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Abstract

Study Objectives: The differentiation of isolated rapid eye movement (REM) sleep behavior disorder (iRBD) or its prodromal phase (prodromal
RBD) from other disorders with motor activity during sleep is critical for identifying a-synucleinopathy in an early stage. Currently, definite
RBD diagnosis requires video polysomnography (vPSG). The aim of this study was to evaluate automated 3D video analysis of leg movements
during REM sleep as objective diagnostic tool for iRBD.

Methods: A total of 122 participants (40 iRBD, 18 prodromal RBD, 64 participants with other disorders with motor activity during sleep) were
recruited among patients undergoing vPSG at the Sleep Disorders Unit, Department of Neurology, Medical University of Innsbruck. 3D videos
synchronous to vPSG were recorded. Lower limb movements rate, duration, extent, and intensity were computed using a newly developed
software.

Results: The analyzed 3D movement features were significantly increased in subjects with iRBD compared to prodromal RBD and other disorders
with motor activity during sleep. Minor leg jerks with a duration < 2 seconds discriminated with the highest accuracy (90.4%) iRBD from other motor
activity during sleep. Automatic 3D analysis did not differentiate between prodromal RBD and other disorders with motor activity during sleep.

Conclusions: Automated 3D video analysis of leg movements during REM sleep is a promising diagnostic tool for identifying subjects with
iRBD in a sleep laboratory population and is able to distinguish iRBD from subjects with other motor activities during sleep. For future
application as a screening, further studies should investigate usefulness of this tool when no information about sleep stages from vPSG is
available and in the home environment.

Statement of Significance

Isolated rapid eye movement (REM) sleep behavior disorder (iRBD) is an early phase a-synucleinopathy. Its recognition is therefore of ut-
most importance, particularly considering that neuroprotective drugs might become available in the next few years. The gold standard for
iRBD diagnosis, video polysomnography, is costly and time consuming. Therefore, we evaluated automated 3D video analysis of leg move-
ments during REM sleep for identifying iRBD and its prodromal phase and for distinguishing them from mimics. Minor leg jerks with a dur-
ation < 2 seconds discriminated with high accuracy (90.4%) iRBD from other motor activity during sleep. Further studies should investigate

usefulness of this tool when no information about sleep stages is available and in home settings.
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Introduction

Rapid eye movement (REM) sleep behavior disorder (RBD) is
characterized by abnormal behaviors during REM sleep and the
loss of physiological muscle atonia during REM sleep (REM sleep
without atonia [RWA]) [1]. The resulting REM sleep behaviors
range from brief twitches to complex movements, in which af-
fected subjects may inflict injuries to themselves and/or their
bedpartners [2]. Isolated RBD (iRBD)—i.e. RBD in the absence of
associated comorbidities—is now widely recognized as an early-
stage a-synucleinopathy [3].

A precursory state of RBD (prodromal RBD), where symptoms
and signs are presents but do not yet fulfill diagnostic criteria
for RBD, has been proposed [3-5]. Originally, this state has been
called “subclinical RBD” by Schenck et al. and defined as “either
PSG abnormalities alone” (i.e. isolated RWA) “or with non-clinical
behaviors in REM sleep, such as limb twitching and jerking, and
simple behaviors.” [5] For long time prodromal RBD has not been
a main focus of research, and its evolution over time is still
not completely clarified. Hypothetically, there is a complex set
of possibilities, ranging from partial or complete resolution to
progression to iRBD or overt a-synucleinopathy (passing or not
through the stage of iRBD). More recently, a continuous evolu-
tion from initially normal REM sleep with preserved atonia to
prodromal RBD, gradually further progressing into iRBD, and
eventually RBD with clinically overt a-synucleinopathy has been
suggested [3, 4]. Although more evidence is needed, several re-
cent studies increasingly support this concept [6-9].

An accurate diagnosis of iRBD or even prodromal RBD and
their distinction from other disorders with motor manifest-
ations during sleep is critical for identifying a-synucleinopathy
in an early stage. This is of utmost relevance in the light of pos-
sible future availability of neuroprotective drugs, which would
probably have a higher effect in earlier disease stages.

Currently, definite diagnosis of RBD requires video
polysomnography (vPSG), demonstrating the presence of RWA
[1]. This is a costly examination not widely available. Moreover,
RBD might be overseen in sleep centers not experienced in this
condition or focused on breathing disorders during sleep, but
not on motor disorders or neurological aspects of sleep. To over-
come these limitations, automated systems for RBD detection
have been developed during the last years. These focused mainly
on computerized electromyography (EMG) analysis for quan-
tification of EMG activity during REM sleep [10-13]. However,
these require EMG recording and are therefore not suitable as
large-scale screening methods. Moreover, the presence of RWA
might represent prodromal RBD or iRBD (if associated with RBD
behaviors in the video), and quantification of motor activity
using EMG alone cannot distinguish between these two condi-
tions. An automated system able to detect RBD behaviors based
on video recordings would overcome these limitations.

