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Study Objectives: Current sleep scoring rules exclude leg movements that occur near respiratory events from being scored as periodic leg 
movements during sleep (PLMS) but differ in whether they exclude leg movements occurring at the end (WASM/IRLSSG) or during a respiratory 
event (AASM). The aim of the present study was to describe the distribution of leg movements in relation to respiratory events and to contribute to 
an evidence-based rule for the identification and scoring of respiratory-related leg movements (RRLMs).
Design: Retrospective chart review and analysis of polysomnographic recordings.
Setting: Clinical sleep laboratory.
Participants: 64 patients with polysomnographic recordings between January 2010 and July 2011, aged 18 to 75 years, with AHI > 20, ODI > 10, 
more than 50% of apneas being obstructive, > 15 leg movements of any type per hour of sleep, no more than 20% of total sleep time with artifacts 
and no medical condition or medication that could influence leg movements or respiratory disturbances.
Interventions: None.
Measurements and Results: Back-averaging of leg movement activity (LMA) with respect to respiratory events revealed that LMA was present 
shortly before the end of the respiratory events, but occurred mostly following respiratory events with peak onset of LMA 2.5 s after respiratory 
event termination. Increased LMA before the beginning of the respiratory event consisted mainly of the tail of LMA after the end of the previous 
respiratory event. Change-point analysis indicated that LMA was increased over an interval of −2.0 s to +10.25 s around the end of respiratory 
events. Changing the definition of RRLMs had a significant influence on PLMS counts. The number of patients with obstructive sleep apnea with 
PLMS index > 15 was 80% when considering the WASM/IRLSSG definition, 67% for the AASM criteria, and 41% when based on the interval 
identified by change-point analysis (−2.0 to 10.25 s).
Conclusions: Leg movements are not augmented at the beginning or middle of respiratory events but are increased around the end of respiratory 
events over a period significantly longer than specified in the AASM and the WASM/IRLSSG rules. Both rules underestimate the number of 
respiratory-related leg movements and thus overestimate the number of periodic leg movements during sleep in patients with obstructive sleep 
apnea.
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INTRODUCTION
Periodic leg movements during sleep (PLMS) are repetitive 

contractions of the tibialis anterior muscles occurring mainly 
during NREM sleep. Polysomnographic recording of leg 
movements is a standard procedure in accredited sleep labs.1 
PLMS are observed in many patients with sleep disorders and 
are common with older age.2 Indeed, an incidental finding of 
PLMS in the context of sleep related or neurological disorders 
is frequent in clinical practice.2–5

PLMS are particularly frequent in patients with obstructive 
sleep apnea (OSA).6–8 However, the role of PLMS in OSA is 
still unclear due to inconsistent findings concerning the rela-
tionship of PLMS to the severity of OSA9 or to sleepiness in 
OSA patients.6,7,10,11 In addition, during treatment of OSA with 
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continuous positive airway pressure (CPAP), both a signifi-
cant decrease and a new emergence of PLMS have been ob-
served.8,12–16 Therefore, the presence of PLMS during CPAP 
treatment has been interpreted both as indicating the persis-
tence of sleep disordered breathing14,16 or alternatively, as suffi-
cient treatment of breathing disorders “unmasking” preexisting 
PLMS.8,13 The assessment of PLMS in the presence of sleep-
related breathing disorders is complicated by the concern that 
leg movements may be triggered by the respiratory events and 
are not part of a PLM sequence.17 Indeed, the two major in-
ternational scoring guidelines for PLMS specifically exclude 
respiratory-related leg movements (RRLMs) from the scoring 
of PLMS.1,17

