, the artifact-corrected phasic, 
“any” and tonic EMG activity indices in REM sleep periods were 
always 100% specific for identification of iRBD patients. For 
v-PSGs with AHIREM<15/h, the indices obtained from the mentalis/
submentalis muscle only had specificity generally higher than 
90%, thus indicating that all methods are very specific in case 
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of AHI in REM sleep lower than 15/h. The highest sensitivity was 
observed for LMI-MREM (96.3%), followed by LMI-MRSP (88.9%) and 
phasic-M30s,REM (85.0%). For v-PSGs with AHIREM≥15/h, the RWA in-
dices obtained from the mentalis/submentalis muscle only gen-
erally showed moderate to high sensitivity values, but low to 
moderate specificity values.

Additional analyses.  In the Supplemental Material (Section 
S2 and Supplementary Figures S7–S9), additional analyses 
report: i) differences in sensitivity and specificity between 
v-PSGs with AHIREM<15/h and with AHIREM≥15/h; ii) difference 
in sensitivity and specificity between the indices computed 
in RSPs and in whole REM sleep; and iii) differences in differ-
ence in sensitivity and specificity of the SINBAR indices with 
and without artifact correction. Briefly, such analyses show 
that: i) increased frequency of apneas and hypopneas in REM 
sleep make most of the RWA indices less specific for identifi-
cation of iRBD patients; ii) the RWA indices obtained from the 
FDS muscles alone were the ones showing the most similar 
values of sensitivity and specificity when computed in RSPs 
or in whole REM sleep; and iii) for the indices proposed by the 
SINBAR group, artifact correction is fundamental to avoid RWA 
over-quantification in case of AHI in REM sleep over 15/h, and 
artifact correction did not change the performances of the 
phasic FDS EMG activity index when AHI in REM sleep is lower 
than 15/h, thus demonstrating the robustness of FDS mus-
cular activity to artifacts.

Discussion
Based on the fact that semi-automatic quantification of RWA ac-
cording to the SINBAR recommendations is a precise, but time-
consuming process, the aim of this study was to investigate 
other (semi)-automated methods with less human intervention 
to identify a fast but still reliable RWA quantification method. 
Since FDS muscular activity is minimally affected by artifacts, 
we hypothesized that automatically identified muscular activity 
in the FDS muscles alone can be used as a fast screening tool 
in clinical practice to either rule out or confirm RWA. The main 
results of our analyses are the following: i) RWA indices calcu-
lated from the FDS muscles alone have higher AUC values com-
pared to the RWA indices including the mentalis/submentalis 
muscle; ii) when using previously proposed cut-offs, the RWA 
indices obtained from the FDS muscles alone had 100% sensi-
tivity and specificity not inferior to the specificity of RWA in-
dices obtained from the mentalis/submentalis muscle alone; iii) 
when performing only manual selection of RSPs (but not artifact 
correction), the 3-s SINBAR EMG activity index had 100.0% sen-
sitivity and 95.0% specificity to identify iRBD patients in case 
of AHIREM<15/h; iv) when performing only traditional scoring 
of REM sleep (i.e. without additional manual selection of RSPs 
nor artifact correction), the 30-s phasic FDS EMG activity index 
(phasic-FDS30s,REM) and the long muscle activity index (LMI-FDSREM) 
allowed to identify iRBD patients with 100.0% sensitivity and 
85.0% specificity in case of AHI in REM sleep lower than 15/h.

Based on these findings, we suggest the following step-wise 
approach to quickly rule out RWA in clinical practice in subjects 
with AHIREM<15/h:

 i) Check whether saturation, electrical or other technical and 
ECG artifacts affect the FDS channels in scored REM sleep;

 ii) If at least one FDS channel has none of these artifacts in 
REM sleep, compute the phasic-FDS30s,REM or the LMI-FDSREM 
RWA indices;

 iii) If the indices are below the respective previously pub-
lished cut-offs (i.e. 7.7% for phasic-FDS30s;REM and 50.1/h 
for LMI-FDSREM), RWA can be ruled out. Otherwise, quan-
tify RWA in REM sleep periods according to the SINBAR 
recommendations (including manual artifact correction) 
by combining “any” mentalis and phasic FDS muscular ac-
tivity to definitely assess RWA [6].

Such approach has two main advantages: i) due to the 100% 
sensitivity, no patient with RWA is missed; and ii) there is only 
a relatively little number of false positives subjects, for which 
RWA can be ruled out by quantifying RWA according to the 
SINBAR recommendations.