Automated 3D video analysis allows a contactless and thus
noninvasive assessment of a person’s movements during sleep.
Moreover, in contrast to EMG, video analysis is not limited to
specific muscles or body parts. The usefulness of 3D video ana-
lysis has already been demonstrated in detecting sleep apnea
[14-16], periodic leg movements during sleep [17], and sleeping
pose recognition [18]. Aim of this study was to examine the
usefulness of automated 3D video analysis of leg movements
during REM sleep as a diagnostic tool for prodromal RBD and
iRBD. We hypothesized that subjects with iRBD and possibly pro-
dromal RBD can be distinguished from patients with other sleep

disorders with motor manifestations during sleep based on 3D
video analysis of lower limbs movements during REM sleep. To
this aim, 3D video and vPSG data from a sleep laboratory sample
of patients with different sleep disorders with motor manifest-
ations during sleep were recorded and analyzed.

Materials and Methods
Participants

Participants were prospectively recruited among patients
undergoing 8-hour vPSG at the Sleep Disorders Unit of the
Department of Neurology, Medical University of Innsbruck,
diagnosed with a sleep disorder known to go along with motor
manifestations during sleep. Accordingly, a total of 122 parti-
cipants were included: 40 patients with iRBD, 18 patients with
prodromal RBD, and 64 patients with other sleep disorders. iRBD
was diagnosed according to the ICSD-3 criteria [1]. Prodromal
RBD was defined as the presence of RWA in the SINBAR mon-
tage [19] exceeding the SINBAR cutoff [20], and/or the presence
of a number of movements during REM sleep exceeding 34.7/h.
As prodromal RBD is a new concept and values for movements
during REM sleep differentiating prodromal RBD from normal
REM sleep are not defined, this cutoff was selected because it
represents the 90th percentile of published normative values of
movements per hour during REM sleep in healthy subject [21].
The group of patients with other sleep disorders included sleep
apnea (n = 11), periodic limb movements during sleep (PLMS;
n = 4), sleep apnea with PLMS (n = 44), and restless legs syn-
drome (n = 5). These sleep disorders were diagnosed according
to standard criteria [22, 23]. Exclusion criteria were the presence
of secondary RBD (i.e. RBD associated with a neurological con-
dition such as Parkinson’s disease, dementia with Lewy bodies,
multiple system atrophy or narcolepsy), a total duration of REM
sleep below 5 min, and faulty recordings due to technical issues.
Since both PLMS and sleep apnea are common comorbidities in
patients with RBD, their presence in the iRBD and prodromal
RBD groups did not represent an exclusion criteria [19, 24].

The study was approved by the ethics committee of the
Medical University of Innsbruck, Austria. All participants gave
their written informed consent prior to inclusion in the study.

Video polysomnography

vPSG was performed according to the American Academy
of Sleep Medicine (AASM) guidelines [23] and consisted of
electrooculography, electroencephalography (F3, F4, C3, C4,
01, 02, M1, and M2 electrodes), cardiorespiratory recording
(single channel electrocardiography, recording of nasal air flow
[thermocouple], nasal pressure cannula, tracheal microphone,
thoracic and abdominal respiratory movements [piezo], trans-
cutaneous oxygen saturation), and EMG including the mental,
submental, both anterior tibialis muscles, and both flexor
digitorum superficialis muscles. Time-synchronized digital
videography was recorded with an infrared camera (Sony IPELA
SNC-VM600B).

Leg movements were recorded according to the AASM criteria,
using surface electrodes placed longitudinally and symmetrically
around the middle of the tibialis anterior muscle, 2-3 cm apart
[23]. PLMS were scored according to the AASM criteria using a val-
idated automated algorithm integrated in the PSG system [25].



RWA was quantified using a validated software [10], and
subsequently a trained scorer performed manual artifact cor-
rection, consisting in the exclusion of miniepochs containing
snoring/respiratory artifacts, electrocardiographic artifacts, or
EMG activity in the context of arousals.

In a subgroup of subjects (n = 33), video during REM sleep was
carefully analyzed and all visible movements were counted. Leg
movement-like movements, movements related to arousals, respira-
tory movements, comfort movements, and voluntary movements
were excluded from the count. Two movements were considered
separate when they were clearly seen as separate in the video and
there was an interval of 1 second between the two movements [21].