The two scoring guidelines differ, however, significantly in 
their definition of RRLMs. The criteria established by a task force 
of the International RLS Study Group (IRLSSG) and endorsed by 
the World Association of Sleep Medicine (WASM) consider leg 
movements as respiratory-related when a leg movement occurs 
at the end (± 0.5 s) of an apnea or hypopnea.17 In contrast, the 
2007 scoring manual of the American Academy of Sleep Medi-
cine (AASM) defines RRLMs as leg movements that should not 
be scored if they occur “during a period from 0.5 seconds pre-
ceding an apnea or hypopnea to 0.5 seconds following an apnea or 
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hypopnea.”1 This definition has recently been extended to include 
also respiratory effort related arousals and other sleep disordered 
breathing events.13 To the best of our knowledge, neither of the 
criteria to identify and quantify RRLMs were evidence-based, 
and they have not been assessed using the recent computerized 
approaches.18 In particular, the real time-structure of RRLMs, 
i.e., the distribution of leg movements (LMs) with respect to the 
breathing events, has never been systematically analyzed.

The overall aim of the present study was to depict the time 
structure of RRLM to inform an evidence-based scoring ap-
proach. To this end, we investigated the distribution of LMs in 
relation to apneas and hypopneas in a sample of patients with 
OSA. Since the major difference between the WASM/IRLSSG 
and AASM criteria is the consideration of leg movements 
during and before a respiratory event, we explored whether 
LMs are specifically increased during, at the onset of, or fol-
lowing respiratory events. Furthermore, we sought to derive 
empirically based estimates for the interval during which LMs 
are increased in relation to apneas and hypopneas. Finally, we 
illustrate the effect of changing the criteria for RRLMS on the 
scoring of PLMS.

METHODS

Subjects
We considered all patients with full video-polysomno-

graphic (PSG) recordings between January 2010 and July 
2011 (n = 682), with an apnea-hypopnea index (AHI) > 20, 
an oxygen desaturation index (ODI, 4%) > 10, and more than 
half of all observed apneas scored as obstructive (n = 178). 
Patients had to be between 18 and 75 years (n = 163), without 
any medical condition or medication that could affect 
sleep-related leg movements or respiration (n = 94). In ad-
dition, > 80% of total sleep time had to be free of artifacts 
(n = 84). From these, we selected patients with > 15 LMs of 
any type per hour of sleep (n = 64). Of these 64 patients, 55 
were male and 9 female with an average age of 55.8 years 
(SD: ± 11.3 years, Table 1). The study was approved by the 
local ethics committee.

Sleep Recordings
Nocturnal PSGs were carried out in a standard sound-attenu-

ated (noise level to a maximum of 30 dB nHL) sleep laboratory 
room. All PSG recordings included 6 monopolar EEG channels 
(F3/M2, F4/M1, C3/M2, C4/M1, O1/M2, O2/M1), submental 
electromyogram, electrooculogram, electrocardiogram, respi-
ratory parameters (oro-nasal airflow pressure cannula, thoracic 
and abdominal effort strain gauge, pulse oximetry), and electro-
myogram of the right and left tibialis anterior muscles (bipolar 
derivations with two electrodes placed 2 cm apart on the ante-
rior tibialis muscle of each leg); impedance was kept less < 10 
KΩ, according to the AASM criteria.1 All PSGs had been re-
corded and scored according to the 2007 rules of the American 
Academy of Sleep Medicine.1

Scoring of Respiratory Events and Leg Movements
For the current study, in all PSG recordings all LMs and 

respiratory events (apneas and hypopneas) were manually re-
scored by a single sleep expert (I.Z.) according to the following 
AASM criteria1:

• Hypopnea: A reduction ≥ 50% in nasal airflow pressure 
signal excursion for ≥ 10 s, associated with either ≥ 3% 
desaturation or an arousal.

• Apnea: A reduction ≥ 90% in nasal airflow pressure signal 
excursion for ≥ 10 s.

The onset of the hypopnea or apnea was defined as the nadir 
of the flow signal preceding the first breath that was clearly 
reduced. The end of the respiratory event was defined as the 
beginning of the first breath that approximated the baseline 
breathing amplitude. The type of apnea (central, obstructive, or 
mixed) was determined according to AASM criteria.1

• Leg movements were scored according to AASM19 and 
WASM/IRLSSG17 criteria as any leg EMG increase ≥ 8 
µV above the resting baseline and lasting between 0.5 and 
10 s. The onset of the LM was defined as the beginning of 
the EMG increase ≥ 8 µV above the resting baseline, and 
the end of the LM was defined as the beginning of the 
period where the EMG decreases for at least 0.5 s to < 2 
µV above resting baseline.