This study is the first to analyze the diagnostic accuracy of 
FDS muscles when used alone compared to the reference SINBAR 
method. One previous study compared the diagnostic accuracy of 
different RWA quantification methods in Parkinson's disease pa-
tients when the SINBAR method applied to 30-s epochs in whole 
REM sleep was used as reference [31], but diagnostic accuracy of 
the FDS muscles alone was not analyzed in this study. Another 
previous study compared different automated RWA quantification 
methods [16], but also in that case no analysis was performed for 
FDS muscular activity alone, due to absence of FDS recording.

When considering all v-PSGs, the AUC analyses indicate that, 
independently from the automatic/semi-automatic method 
used, muscular activity in the FDS muscles alone was gener-
ally significantly more discriminative than muscular activity in 
the mentalis/submentalis muscle alone. When the v-PSGs were 
separated into the ones with AHIREM<15/h and AHIREM≥15/h, the 
RWA indices from the FDS muscles alone had generally higher 
AUC values compared to the RWA indices obtained from the 
mentalis/submentalis muscle alone, but significance was only 
very seldom observed, probably because of the limited amount 
of v-PSGs included in the analyses. Furthermore, the RWA in-
dices obtained from the FDS muscle alone had generally higher 
AUC values (even if not significantly higher) than the non-
artifact corrected SINBAR EMG activity indices. This indicates 
that, when not performing manual artifact correction, the FDS 
muscles alone has higher discrimination power than the com-
bination of mentalis and FDS muscles, probably because of the 
higher number of artifacts in the mentalis muscle compared to 
the FDS [26].

Previous validations of the RAI calculated in the submentalis 
muscle showed that sensitivity to identify iRBD patients ranged 
between 74.3% and 96% and specificity ranged between 51% and 
92.3% when using the cut-off of 0.9 [10,30,35]. When using in-
stead the cut-off of 0.8, the sensitivity ranged between 38.5% 
and 84%, and the specificity between 81% and 100% [10,30]. 
When considering RAI calculated in whole REM sleep, our re-
sults are within these ranges, thus confirming previous reports 
of the discrimination ability of RAI. A cut-off for RAI has never 
been proposed when applied to the FDS muscles, therefore we 
could not calculate its sensitivity and specificity. However, the 
AUC values obtained for RAI in the FDS are higher than the ones 
obtained for the mentalis/submentalis muscle, thus indicating 
that RAI calculated in the FDS muscles has higher discrimin-
ation power than in the mentalis/submentalis muscles to iden-
tify iRBD patients.
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Table 3. Values of area under the receiver operating characteristic curves to distinguish iRBD patients from controls

Category RWA index All v-PSGs
V-PSGs with 
AHIREM<15/h

V-PSGs with 
AHIREM≥15/h

According to SINBAR group in REM sleep 
periods with artifact correction

phasic-M3s,RSP,AC 0.835  
[0.698–0.927]

0.831  
[0.668–0.931]

0.852  
[0.425–0.992]

any-M3s,RSP,AC 0.885  
[0.773–0.955]

0.916  
[0.780–0.985]

0.815  
[0.434–0.970]

tonic-M30s,RSP,AC 0.789  
[0.659–0.868]

0.833  
[0.721–0.923]

0.748  
[0.514–0.933]

phasic-FDS3s,RSP,AC 0.997  
[0.980–1.000]

1.000  
[1.000–1.000]

0.993  
[0.888–1.000]

SINBAR3s,RSP,AC [reference] 1.000  
[1.000–1.000]

1.000  
[1.000–1.000]

1.000  
[1.000–1.000]

According to SINBAR group in REM sleep 
periods without artifact correction

phasic-M3s,RSP 0.782  
[0.654–0.883]

0.948  
[0.836–0.989]

0.593  
[0.342–0.824]

any-M3s,RSP 0.814  
[0.687–0.890]

0.952  
[0.849–0.988]

0.711  
[0.391–0.911]

tonic-M30s,RSP 0.779  
[0.668–0.869]

0.844  
[0.710–0.927]

0.711  
[0.426–0.926]

phasic-FDS3s,RSP 0.997  
[0.984–1.000]

1.000  
[1.000–1.000]

0.993  
[0.899–1.000]

SINBAR3s,RSP 0.978  
[0.928–0.996]

1.000  
[1.000–1.000]

0.941  
[0.680–1.000]

According to SINBAR group in whole 
REM sleep without artifact correction

phasic-M30s,REM 0.753  
[0.610–0.855]

0.927  
[0.798–0.977]

0.563  
[0.297–0.812]

any-M30s,REM 0.761  
[0.635–0.856]

0.926  
[0.829–0.982]