3D video

Recording

The 3D videos were recorded using a Microsoft Kinect v2 sensor
(Microsoft Corporation) mounted to the ceiling above the bed.
The distance between the surface of the bed and the sensor

Strong

Figure 1. (a) Depth image of the distance between the sleeping subject and the
3D sensor. (b) Motion image that shows the pixel-wise variation of the 3D video
frames over time with movements visible in “hot” colors (red/orange/yellow).
The white rectangular image section represents the area in which movements
were analyzed to identify leg movements.
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was 190 cm. The device is a so called time-of-flight sensor and
emitted (invisible) infrared light, captured its reflections, and
computed the distance between the sensor and the reflecting
surface (e.g. the sleeping person or the bed) based on the
time the emitted light needed to be detected by the sensor as
reflections.

All recordings were taken under usual sleep laboratory con-
ditions. No additional illumination in the room was required.
The patients were sleeping under bed sheets and blankets.

The measured distance was visualized as a depth image of
the color-coded distance values at a specific point in time (see
Figure 1a). Each depth image had a resolution of 512 x 424 pixels
and represented one frame of the 3D video, which was recorded
with 30 frames per second. The 3D video recordings were trans-
ferred via a mini-PC from the patient room to an encrypted
external hard-drive and then processed offline using software
developed in Python 3.4 (Python Software Foundation) con-
sisting of a generic movement detection module (AIT, Austrian
Institute of Technology GmbH) and a specific RBD evaluation
module (Medical University of Innsbruck, and AIT Austrian
Institute of Technology GmbH).

Movement detection

Movements in the 3D videos were detected by a series of auto-
mated processing steps including resampling, exclusion of faulty
pixel values, and computing of the motion signal, i.e. the pixel-
wise variation of the 3D video frames over time (see Figure 1b).
Large motion signal values in multiple neighboring pixels indi-
cated thereby a movement, which was identified by sequential
thresholding. Sudden increases of the motion signal corresponded
to rapid movements and a simultaneous increase in many pixels
corresponded to movements of larger parts of the body. To as-
sign the detected movements to a body region, we deployed the
movement detection in manually preselected rectangular image
sections in the 3D videos (see white rectangle in Figure 1b). In this
pilot study, we focused only on the image section corresponding
to the lower part of the bed to analyze leg movements.

3D leg movement features

Based on the detected leg movements, a set of features was de-
veloped to quantify the RBD-specific movement properties during
REM sleep. Movements related to respiratory events were hereby

Table 1. Demographic and group statistics of participants with isolated RBD, prodromal RBD, and other disorders with motor activity during

sleep

(1) iRBD (2) Prodromal RBD (3) Other* p*

N =40 N=18 N =64 Group 1vs.2 1vs.3 2vs.3
Age,y 67.0 (14.0) 55.5 (10.0) 58 5 (16.0) 0.0014 0.0247 0.0022 1.0000
Sex, female 6 (15.0%) 3(16.7%) 19 (29.7%) 0.1785 1.0000 0.2532 0.7433
REM duration, minutes 72.3 (44.0) 72.0 (25.5) 75.0 (52.5) 0.8033 1.0000 1.0000 1.0000
PLMS index 25 4 (33.9) 22.3 (34.6) 15.1(27.1) 0.0771 0.8329 0.0712 1.0000
Apnea-hypopnea index .9 (10.0) 19.9 (17.8) 11.4 (23.0) 0.0247 0.0497 0.0820 1.0000
PAP therapy 17 (42.5%) 2 (11.1%) 14 (21.9%) 0.0187 0.0395 0.0653 1.0000
Antidepressant therapy 21 (52.5%) 4(22.2%) 14 (21.9%) 0.0033 0.0682 0.0035 1.0000

Age, REM duration, PLMS index, and apnea-hypopnea index are summarized by median values and interquartile ranges. Sex, PAP therapy, and antidepressant
therapy are provided as absolute numbers and percentages. Group differences were assessed, as appropriate, by Kruskal-Wallis and Pearson’s y? tests. Statistically
significant differences between groups after Bonferroni-Holm correction are shown as bold values. iRBD, isolated REM sleep behavior disorder; REM, rapid eye move-
ment; RWA, REM sleep without atonia; PLMS, periodic limb movements during sleep; PAP, positive airways pressure.

*Sleep apnea (n = 11), PLMS (n = 4), sleep apnea with PLMS (n = 44), and other (n = 5).