Leg movements were scored as respiratory-related according 
to both AASM19 and WASM/IRLSSG17 criteria:

Table 1—Description of participants.

Mean ± SD
n = 64

Range

Age 55.78 ± 11.28 29–74
Gender, M/F, number 55/9 86%/14%
BMI (n = 63) 33.05 ± 6.43 19–56
ESS (n = 61) 9.70 ± 4.73 0–22
RLS (n = 60) 10 16.7%
Time in bed, min 456.69 ± 43.94 252–536
Sleep period time, min 435.05 ± 54.84 234–531
Total sleep time, min 371.54 ± 58.63 213–482
Sleep efficiency, % 81.33 ± 10.06 52–98
Sleep onset latency, min 15.37 ± 14.42 1–67
Number of awakenings/hour 7.55 ± 4.15 2.2–27.3
Arousal index 44.31 ± 19.82 5–100
Wake after sleep onset, % of SPT 14.57 ± 22.19 2.1–35.0
N1, % of SPT 13.67 ± 8.91 0.6–36.6
N2, % of SPT 44.83 ± 12.97 17.8–71.5
N3, % of SPT 14.96 ± 9.75 0–40.9
REM, % of SPT 11.98 ± 4.69 1.5–26.1
AHI 57.14 ± 22.5 24–116
Obstructive apnea index 27.83 ± 22.64 0–86
Mixed apnea index 2.91 ± 4.82 0–29
Central apnea index 2.02 ± 2.78 0–15
Hypopnea index 24.38 ± 12.81 2–58
Oxygen desaturation index (≥ 4%) 49.09 ± 23.87 11–120
Mean oxygen saturation 91.41 ± 3.29 77–96
Minimum oxygen saturation 75.26 ± 8.55 54–93
Saturation below 90%, min 22.44 ± 26.21 0–121
No of leg movements/hour of sleep 60.88 ± 33.48 19–190

AHI, apnea-hypopnea index; BMI, body mass index; ESS, Epworth 
Sleepiness Scale; F, female; M, male; RLS, restless legs syndrome; SD, 
standard deviation; SPT, sleep period time; TST, total sleep time.

D
ow

nloaded from
 https://academ

ic.oup.com
/sleep/article/38/2/295/2416988 by guest on 21 August 2022



SLEEP, Vol. 38, No. 2, 2015 297 Respiratory-Related Leg Movements—Manconi et al.

• Respiratory-related leg movements according to AASM 
criteria: Any leg movement that occurred in the interval 
from 0.5 s before the start of an apnea or hypopnea to 
0.5 s after the end of the apnea or hypopnea.

• Respiratory-related leg movements according to WASM/
IRLSSG criteria: Any leg movement that occurred in 
the interval from 0.5 s before the end of an apnea or 
hypopnea to 0.5 s after the end of the apnea or hypopnea.

Procedure
Demographic and anthropometric information was extracted 

from the patients’ medical records. From each recording, we 
extracted sleep stage information and the onset (in millisec-
onds) and duration of each individual LM and respiratory event. 
The total number of LMs therefore contained isolated LMs, 
PLMS, and RRLMs. All events where artifacts precluded the 
determination of the exact time of onset and duration were ex-
cluded from all analyses. In addition, we selected only LMs and 
respiratory events with the beginning, middle, and end during 
an epoch classified as sleep and with none of these epochs bor-
dering on wake, i.e., the epoch before the epoch during which 
the event started and the epoch after the epoch during which the 
event ended had to be classified as sleep.

Both the AASM and the WASM/IRLSSG consider LMs as 
respiratory-related when any part of the LM lies within the spec-
ified interval, i.e., they refer to leg movement activity (LMA) 
rather than leg movement onsets. We therefore converted LMs 
to LMA as described below.