0.637  
[0.322–0.883]

tonic-M30s,REM 0.764  
[0.639–0.862]

0.861  
[0.731–0.940]

0.704  
[0.411–0.899]

phasic-FDS30s,REM 0.995  
[0.966–1.000]

1.000  
[1.000–1.000]

0.993  
[0.906–1.000]

SINBAR30s,REM 0.963  
[0.863–0.993]

1.000  
[1.000–1.000]

0.896  
[0.654–1.000]

RAI in REM sleep periods RAI-MRSP 0.799  
[0.669–0.887]

0.963  
[0.862–1.00]

0.670  
[0.367–0.895]

RAI-SMRSP 0.821  
[0.704–0.899]

0.946  
[0.847–0.985]

0.770  
[0.510–0.919]

RAI-FDSRSP 0.992  
[0.963–1.000]

0.999  
[0.977–1.000]

0.989  
[0.890–1.000]

RAI in whole REM sleep RAI-MREM 0.795  
[0.669–0.884]

0.943  
[0.818–0.989]

0.659  
[0.342–0.888]

RAI-SMREM 0.809  
[0.690–0.867]

0.927  
[0.811–0.976]

0.733  
[0.431–0.924]

RAI-FDSREM 0.988  
[0.946–1.000]

0.997  
[0.969–1.000]

0.985  
[0.824–1.000]

SMI in REM sleep periods SMI-MRSP 0.850  
[0.721–0.930]

0.922  
[0.751–0.985]

0.793  
[0.544–0.952]

SMI-SMRSP 0.844  
[0.712–0.923]

0.867  
[0.688–0.959]

0.859  
[0.549–0.963]

SMI-FDSRSP 0.894  
[0.777–0.959]

0.981  
[0.904–0.998]

0.785  
[0.529–0.943]

SMI in whole REM sleep SMI-MREM 0.863  
[0.746–0.929]

0.937  
[0.790–0.990]

0.807  
[0.531–0.948]

SMI-SMREM 0.846  
[0.711–0.928]

0.879  
[0.684–0.962]

0.830  
[0.527–0.958]

SMI-FDSREM 0.917  
[0.804–0.970]

0.987  
[0.926–1.000]

0.815  
[0.571–0.951]

LMI in REM sleep periods LMI-MRSP 0.868  
[0.753–0.935]

0.967  
[0.880–1.000]

0.704  
[0.357–0.905]

LMI-SMRSP 0.846  
[0.711–0.919]

0.965  
[0.878–0.995]

0.681  
[0.422–0.870]

LMI-FDSRSP 0.996  
[0.976–1.000]

1.000  
[1.000–1.000]

0.993  
[0.914–1.000]
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The only study where SMI, LMI, and SMI&LMI were validated 
showed that for the mentalis muscle the sensitivity and spe-
cificity were 85% and 83.3% for SMI, and 75% and 80% for LMI, 
respectively [12]. When considering the FDS muscles, sensitivity 
and specificity were 75% and 90% for SMI and 80% and 80% for 
LMI, respectively [12]. In our cohort, these indices calculated in 
whole REM sleep had generally lower specificity than in that 
study. This could be explained by different type of patients in-
cluded as controls.

In 2012 the SINBAR group proposed the cut-offs for phasic 
mentalis, “any” mentalis, tonic mentalis, and phasic FDS EMG ac-
tivity to identify RBD patients with 100% specificity [6]. Our results 
show that 100% specificity was achieved for the artifact corrected 
indices obtained for the mentalis muscle only, thus confirming 
that the previously proposed cut-offs are highly specific to iden-
tify patients with RWA. For the phasic FDS EMG activity, 100% sen-
sitivity (but not 100% specificity) was achieved when using the 
previously validated cut-off. This might seem in contradiction 
with a previous report, where some iRBD patients had phasic FDS 
activity below the respective cut-off [20]. However, the cut-offs 
proposed by the SINBAR group were based on manual scoring of 
muscular activity and the BrainRT algorithm might be more sen-
sitive than the human eye to recognize short bursts of muscular 
activity in the FDS muscles. This could explain why the automatic 
phasic FDS EMG activity index had 100% sensitivity. Our results 
show that the tonic mentalis EMG activity index was very spe-
cific, but not sensitive to identify patients with iRBD. In particular, 
sensitivity was lower compared to the study where the algorithm 
was validated [21]. This might be due to the fact that only few 
iRBD patients had tonic activity and that the cut-off proposed by 
the SINBAR group was based on a mixed population, including 
iRBD patients and Parkinson’s disease patients with RBD, who 
had significantly higher tonic activity than iRBD patients [6]. It has 
been shown that tonic activity increases over time both in iRBD 

patients [36] and in patients with overt alpha-synucleinopathies 
[25]. Therefore, the originally proposed cut-off for tonic activity by 
the SINBAR group might have been influenced by the inclusion of 
subjects with advanced iRBD and/or Parkinson’s disease.

