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INTRODUCTION

THE AMERICAN SLEEP DISORDER ASSOCIATION (ASDA)1 
HAS DEFINED PERIODIC LEG MOVEMENTS (PLM) AS RE-
PETITIVE MUSCLE JERKS LASTING from 0.5 to 5 seconds, 
separated by an interval ranging from 5 to 90 seconds, with an 
amplitude of at least 25% of that of the bursts recorded during 
prerecording calibration, organized in series of 4 or more con-
secutive leg movements (LM), usually recorded by applying sur-
face electrodes over each anterior tibialis muscle 2 cm apart. Left 
and right LM have to be scored separately, and classified as 1 
bilateral LM when their intermovement interval is shorter than 5 
seconds, and as 2 monolateral LM, when it is longer. PLM must 
be scored according to all sleep stages (PLMS) and in wakeful-
ness (PLMW).1 
 More than 80% of patients affected by restless legs syndrome 
(RLS) present PLMS.2-5 However, PLMS can be found in oth-
er sleep or neurologic pathologies such as rapid eye movement 
(REM) behavior disorder,6 narcolepsy,7 sleep-related breathing 

disorders,8 Parkinson’s disease and multiple system atrophy,9 and 
also in apparently healthy subjects, especially in the elderly.8,10 
PLMS may be associated with autonomic/electroencephalogram 
arousals or with awakenings.11,12 Although the pathologic mean-
ing of PLM is still unclear, a PLMS index (number of PLM per 
hour of sleep) of 5 or more has been traditionally regarded as 
clinically significant, if there are accompanying arousals or sleep-
depth lightening. However, this threshold value is currently under 
discussion and revision because PLMS index increases with age 
in normal subjects, and, probably, a value higher than 5 should be 
used, at least in the elderly.8 
 The definition and scoring criteria for PLMS and PLMW have 
not changed since 19931 and are substantially based on the work 
carried out more than 20 years ago by Coleman et al,13 who col-
lected data from a limited number of subjects using visual analy-
sis of paper polysomnographic recordings. The Atlas and Scoring1 
rules were settled with the purpose of providing recommendations 
for the correct recording of motor events, the use of standard ter-
minology, and the definition of some common rules to count and 
evaluate the periodic leg motor activity during sleep. However, 
with the recent enormous advancement in recording and com-
puter-aided scoring techniques (based on computerized technol-
ogy), the discover of new pathologies in association with PLMS, 
different motor patterns, and possible sophisticated methods of 
signal analysis (e.g., electromyogram [EMG], electroencephalo-
gram, heart rate) have changed our understanding of the impact 
of periodic motor activity on the macrostructure and microstruc-
ture of sleep and its consequences on daytime function.11,12,14 In 
particular, the analysis of the EMG signal and of the periodicity 
of the phenomenon can permit us to evaluate, in different ways, 
muscle activity in normal and pathologic sleep.
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 For all these reasons, we describe a new methodologic ap-
proach in which all leg motor events during sleep are considered 
for a detailed statistical analysis in order to provide new param-
eters for the description of the quantity, type, and periodicity of 
LM during sleep in patients with RLS.