Descriptive and Statistical Analyses

Distribution of Respiratory-Related Leg Movements
In a first step we explored the distribution of LMA in re-

lation to respiratory events. Because respiratory events and 
inter-respiratory intervals, i.e., the interval between the end 
of one respiratory event and the onset of the subsequent event, 
varied widely in duration, all LMA was back-averaged sepa-
rately to the onset, the middle, and the end of the respiratory 
events. Back-averaging of LMA consisted of the following 
steps:

(1)  For each respiratory event and event time point (onset, 
middle, end) we selected the interval from 30 s before to 
30 s after the event.

(2)  This interval of 60 s was divided into 0.25-s bins, 
resulting in a segment with 240 bins for each event.

(3)  Based on the information (in ms) about onset and 
duration of all LMs during this interval, each 0.25-s bin 
was classified as containing or not-containing any part 
of a LM, denoted with 1 or 0, respectively.

(4)  Finally, the single interval segments were summed for 
each event and all subjects. The result is a summary 
segment that is aligned to the same event (onset, middle, 
or end of respiratory events) and that describes the 
number of LMs observed for each 0.25-s bin in the 
interval of ± 30 s around the event.

This describes the absolute distribution of LMA in relation 
to respiratory events. We separately depicted the absolute dis-
tribution of LMA that were classified as RRLMs according to 
the WASM/IRLSSG rules, the AASM criteria, and all LMs in 

the interval of ± 30 s around the onset, middle, and end of the 
respiratory events.

Leg Movements during Respiratory Events
Next, we investigated whether there was any evidence that 

LMs were increased during a respiratory event compared to 
the onset or end of the events. To distinguish LMs during a 
respiratory event from LMs at the onset and end of events, we 
back-averaged LMA to the middle of respiratory events of dif-
ferent durations. In addition, we constructed the relative dis-
tribution of LMs by setting the respiratory event duration to 
100%, where 0% is the onset of the event, 50% the middle, and 
100% is the end of the event. The occurrence of LMA was then 
transformed to this common relative metric. This allowed us to 
graph the complete distribution of LMA over the whole dura-
tion of the respiratory event.

Leg Movements at the Onset and End of Respiratory Events
We then addressed the question whether LMA is increased 

both before the onset of a respiratory event and at the end of 
it. In our sample the inter-respiratory event intervals, i.e., the 
time from the end of one respiratory event to the beginning of 
the next one, was typically between 15 s and 20 s. Since the 
above analyses suggested that LMA is increased roughly from 
20 s before the onset of an event and up to 15 s after the end 
of an event, this posed the question whether LMA before the 
start of the respiratory event is just the LMA belonging to the 
end of the previous respiratory event and vice versa. For these 
analyses we considered only the nearest respiratory event, i.e., 
each LM was associated to only one, the nearest, end and/or 
beginning of a respiratory event. We therefore explored:

• the proportion of LMs that occurred (i) only around 
the end of respiratory events, (ii) only at the onset of 
events, or (iii) in both intervals. The intervals that were 
considered were from −10 s to +30 s around the end and 

−30 s to +10 s around the onset of the respiratory events;
• the relative distribution of LMs in the inter-respiratory 

event intervals. For this analysis, the distribution was 
standardized to the inter-respiratory event duration with 
0% being the end of a respiratory event and 100% the 
onset of the subsequent event.

Identifying Intervals with Increased Leg Movements
Next, we sought to derive empirically based estimates for the 