Our analyses allow also to compare the discrimination cap-
abilities of the RWA indices when computed in manually selected 
RSPs or in whole REM sleep. Compared to scoring RWA in whole 
REM sleep, RWA scoring in RSPs allows to systematically exclude 
arousals and to have a more meticulous identification of the areas 
to be used for RWA quantification. For RAI, SMI, LMI, and SMI&LMI 
indices, when calculated in whole REM sleep, the AUCs of the RWA 
indices were not significantly different than when computed in 
RSPs. When using previously proposed thresholds, the sensitivity 
and specificity were also similar. These results are in line with a 
previous comparative study [16]. For the RWA indices proposed by 
the SINBAR group, both selection of RSPs, as well as manual arti-
fact correction, need to be taken into account when comparing 
the performances. No significant differences were seen in the 
AUC values, thus indicating that the indices have similar discrim-
ination capabilities. However, when using previously proposed 
cut-offs, for the RWA indices calculated considering the mentalis 
muscle, the manual selection of REM sleep epochs and manual 
artifact correction increased the specificity for identification of 
iRBD patients. Instead, the phasic FDS EMG activity index had 
generally similar performances when calculated in RSPs, in whole 
REM sleep, and when performing or not manual artifact correction. 
This further proves that muscular activity in the FDS muscle is a 
reliable measure of RWA [26], less influenced by artifacts. Finally, 
it should be further remarked that, in RSPs and for v-PSGs with 
AHIREM<15/h, the non-artifact corrected 3-s SINBAR EMG activity 
index had 100% sensitivity and 95% specificity. This indicates that, 
if automatic methods will be developed to select RSPs, the auto-
matic SINBAR index without artifact correction should be used for 
fast and precise screening of RWA in patients with AHIREM <15/h.

Category RWA index All v-PSGs
V-PSGs with 
AHIREM<15/h

V-PSGs with 
AHIREM≥15/h

LMI in whole REM sleep LMI-MREM 0.868  
[0.764–0.937]

0.963  
[0.880–1.000]

0.741  
[0.375–0.911]

LMI-SMREM 0.869  
[0.757–0.936]

0.969  
[0.866–0.995]

0.741  
[0.440–0.926]

LMI-FDSREM 0.995  
[0.968–1.000]

1.000  
[1.000–1.000]

0.985  
[0.866–1.000]

SMI&LMI in REM sleep periods SMI&LMI-MRSP 0.869  
[0.759–0.937]

0.954  
[0.814–0.996]

0.807  
[0.512–0.954]

SMI&LMI-SMRSP 0.853  
[0.728–0.931]

0.917  
[0.765–0.977]

0.829  
[0.556–0.963]

SMI&LMI-FDSRSP 0.982  
[0.941–0.994]

1.000  
[1.000–1.000]

0.948  
[0.772–1.000]

SMI&LMI in whole REM sleep SMI&LMI-MREM 0.882  
[0.776–0.947]

0.961  
[0.835–1.000]

0.822  
[0.528–0.956]

SMI&LMI-SMREM 0.863  
[0.744–0.935]

0.928  
[0.805–0.978]

0.837  
[0.534–0.963]

SMI&LMI-FDSREM 0.987  
[0.948–0.998]

1.000  
[1.000–1.000]

0.948  
[0.765–1.000]

The values are shown as point estimates together with the 95% confidence intervals, which were obtained with 1,000 bootstrap replicas. 

AC: artifact corrected; AHIREM: apnea-hypopnea index in REM sleep; FDS: flexor digitorum superficialis; LMI: long muscle activity index; M: mentalis; RAI: REM 

atonia index; REM: rapid eye movement sleep; RSP: REM sleep period; SM: submentalis; SMI: short muscle activity index; SINBAR: Sleep Innsbruck Barcelona; v-PSG: 

video-polysomnography.

Table 3. Continued
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RWA indices were generally less specific for v-PSGs with 
AHIREM≥15/h than with AHIREM<15/h. Considering also our pre-
vious findings that the number of artifacts in the mentalis 
muscle increases linearly with AHIREM [26], our results further 
substantiate recent recommendations stating to perform RWA 
quantification only when AHIREM<15/h [23]. Therefore, positive 
airway pressure treatment should be sought in order to avoid 
over-quantification and less reliable RWA quantification, as well 
as to avoid possible mimics of RBD due to movements related to 
respiratory events [37].