**Bonferroni-Holm corrected.
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excluded. The movement index (3D index) was defined as the
average number of movements per hour of REM sleep. The move-
ment ratio (3D ratio) was defined as the total movement duration
during REM sleep divided by total REM sleep duration. The move-
ment extent (3D extent) was defined as the mean number of active
pixels per movement during REM sleep. The movement intensity
(3D intensity) was defined as the average area under the motion
signal per movement and pixel during REM sleep. Although the 3D
extent and 3D intensity might overlap, the 3D extent is an index
of the extent of the body area involved in the movement, whereas
the 3D intensity takes into account the pixel-wise variation of the
3D video frame over time and is therefore a measure of how fast
the movement is. These features were computed separately for
leg movements with a duration between 0.1 and 15 seconds and
for short jerks with a duration between 0.1 and 2 seconds. The
rationale of selecting these leg movements’ durations was based
on previous studies showing that the majority of RBD-associated
REM events are minor distal jerks [26-29]. As the more common
movements in iRBD are short jerks, the duration of 2 seconds
was chosen to identify those brief movements typical of iRBD.
On the other side, PLMS are usually longer (up to 15 seconds in
case of bilateral leg movements), as are also movements related
to respiratory events.

We analyzed these features both for all and for only the
nonperiodic leg movements during REM sleep. Periodicity was
defined applying the EMG-based WASM criteria for bilateral leg
movements to leg movements detected with 3D video [30].

Statistical analysis

Statistical analyses were conducted using MATLAB 2018b (The
MathWorks, Inc.). Data were tested for normal distribution using
the Shapiro-Wilk test. Descriptive statistics of the three patient
groups were provided as numbers (percentages) or, since not all
group data had a normal distribution, as median values (inter-
quartile range [IQR]). Group differences of demographic, clin-
ical, and 3D features were assessed using Pearson’s y? statistic
as well as Kruskal-Wallis tests with subsequent multiple com-
parison testing. The 3D movement index was compared with
the number of REM events per hour from video analysis and
the SINBAR RWA score by using a linear regression approach
and Spearman’s rank correlation coefficient (Spearman’s p). We
assumed significance for p < 0.05. In case of multiple testing,
p-values were corrected by using the Bonferroni-Holm method
[31]. Finally, optimal discriminative cutoff values of the indi-
vidual 3D movement features were determined by maximizing
the area under the receiver operating characteristic (ROC-AUC)
curve and by calculating the according accuracies as well as sen-
sitivity and specificity.

Results
Demographic and clinical data

A total of 122 patients (28 female, median age 60 years) under-
going 8-hours vPSG at the Sleep Laboratory of the Department
of Neurology at the Medical University of Innsbruck, Austria,
were included in this study. Of them, 40 subjects were diag-
nosed with iRBD, 18 with prodromal RBD, and 64 with other
sleep disorders known to go along with motor manifestations
during sleep. Table 1 summarizes the demographic and clinical

sample characteristics for the three patient groups, as well as
the p-values of group difference testing. Subjects with iRBD were
older than those with prodromal RBD (p = 0.0247) and those with
other disorders (p = 0.0022). The iRBD group also had a lower
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Figure 2. (a) RWA scores as determined by the SINBAR method for subjects
with iRBD, prodromal RBD, and other disorders with motor activity during
sleep (other). Significant differences were observed between iRBD and other
as well as between prodromal RBD and other. (b) The number of REM events
as determined from visual video analysis in a subsample of 14 subjects
with iRBD and 19 with other sleep disorders were significantly higher in the
iRBD group. (c) Regression subsample analysis of the number of REM events
per hour and RWA scores showed a significantly positive correlation be-
tween these scores. iRBD, isolated RBD; RBD, REM sleep behavior disorder;
REM, rapid eye movement; RWA, REM sleep without atonia; SINBAR, Sleep
Innsbruck Barcelona.



median apnea-hypopnea index (p = 0.0497) and a higher positive
airways pressure (PAP) therapy rate (p = 0.0395) than subjects
with prodromal RBD, as well as a higher antidepressant therapy
rate than subjects with other sleep disorders (p = 0.0035).

Video polysomnography

Subjects with iRBD had a median RWA score of 65.3 (IQR 22.6),
which was significantly higher (p < 0.0001) than the RWA score
of subjects with other sleep disorders (median 16.7, IQR 12.7).
The median RWA score of subjects with prodromal RBD was 37.1
(IQR 7.5) and significantly higher (p < 0.0001) than the score of
subjects with other sleep disorders as well. There was no signifi-
cant group difference in RWA between iRBD and prodromal RBD
in our sample (p = 0.1492), see Figure 2a.

Visual video analysis of motor events during REM sleep
was conducted in a subsample of 14 subjects with iRBD and 19
subjects with other sleep disorders. In the iRBD group, the me-
dian number of motor events per hour of REM sleep was 123.4
(IQR 112.5), which was significantly higher (p <0.0001) than in the
group with other disorders with motor activity during sleep (me-
dian 10.9,IQR 12.4), see Figure 2b. The REM event index exceeded
a value of 200 REM events/h in three and a value of 400/h in one
subject with iRBD. Within the same subsample, we analyzed the
relationship between the number of REM events per hour and
SINBAR RWA scores, see Figure 2c. The linear regression (dashed
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line with green 95% confidence interval) indicates a positive re-
lation between REM event index and RWA score (Spearman’s
p =0.85, p < 0.0001).