interval during which LMA is increased in relation to apneas 
and hypopneas. While the graphical representation of the dis-
tribution of LMA in relation to respiratory events can roughly 
identify intervals with increased LMA around the respiratory 
events, for an empirically based identification an objective sta-
tistical criterion is needed. We chose change point analysis to 
address this question. Change point analysis refers to a set of 
methods developed for the problem of estimating the points at 
which the statistical properties of a sequence of observations 
change.20 Briefly, a change point is a point in an ordered se-
quence of observations where the statistical properties (e.g., the 
mean) of the series changes such that the property of the se-
quence before the change point is significantly different from 
the property of the sequence after the change point. In the con-
text of the present study, the ordered sequence, or vector, is 
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represented by the number of those with LMA (or the number 
of LM onsets) in each 0.25-s bin in the interval from −30 s to 
+30 s around the end of the respiratory events. The number of 
those with LMA and the number of LM onsets were derived 
from back-averaging, as described above. Change point anal-
ysis then finds the optimal position, i.e., the time point, where 
the mean of the sequence before the time point is significantly 
different from the mean of the sequence after the identified time 
point. In our case, that signifies that the number of those with 
LMA (or number of LM onsets) before the identified change 
point is significantly larger or smaller than after the change 
point. We used binary segmentation change point analysis, 
which is an approximate method and employs the cumulative 
sums test statistic to find the optimal positioning and number of 
change points in the mean for data where no assumption about 
the distribution is made.21

Effect of Different Criteria for Respiratory-Related Leg Movements 
on Other Leg Movement Parameters

Finally, we explored the effect of changing the scoring rules 
for RRLMs. We computed the indices for RRLMs, PLMS, 
and isolated LMs as well as the proportion of subjects with 
elevated PLMS (PLMSI > 15) based on 4 different definitions: 
(i) the WASM/IRLSSG definition; (ii) the AASM definition; 
and the definition derived from the change point analysis for 
(iii) LMA and (iv) the onset of LMs. Differences between the 
definitions were tested with analysis of variance and χ2 tests, 
as appropriate.

All computations and analyses were performed with R22 and 
the change point package23 in R.

RESULTS
A total of 64 patients (55 male, 9 female, mean age 56 ± 11 

years) were included in the study. The individual AHI varied 
from 24 to 116 (mean AHI 57 ± 22) and patients contributed 
between 136 and 706 apneas and hypopneas. The LM index 
varied between 19 and 190 (mean LMI 61 ± 33), and between 
89 and 1,130 LMs were observed for each patient.

Among all patients there were 28,507 LMs during sleep; 398 
were excluded because of technical failures and 6,050 because 
they occurred in epochs that bordered on wake epochs, leaving 
22,059 LMs with individual patients contributing between 82 
and 965 LMs to the analysis. The analysis included 21,240 
apneas or hypopneas (105 to 665 from each patient) after ex-
cluding 1,546 events (technical failure: 210, near-wake epochs: 
1,978).

Distribution of Leg Movement Activity 
According to the WASM/IRLSSG definition, 3,641 LMs 

(16.55% of all LMs) were respiratory-related, and for 3,641 
respiratory events (17.13%) one or more LM occurred within 
0.5 sec around the end of the respiratory event. According to 
the AASM rules, almost twice as many, i.e., 6,916 (31.35%), 
LMs were classified as respiratory-related and 5,763 respiratory 
events (27.13%) had one or more LM associated with it.

Figure 1 shows the distribution of LMA around the begin-
ning, middle, and end of respiratory events for respiratory-re-
lated LMA according to the WASM/IRLSSG rules (upper right 
panel) and the AASM rules (middle panels). All LMA around 

the respiratory events is shown in the lower panels. The most 
salient points that can be derived from these distributions are 
that, indeed, there is substantially increased LMA around the 
beginning and end of respiratory events, and that the interval 
over which LMA is increased is substantially wider than the 
one assumed for either set of scoring rules.1,17

Distribution of Leg Movement Activity in the Middle of 
Respiratory Events

To explore whether LMA is increased during a respiratory 
event, we graphed LMA around the middle for respiratory 
events of variable duration (Figure 2). Duration of respira-
tory events varied from 10 to 90 s with a median duration of 
21 s (interquartile range: 15–31; Figure 2, upper panel). Back-
averaging LMA to the middle of respiratory events showed no 
indication that LMA is increased during a respiratory event 
and that the peaks in LMA before and after the middle of the 
event are strictly related to the beginning and end of the re-
spiratory event itself (Figure 2, middle panels). This is further 
supported by the relative distribution of LMA (Figure 2, lower 
panel) that does not show an increase of LMA during respira-
tory events.