Recording of FDS muscular activity is still not routinely per-
formed in clinical practice, despite many studies have shown 
its diagnostic utility in the context of RBD [6,19,20]. Our results 
demonstrate another additional practical benefit of recording 
muscular activity in the FDS muscles, as automatic FDS ana-
lysis would allow not to miss any patient with RWA. It should 
be pointed out that a visual analysis of the FDS muscles is al-
ways recommended before calculating the automated indices. 
Despite rare, excessive fragmentary myoclonus as well as respir-
ation artifacts might affect the FDS channels.

The proposed fast screening using automatic analysis of FDS 
muscular activity might be particularly useful in the context of 
identification of patients with isolated RWA (iRWA). This is rele-
vant because increasing reports are showing that iRWA likely 
represents the prodromal stage of iRBD and therefore a very 
early stage of alpha-synucleinopathies [2,38–40].

However, our findings should not be interpreted in the 
strict sense that the RWA quantification should be performed 
only considering FDS muscular activity. The combination 
of mentalis and FDS muscular activity in REM sleep periods 
should still be considered as the gold standard for a definite 
identification of RWA. Furthermore, RWA quantification in 
the mentalis/submentalis muscle is relevant, as muscular ac-
tivity in the mentalis/submentalis has been proven to in-
crease over time [36] and to be a marker of conversion to overt 
alpha-synucleinopathies [41–43], while no study has evaluated 
whether muscular activity in the FDS muscles can also be con-
sidered useful as biomarker of progression and/or conversion to 
an overt alpha-synucleinopathies.

Our study has a number of limitations. First, we included a 
similar amount of v-PSG of iRBD patients and controls, however, 
iRBD patients and controls are not equally represented in the typ-
ical population of a sleep lab, due to the relatively low prevalence 
of RBD [44]. Second, we included only patients with iRBD and none 
with RBD associated to overt alpha-synucleinopathies, narcolepsy, 
or other diseases. The utility of muscular activity quantification 
in the FDS alone as a screening method for RWA quantification 
should be evaluated in the future in a study population represen-
tative of a typical sleep lab cohort, as well as including patients 
with RBD associated with other pathologies. In particular, the 
findings here reported should be validated in patients with RBD 
associated with overt alpha-synucleinopathies. Third, we imple-
mented the automatic RAI, SMI, LMI, and SMI&LMI by following 
the descriptions of the algorithms described in the original pub-
lications [9–11], but we did not have access to the original code of 
the methods. Thus, there might be small implementation differ-
ences between the methods here used and the original described 
methods. Fourth, significant difference on gender distribution 
as well as on antidepressant intake between iRBD patients and 
controls was found. While we decided to have age-matched 
groups and only patients over 50 years due the importance of a SM
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correct diagnosis of iRBD in such population, we did not aim at 
having gender and antidepressant-matched groups. This is be-
cause higher male prevalence is usually seen in iRBD cohorts [45] 
and because the role of antidepressants in RBD patients in the 
context of progression to an overt alpha-synucleinopathy is still 
not clear [2].

In conclusion, our study shows that automatic analysis of 
muscular activity in the FDS muscles (i.e. performed in whole 
REM sleep and without artifact correction) can be used as a first 
screening tool to rule out RWA for subjects with AHIREM<15/h. 
Automatic RWA quantification is instead not recommended for 
subjects with AHIREM≥15/h. However, the final RWA quantifica-
tion as part of a certain RBD diagnosis should still be performed 
combining FDS and mentalis muscular activity in RSPs and 

carefully correcting for possible artifacts. Our results underline 
the importance of including recording of FDS muscular activity 
in the clinical routine, as it can provide a fast and preliminary 
measure to rule out RWA and make diagnostic procedures faster.
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Supplementary material is available at SLEEP online.
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Figure 3. P-values obtained for pairwise comparison of area under the receiver operating characteristic curve values. All-v-PSGs were included. The color code used 

is shown in the legend. Dark red = p < .001; red = p < .01; orange = p < .05; light yellow = p ≥ .05; white = p not calculated. Legend: AC: artifact corrected; AHIREM: 

apnea-hypopnea index in REM sleep; FDS: flexor digitorum superficialis; LMI: long muscle activity index; M: mentalis; RAI: REM atonia index; REM: rapid eye move-

ment sleep; RSP: REM sleep period; RWA: REM sleep without atonia; SM: submentalis; SMI: short muscle activity index; SINBAR: Sleep Innsbruck Barcelona; v-PSG: 

video-polysomnography.
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