3D leg movement index compared with video
polysomnography

The RWA score and the number of leg movements per hour of REM
sleep as assessed from 3D video (3D index) were positive related
with a Spearman’s p of 0.70 and p < 0.0001, see Figure 3a. For the
subsample of only nonperiodic leg movements shorter than 15 sec-
onds, we observed a slightly lower Spearman’s p of 0.68 (p < 0.0001),
see Figure 3b. The number of leg jerks with duration less than 2 sec-
onds per hour of REM sleep was lower (approximately half) in all
three groups. Figure 3cillustrates the positive relation of the number
of leg jerks per hour of REM sleep with the RWA score (Spearman’s
p = 0.66, p < 0.0001). Figure 3d compares the nonperiodic leg jerks
with the RWA score (Spearman’s p = 0.64, p < 0.0001).

The results of the correlation analysis of visually identified
REM events and 3D index in a subsample of 14 subjects with
iRBD and 19 with other disorders with motor activity during sleep
are shown in Figure 4a. There was a significant positive relation-
ship between the number of leg movements found in 3D and the
number of REM events per hour of REM sleep with a Spearman’s
p of 0.81 (p > 0.0001). The REM event index correlated with the
3D index of nonperiodic movements only (Spearman’s p = 0.74,
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Figure 3. Regression analysis of rapid eye movement (REM) sleep without atonia (RWA) scores and the 3D leg movements per hour of REM sleep for (a) any leg move-
ments with duration < 15 s, (b) nonperiodic leg movements with duration < 15 s, (c) any leg jerks with duration < 2 s, and (d) nonperiodic leg jerks with duration < 2 s.
RBD, REM sleep behavior disorder; REM, rapid eye movement; RWA, REM sleep without atonia; SINBAR, Sleep Innsbruck Barcelona.
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p < 0.0001), see Figure 4b. Figure 4c and d shows the results of
regression analysis for REM event index versus any jerks and
nonperiodic jerks, respectively. In both cases, the relation was sig-
nificant and positive (Spearman’s p = 0.73 and 0.67 with p < 0.0001
in both cases).

3D video analysis for RBD diagnosis

Table 2 presents the group differences between iRBD, prodromal
RBD, and other disorders with motor activity during sleep, when
looking into the 3D leg movement features. The comparison
of the median 3D index of any leg movements and any jerks
with values of 113.60 versus 58.74 in iRBD, 46.67 versus 19.08 in
prodromal RBD, and 24.91 versus 12.84 in other disorders with
motor activity during sleep indicates that, on average, 49% of
the detected leg movements had a duration less than 2 seconds.
For both jerks and any leg movements, the nonperiodic move-
ments accounted for 63% of all movements. There was a signifi-
cant difference in all 3D features between iRBD and prodromal
RBD as well as between iRBD and other disorders with motor ac-
tivity during sleep. The most significant results (i.e. with lowest
p-values) were observed for the 3D features of any leg jerks with
duration less than 2 seconds. No significant differences were
observed between the prodromal RBD and other disorders with
motor activity during sleep.
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To evaluate dependencies between the different analyzed
3D features (index, ratio, extent, and intensity), we calculated
Spearman correlations for all combinations, using any jerks (0.1-2
seconds) of all subjects as input data (Figure 5). The rho values are
all above 0.88 and all p-values are <0.0001, indicating that all the
analyzed features have a strong correlation with each other.

To determine optimal discriminative cutoff values for the in-
dividual 3D features, ROC curve analysis was used. Values are
provided for discrimination between the three patient groups,
as well as for discrimination of iRBD and prodromal RBD from
other disorders with motor activity during sleep, and for iRBD
versus prodromal RBD and other disorders with motor activity
during sleep (Table 3). The highest accuracies were observed
in discriminating iRBD from prodromal RBD, iRBD from other
disorders with motor activity during sleep, and iRBD from the
combination of prodromal RBD and other disorders with motor
activity during sleep. The highest accuracy of 0.904 (sensitivity
0.975, specificity rate 0.859) for the 3D ratio of leg jerks allowed
distinguishing between subjects with iRBD and other disorders
with motor activity during sleep. Overall, leg jerks with duration
less than 2 seconds better identified subjects with iRBD, and any
leg movements were more accurate than only nonperiodic ones.
Accordingly, the optimal cutoff values for identifying subjects
with iRBD based on features of any jerks with duration less than
2 seconds are as follows: 33.56 jerks per hour of REM sleep (3D
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Figure 4. Regression subsample analysis of the number of REM events and the 3D leg movements per hour of REM sleep for (a) any leg movements with duration <
15 s, (b) nonperiodic leg movements with duration < 15 s, (c) any leg jerks with duration < 2 s, and (d) nonperiodic leg jerks with duration < 2 s. RBD, REM sleep behavior
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index), 0.01 or 1% of REM sleep spent moving (3D ratio), 0.48 ac-
tive pixels per jerk during REM sleep (3D extent), and finally, an
area under the motion signal of 0.017 per jerk and pixel during
REM sleep (3D intensity).