Distribution of Leg Movement Activity at the Beginning vs. the 
End of Respiratory Events

In our sample, the most typical inter-respiratory-event in-
terval was 15 s to 20 s (median 15 s, interquartile range 10 s to 
22 s; Figure 3, upper panel) and therefore the majority of LMs 
until 15 s after the end of a respiratory event will be at the same 
time within 20 s before the start of the next event. Considering 
the very broad ranges from −10 s to +30 s around the end and 

−30 s to +10 s around the beginning of the respiratory events, 
67.6% (14,906) of all LMs occurred at the end, 63.2% (13,944) 
at the beginning, and 77.2% (17,024) in either one and/or the 
other interval (Figure 3, middle panels). A total of 11,826 LMs 
were contained in both intervals at the same time, which repre-
sents 79.3% of all LMs around the end and 84.8% of all LMs 
around the beginning.

Since most of the LMs occurred between respiratory events, 
we standardized LMA to the inter-respiratory event duration 
with results given in the lower panel of Figure 3. The relative 
distribution shows a single peak only, which is shifted towards 
the left, i.e., the end of the respiratory event.

Respiratory-Related Leg Movements: Evidence to Support a 
Modification of the Rules

Next, we sought to derive empirically based estimates for 
the interval during which LMs are increased in relation to 
apneas or hypopneas. As detailed in the method section, we 
used change point analysis to identify those points where the 
distribution of LMA or LM onsets changed. The results are 
illustrated in Figure 4 and show that change point analysis 
identified 5 change points both for LMA and LM onsets. Con-
sidering the first change point as the point where LMs signifi-
cantly increased for the first time, and the last change point 
as the one after which no further change was observed, this 
analysis suggests that LMA is increased over an interval of 

−2.0 s to +10.25 s around the end of respiratory events. The 
corresponding interval is −3.5 s to +8.0 s for LM onsets. Both 
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intervals contain a roughly similar number of LMs: 11,616 
(52.7% of all LMs) and 11,096 (50.3%) for LMA and LM 
onset, respectively.

Because both intervals are considerably longer than previ-
ously assumed, we investigated how many LMs were contained 
in this interval to explore the question whether the wideness 
of the intervals was due not only to an increase of the occur-
rence of LMs but also because of an increased number of LMs 
linked to a single breathing event. The results are given in the 
lower panel of Figure 4 and show that this was not the case. 
In 86.3% and 88.0% of the cases, the intervals contained only 
a single LM based on the above identified cutoff values for 
LMA and LM onset, respectively. Around 12% of the intervals 
contained a second LM, but 3 or a maximum of 4 LMs was a 
very rare occurrence. Although these 2nd to 4th LMs occurred 

preferentially in the second half of the intervals (Figure 4), they 
were rather evenly distributed over this part of the interval and 
did not seem to change the basic distribution of LMs.

Influence of Scoring Rules on Respiratory-Related and Periodic 
Leg Movements

To illustrate the effect of changing the scoring rules for 
RRLMs, we computed the indices for RRLMs, PLMS, and 
isolated LMs based on the 4 different definitions (WASM/
IRLSSG, AASM, interval based on LM onset and LMA). The 
results are given in Table 2. As was to be expected, the RRLM 
index was lowest for the WASM/IRLSSG definition, consider-
ably larger for the AASM definition, and even larger for our 
definitions based on LM onset and LMA. Switching from the 
WASM/IRLSSG definition to one that is based on LMA almost 

Figure 1—Distribution of leg movement activity (LMA) ± 30 s around the beginning, middle, and end of respiratory events. The distribution of LMA was 
constructed based on the information (in ms) about the onset and duration of LMs that occurred within the depicted interval (for details see Methods). 
Upper panel: Distribution of respiratory-related LMA according to the WASM/IRLSSG criteria, which consider only the interval ± 0.5 s around the end of the 
respiratory event. Middle panel: respiratory-related LMA according to the AASM criteria, which consider an interval of −0.5 s before the beginning to +0.5 s 
after the end of respiratory events. Lower panel: All LMA observed around the beginning, middle, and end of respiratory events.
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halved the number of patients with increased PLMS (PLMS 
index > 15) from 80% to 41% (Table 2).

DISCUSSION
The present study described the temporal distribution of 

LMs in relation to respiratory events in patients with moderate 
to severe OSA. To the best of our knowledge, this is the first 
comprehensive study of RRLM temporal distribution. As such, 
this study yielded several new findings with potential implica-
tions for clinical sleep medicine and research.

We could show that LMs are increased at the end and also 
at the beginning of respiratory events. The increase in LMs 
started shortly before the end of the respiratory event, peaked 

around 2 s after the breathing event, and lasted until 8 to 10 s 
after the end of the event, depending on whether the onset of 
LM or LMA was considered. LMs were also increased before 
the beginning of an event, but our results argue that in the ma-
jority of cases LMs occurring during this inter-apnea interval 
are more closely associated with the end of the previous respi-
ratory event.

We also found no indication that LMs are specifically in-
creased in the middle of respiratory events. However, we cannot 
exclude that the low number of LMs during a respiratory event 
is not indeed higher than would be observed during apnea-free 
periods. Nevertheless, compared to the prominent increase at 
the end of events, these seemed negligible. Thus, our results 

Figure 2—Upper panel: Distribution of the duration of respiratory events. Middle panels: Distribution of leg movement activity (LMA) around the middle of 
respiratory events, for all events and events with a minimum duration of 20 s, 30 s, and 40 s. The distribution of LMA was constructed based on the information 
(in ms) about the onset and duration of LMs that occurred within the depicted interval. Lower panel: Distribution of all LMA relative to the duration of the 
respiratory event. In addition, we constructed the relative distribution of LMs was obtained by setting the respiratory event duration to 100%, where 0% is the 
onset of the event, 50% the middle, and 100% is the end of the event. The occurrence of LMA was then transformed to this common relative metric.
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support a rule that does not include LMs at the beginning or 
middle of respiratory events.

In addition, the empirical distribution of LMs clearly sug-
gested that the interval for determining respiratory-related LMs 
is too narrow in both sets of rules and neglects the majority of 
LMs associated with respiratory events. Specifically, the cutoff 
value of 0.5 s after the end of a respiratory event misses the 
strong increase in LMs, which peaks around 2 s. This suggests 
that the temporal cutoff values to identify RRLMs at the end of 
breathing events should be enlarged. Our analysis identified an 
interval from −2 to +10.25 s or from −3.5 to 8 s depending on 
whether LMA or just the onset of LMs is considered, respec-
tively. Concerning this last point, it remains open whether it is 

more appropriate to consider only the onset of LMs or LMA. 
Although our study did not solve this issue, it describes the 
detailed pictures of the two scenarios, demonstrating that the 
impact of one or the other choice on the final outcome (LM 
computation) is less relevant than expected (Figure 4). A sim-
ilar argument holds true for the issue of whether it is more ap-
propriate to consider all LMs occurring within the mentioned 
cutoff values around the end of respiratory events or just the 
first LM. Even here the issue remains open but may indeed 
have less relevance, since we demonstrated that in less than 1% 
of the cases there are more than 2 LMs associated to the end of 
a respiratory event, and in more than 86% of the cases only a 
single LM is observed (Figure 4).