Discussion

IRBD is widely recognized as an early-stage a-synucleinopathy
[3], and a precursory state of RBD (prodromal RBD) has been de-
scribed, where symptoms and signs are presents but do not yet
fulfill diagnostic criteria for RBD [3-5]. An accurate diagnosis of
iRBD or even prodromal RBD and their distinction from other
disorders with motor manifestations during sleep is critical for
identifying a-synucleinopathy in a very early stage [3]. Diagnosis
of RBD requires vPSG, which is time consuming and not feas-
ible as screening method. Moreover, minor jerks are often dif-
ficult to spot in visual video analysis, as they might be barely
visible for the human eye or e.g. hidden by blanket. Therefore,
we evaluated the usefulness of automated 3D video analysis
of leg movements during REM sleep for identifying iRBD. Rate,
duration, extent, and intensity of leg movements (particularly of
those with a duration lower than 2 seconds) during REM sleep
showed high accuracy rates.

These results are consistent with previous studies showing
that the majority of RBD-associated REM events are minor
distal jerks [26-29]. We observed significantly higher accur-
acies when using any (i.e. both periodic and nonperiodic) leg
movements than when using only nonperiodic leg movements.
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This is particularly interesting considering that 48 of 64 (75%)
subjects with other disorders with motor activity during sleep
exhibited PLMS. However, PLMS are also common in RBD, par-
ticularly during REM sleep [19, 32]. The fact that PLMS during
REM sleep are seldom if physiological REM sleep atonia con-
trol is preserved can explain why both periodic and nonperiodic
automatic detected leg movements are more frequent in RBD
than in subjects with other disorders with motor activity
during sleep.

Our data did not show any significant differences in the leg
movement activity of subjects with prodromal RBD when com-
pared with those with other disorders with motor activity during
sleep. Most of these subjects were classified as prodromal RBD
due to increased EMG activity, and mainly few visible move-
ments were present. As the automatic 3D analysis is based on
detectable movements, this might explain while prodromal RBD
was not identified with the studied automatic detection soft-
ware. To better investigate this aspect, the potential application
of 3D analysis in prodromal RBD should be evaluated in subjects
with motor events in video exceeding proposed cutoffs, inde-
pendently from RWA values. Another possible explanation is
that the majority of visible RBD events might be limited to the
upper body region (not taken into account in the present study),
as it is known that in RBD movements often involve the upper
extremities [3, 19, 33-35].

Automatically detected leg movements using 3D video ana-
lysis correlated with both RWA and the number of REM events
per hour as manually determined through video analysis, con-
firming the potential and reliability of this method. In some

Table 2. 3D leg movement features of participants with isolated RBD, prodromal RBD, and other disorders with motor activity during sleep: The
number of leg movements per hour of REM sleep (3D index), the total movement duration during REM sleep divided by total REM sleep duration
(3D ratio), the mean number of active pixels per movement during REM sleep (3D extent), and the average area under the motion signal per
movement and pixel during REM sleep (3D intensity) were computed separately for any leg movements shorter than 15 s and shorter than 2 s,
as well as nonperiodic leg movements shorter than 15 s and shorter than 2 s

*k

(1) iRBD (2) Prodromal RBD (3) Other* P
N =40 N=18 N =164 Group 1vs2 1vs3 2vs3
Any LMs 0.1-15 s
3D index (any <15 s) 113.60 (92.51) 46.67 (38.52) 24.91 (28.61) <0.0001 0.0004 <0.0001 0.1467
3D ratio (any <15 s) 0.09 (0.07) 0.03 (0.03) 0.02 (0.02) <0.0001 0.0005 <0.0001 0.1278
3D extent (any <15 s) 9.67 (9.44) 3.24 (2.97) 2.82 (3.14) <0.0001 0.0002 <0.0001 1.0000
3D intensity (any <15 s) 0.30 (0.33) 0.08 (0.15) 0.09 (0.11) <0.0001 0.0012 <0.0001 0.8106
Any jerks 0.1-2 s
3D index (any <2 s) 58.74 (40.30) 19.08 (25.83) 12.84 (18.39) <0.0001 0.0001 <0.0001 0.4906
3D ratio (any <2 s) 0.02 (0.01) 0.01 (0.01) 0.01 (0.01) <0.0001 0.0001 <0.0001 0.4139
3D extent (any <2 s) 0.82 (0.53) 0.25 (0.16) 0.12 (0.16) <0.0001 <0.0001 <0.0001 0.3916
3D intensity (any <2 s) 0.04 (0.02) 0.01 (0.01) 0.01 (0.01) <0.0001 0.0001 <0.0001 0.4049
Nonperiodic LMs 0.1-15 s
3D index (nplm <15 s) 67.85 (60.11) 27.29 (20.59) 18.03 (18.40) <0.0001 0.0003 <0.0001 0.2939
3D ratio (nplm <15 s) 0.06 (0.04) 0.02 (0.01) 0.01 (0.01) <0.0001 0.0001 <0.0001 0.4783
3D extent (nplm <15 s) 5.61 (4.64) 2.30 (1.73) 1.92 (2.56) <0.0001 <0.0001 <0.0001 1.0000
3D intensity (nplm <15 s) 0.18 (0.15) 0.06 (0.05) 0.06 (0.08) <0.0001 0.0001 <0.0001 1.0000
Nonperiodic jerks 0.1-2 s
3D index (nplm <2 s) 35.67 (29.53) 13.90 (16.25) 9.97 (11.24) <0.0001 0.0003 <0.0001 0.6375
3D ratio (nplm <2 s) 0.01 (0.01) 0.01 (0.01) 0.01 (0.01) <0.0001 0.0001 <0.0001 0.5405
3D extent (nplm <2 s) 0.48 (0.42) 0.16 (0.14) 0.10 (0.10) <0.0001 <0.0001 <0.0001 0.6907
3D intensity (nplm <2 s) 0.02 (0.02) 0.01 (0.01) 0.01 (0.01) <0.0001 0.0002 <0.0001 0.6436

The data are summarized by median values and interquartile ranges with Bonferroni-Holm-corrected p-values from Kruskal-Wallis testing. Statistically significant
differences between groups after Bonferroni-Holm correction are shown as bold values. iRBD, isolated REM sleep behavior disorder; REM, rapid eye movement; RWA,
REM sleep without atonia; LM, leg movement.

*Sleep apnea (n = 11), PLMS (n =
*Bonferroni-Holm corrected.

4), sleep apnea with PLMS (n = 44), and other (n = 5).
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Figure 5. Regression analysis of 3D features with Spearman’s p and p-values for (a) 3D ratio over 3D index, (b) 3D extent over 3D index, (c) 3D intensity over 3D index,
(d) 3D extent over 3D ratio, (e) 3D extent over 3D intensity, and (f) 3D ratio over 3D intensity.

subjects, however, we observed a low number of REM events or
low RWA score and high 3D movement index, or vice versa. The
former could be attributed to movements that are hardly vis-
ible to human eyes in video or occurring in other muscle groups
than the ones recorded by EMG, while the latter may be due to
motor activity in body regions other than the legs, e.g. in the
upper extremities.

With the aim of having a representative sample of subjects
with motor activity during sleep, we included subjects with
iRBD, prodromal RBD, and other sleep disorders known to go
along with motor activities during sleep. The three groups were
recruited consecutively without age-matching, and participants
with iRBD were significantly older than the other two groups.
Since we compared different sleep disorders with different age
prevalence, we do not consider this as a major limitation. The
iRBD group also had a lower median apnea-hypopnea index,
probably due to higher PAP therapy rate, than subjects with
prodromal RBD. However, a bias due to respiration is unlikely
as a recent study of iRBD with and without obstructive sleep
apnea showed no effect of respiration on the diagnostic value
of REM sleep motor activity [36]. Moreover, subjects with iRBD
had a higher antidepressant therapy rate than subjects with
other sleep disorders, probably due to the well-known frequent
comorbidity of iRBD and depression and to the fact that depres-
sion represents a premotor symptom of Parkinson’s disease.

A causal relationship between antidepressant therapy and RBD
onset was excluded.

A limitation of the presented 3D method is the restriction
of the analysis to the stage of REM sleep and the consequen-
tial necessity of EEG for sleep scoring. We analyzed the 3D leg
movement features also for the remaining sleep stages, both
individually and altogether as non-REM sleep. Only few signifi-
cant differences with low classification accuracies were found
between the groups (data not shown). Incorporating the upper
body and respiration may add additional information for REM
and non-REM identification without vPSG support. This should
be investigated in future studies, as well as applicability of this
technology in the home environment.