Figure 3—Upper panel: Distribution of the intervals between respiratory events measured from the end of the first respiratory event to the beginning of the 
subsequent respiratory event. Middle panel: Distribution of leg movement activity (LMA) around the end (−10 s to +30 s, left middle panel) and the beginning 
of respiratory events (−30 s to +10 s, right middle panel). The dark parts refer to overlapping LMA, i.e., leg movements that occurred in both intervals, the light 
gray parts refer to remaining, unique leg movements not contained in the other interval. Of all LMs, 77.2% occurred in either one or both of these intervals. 
Of these, 69.5% occurred in both intervals, which represents 79.3% of all LMs around the end and 84.8% of all LMs around the onset of respiratory events. 
Lower panel: Distribution of LMA relative to the duration of the interval between respiratory events. Here, 0% denotes the end of the first event and 100% the 
start of the subsequent event.
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Finally, changing the rules for RRLM directly affected the 
scoring of PLMS. PLMS counts were highest when considering 
the WASM/IRLSSG definition, moderately lower when consid-
ering the AASM definition, and decidedly lower when based 
on the interval identified by change point analysis. The defi-
nition of RRLMs therefore has a substantial effect on clinical 
decision making in patients with OSA. Importantly, our results 
suggest that changing the rules will have a direct effect on the 
number of PLMS as well as on the number of RRLMs, rather 
than on isolated ones. The immediate implication of this is that 
by using the existing rules, PLMS in patients with obstructive 
sleep apnea may have been considerably overestimated, while 
the number of RRLMs is considerably underestimated.

These results will have to be confirmed in other independent 
studies. If they are confirmed, the past literature concerning 
PLMS and breathing disorders needs to be carefully reevalu-
ated. Among several issues, the possible impact of these new 
findings might concern such important topics as the still-contro-
versial role of LMs in OSA patients with residual somnolence 
after CPAP treatment,6,11 the impact of RRLMs on the cardio-
vascular system,6,24 the prognostic values of RRLMs/PLMS 
in special pathological conditions such as heart failure25,26 or 
renal failure,27–29 the impact of RRLMs on sleepiness indepen-
dent of the severity of sleep apnea,7 and, in general all the pos-
sible speculation postulated around the meaning of this specific 
motor activity.7

Figure 4—Upper panel: Results of the change point analyses (see Methods). Change point analyses identified time points where a significant change in the 
statistical properties of the sequence occurs. The analyses identified 5 change points both for leg movement activity (LMA, left panel) and the onsets of leg 
movements (right panels). Middle panel: Distribution of the number of leg movements within the intervals identified by change point analysis. The dark parts 
show the distribution of the first leg movement in this interval, the light gray parts show the distribution of the 2nd to 4th leg movements during that interval. 
Lower panel: Frequency of multiple leg movements in the identified intervals. In the vast majority of cases (~87%) only one leg movement was observed 
around the end of respiratory events.
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Our study has several limitations, which have to be taken 
into account when interpreting the results. For one, we se-
lected patients with moderate to severe OSA, and it is unclear 
whether our results also hold for patients with mild OSA and 
central sleep apnea. Moreover, we only considered apneas 
and hypopneas and did not include respiratory effort related 
arousals (RERAs), which have been recently included in the 
updated AASM scoring rules.19 Furthermore, while there ex-
ists a very precise definition for the onset and end of leg move-
ments1,17 determining the end of respiratory events is less well 
defined by comparison.1 This may have resulted in a reduced 
precision in determining the onset and end of respiratory 
events which would also translate into a reduced precision of 
the timing between LMs and respiratory events. Finally, we 
did not consider other, possibly relevant, LM features such 
as the amplitude, duration, and periodicity of RRLM, which 
could contribute to a better differentiation of LM phenotypes.

At the end, it is imperative to highlight that our study is an 
objective new picture on the complex landscape of the tem-
poral relationship between LMs and breathing events, without 
any pretension to investigate the pathogenic nature of RRLMs 
and their potential different genesis compared to PLMS. By 
using these results, further investigations are warranted in 
order to explain the mechanism generating RRLMs and even 
more important to answer the fundamental question whether 
it is correct and clinically useful to distinguish PLMS from 
RRLMs. In conclusion, our results obtained by a systematic 
analytic approach to RRLMs strongly argue for a revision of 
the current scoring criteria for RRLMs, which should consider 
RRLMs only at the end of breathing events and over a wider 
temporal window, considerably longer than the ones suggested 
by current rules.
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