In conclusion, our study has shown that automated 3D video
analysis of leg movements during REM sleep is a promising diag-
nostic tool to identify subjects with iRBD in a sleep laboratory
population and to distinguish them from subjects with other
types of motor activity during sleep. The movement rate, dur-
ation, extent, and intensity during REM sleep were all signifi-
cantly increased in subjects with iRBD when compared with
prodromal RBD and other sleep disorders. Especially automat-
ically detected leg jerks with a duration lower than 2 seconds
emerged as reliable indicator of iRBD with high accuracy. The
fact that no significant differences were found between subjects
with prodromal RBD and those with other sleep disorders
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Table 3. Classification accuracy, sensitivity, and specificity of the individual 3D features as derived from ROC-AUC curve analysis

Accuracy | Sensitivity | Specificity

iRBD versus other

iRBD versus
prodromal RBD

Prodromal RBD
versus other

iRBD+prodromal
RBD versus other

iRBD versus
prodromal
RBD+other

Any LMs 0.1-15 s

3D index (any <15 s)

3D ratio (any <15 s)

3D extent (any <15 s)

3D intensity (any <15 s)
Any jerks 0.1-2 s

3D index (any <2 s)

3D ratio (any <2 s)

3D extent (any <2 s)

3D intensity (any <2 s)
Nonperiodic LMs 0.1-15 s

3D index (nplm <15 s)

3D ratio (nplm <15 s)

3D extent (nplm <15 s)

3D intensity (nplm <15 s)
Nonperiodic jerks 00.1-2 s

3D index (nplm <2 s)

3D ratio (nplm <2 s)

3D extent (nplm <2 s)

3D intensity (nplm <2 s)

0.8940.825]0.938
0.8940.900 | 0.891
0.8370.675 | 0.938
0.8270.850 | 0.813

0.885 | 0.925 | 0.859
0.904 | 0.975 | 0.859
0.894|0.800 | 0.953
0.885]0.900 | 0.875

0.865 | 0.850 | 0.875
0.8750.825 | 0.906
0.827]0.750| 0.875
0.827]0.750| 0.875

0.846 | 0.825 | 0.859
0.856 | 0.800 | 0.891
0.885]0.900 | 0.875
0.837]0.775]0.875

0.8450.900 | 0.722
0.82810.900 | 0.667
0.862]0.900|0.778
0.8280.950 | 0.556

0.8790.975 | 0.667
0.8970.950|0.778
0.8790.850 | 0.944
0.897 | 0.975 | 0.722

0.8280.925|0.611
0.8450.875 | 0.778
0.862|0.875 | 0.833
0.8280.850|0.778

0.845 | 0.925 | 0.667
0.8450.925 | 0.667
0.862 | 0.825 | 0.944
0.8450.875]0.778

0.7930.167 | 0.969
0.8050.167 | 0.984
0.805 | 0.222 | 0.969
0.7930.167 | 0.969

0.7930.056 | 1.000
0.8050.111 | 1.000
0.7800.000 | 1.000
0.793]0.056 | 1.000

0.793]0.056 | 1.000
0.793]0.056 | 1.000
0.780]0.000 | 1.000
0.793]0.111 | 0.984

0.805]0.111 ] 1.000
0.805]0.111 | 1.000
0.780 ] 0.000 | 1.000
0.805 | 0.111 | 1.000

0.811]0.845]0.781
0.811]0.724]0.891
0.746 | 0.534]0.938
0.754]0.690 | 0.813

0.811]0.810]0.813
0.8200.776 | 0.859
0.8200.845 | 0.797
0.795 | 0.707 | 0.875

0.7870.776 | 0.797
0.7790.638 | 0.906
0.721]0.552| 0.875
0.7300.569 | 0.875

0.770]0.672 | 0.859
0.770|0.8280.719
0.803 | 0.741 ] 0.859
0.762 ] 0.845 | 0.688

0.877]0.825|0.902
0.8690.700 | 0.951
0.8280.600 | 0.939
0.8030.575 | 0.915

0.8610.850 | 0.866
0.8770.950 | 0.841
0.902 | 0.800 | 0.951
0.861]0.875 | 0.854

0.8440.675 | 0.927
0.861]0.825 | 0.878
0.8360.750 | 0.878
0.8280.750 | 0.866

0.8360.750 | 0.878
0.84410.700|0.915
0.877]0.800]0.915
0.8280.600 | 0.939

iRBD, isolated REM sleep behavior disorder; REM, rapid eye movement; RWA, REM sleep without atonia; LM, leg movement; other, other disorders with motor activity

during sleep.

suggests that either most motor activity in this prodromal stage
is limited to increased EMG activity without visible movements
or that movements are present but limited to other body regions
than the legs (e.g. the upper extremities). Further research needs
to include upper body and head regions to examine this aspect
more closely and to confirm the potential of 3D video analysis as
diagnostic tool for iRBD.
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