SUBJECTS 

 Sixty-five consecutive untreated patients affected by idiopath-
ic RLS and PLMS were included in this study (30 men and 35 
women, mean age 50.1 years, SD 17.59). In agreement with the 
International RLS Study Group,15 the minimal criteria accepted 
for the diagnosis of RLS were (1) leg restlessness, usually accom-
panied or caused by uncomfortable and unpleasant sensations in 
the legs; (2) beginning or worsening of this unpleasant sensation 
during rest or inactivity such as lying or sitting; (3) partial or total 
relief of the unpleasant sensations by movement, and (4) worsen-
ing or occurrence of the unpleasant sensations in the evening or 
night, compared to daytime. A mean score of 25.2 (range 13-37)16 
was obtained at the International RLS Study Group rating scale 
(which was available for only 44 patients). The respiratory pattern 
during sleep of each patient was assessed in a previous recording 
by means of oral and nasal airflow (thermistor and/or nasal pres-
sure cannula), thoracic and abdominal respiratory effort (strain 
gauge), and oxygen saturation (pulse oximetry) (within 1 week) 
or during this study recording; patients with an apnea-hypopnea 
index of 5 or greater were not included. Results of a neurologic 
examination were unremarkable in all patients. Routine blood 
tests (including serum iron and ferritin levels) and neurophysi-
ologic investigation (EMG and electroneurography of the lower 
limbs) were also normal. All subjects were free of medication for 
at least 2 weeks before polysomnography.
 Twenty-two young normal controls (12 men and 10 women, 
mean age 30.9 years, SD 6.18) were also included in the study in 
order to evaluate the features of LM activity in healthy subjects 
and to avoid normal subjects with high values of PLMS index, 
which are frequently found in individuals older than 40 years, even 
in the absence of any sleep complaint.17 Control subjects were 
screened to exclude those with any current or prior symptoms 
suggestive of RLS by using the same International RLS Study 
Group15 minimal criteria for the diagnosis of RLS and had to be 
in general good health; they were excluded from the study if any 
of the following were present: diagnosis of any other significant 
sleep disorder; major mental illness, including any indications of 
cognitive problems as determined by history; or any history of 
neuroleptic-induced akathisia or use of any neuroleptic in the past 
year.
 In order to carry out a reliable comparison with controls, RLS 
subjects were further subdivided into 2 age subgroups: 22 “young” 
(13 men and 9 women, mean age 29.0 years, SD 8.62) and 43 
“old” patients (17 men and 26 women, mean age 60.8 years, SD 
9.10). The comparison between normal controls and RLS patients 
was carried out using only the young patient subgroup whereas 
both patient subgroups were used to analyze age-related changes 
in PLM parameters.

METHODS AND RESULTS

Polygraphic Sleep Recording 

 Each subject underwent a polysomnographic full-night record-

ing, after an adaptation night, carried out in a standard sound-at-
tenuated (noise level to a maximum of 30 dB) sleep laboratory. 
Subjects were not allowed to have beverages containing caffeine 
during the afternoon preceding the recording and were allowed to 
sleep until their spontaneous awakening in the morning. 
 The following parameters were included in the polysomno-
graphic study: electroencephalogram (at least 3 channels, 1 fron-
tal, 1 central and 1 occipital, referred to the contralateral earlobe); 
electrooculogram (electrodes placed 1 cm above the right outer 
cantus and 1 cm below the left outer cantus and referred to A1), 
EMG of the submentalis muscle, EMG of the right and left tibi-
alis anterior muscles (bipolar derivations with 2 electrodes placed 
3 cm apart on the belly of the anterior tibialis muscle of each leg 
impedance was kept less than 10 KΩ, according to the ASDA1 
scoring criteria); and electrocardiogram (1 derivation). Sleep sig-
nals were sampled at 200 Hz and stored on hard disk in European 
data format (see Kemp et al18 for details) for further analysis. 
EMG signals, in particular, were digitally band-pass filtered at 10 
to 100 Hz, with a notch filter at 50 Hz.
 At the beginning of each session and before the start of record-
ing, the sleep technician checked that the amplitude of the EMG 
signal from the 2 tibialis anterior muscles was below 2 μV at rest 
and exceeded 7 to 10 μV for small voluntary flexions of the foot. 
The EMG amplitude at maximal deflection was also measured for 
the application of the ASDA1 scoring criteria.

Sleep Scoring and Detection of LM

 Sleep stages were scored following standard criteria19 on 30-
second epochs by means of the sleep-analysis software Hypno-
lab 1.2 (SWS Soft, Italy). LM during sleep were first detected 
by the same software that allows their computer-assisted detec-
tion. With this software, the detection is performed by means of 
a human-supervised automatic approach controlled by the scorer. 
The performances of this system have been evaluated and vali-
dated,20 but, for this study, 1 scorer visually edited the detections 
proposed by the automatic analysis before the computation of the 
various parameters, which were automatically generated by the 
same software adopting the ASDA1 criteria. In particular, a total 
LM Index was calculated to represent the total number of LM per 
hour of sleep while the PLMS index was calculated as the number 
of LM included in a series of 4 of more, separated by more than 5 
and less than 90 seconds, per hour of sleep.
 Table 1 shows the comparison between the sleep-scoring pa-
rameters found in the young patient subgroup and normal con-
trols or old patients with RLS and PLM. This comparison dis-
closes many expected differences between the 2 young groups 
under analysis. In particular, patients showed significantly higher 
values of time in bed, sleep-period time, first REM latency, num-
ber of awakenings per hour, and percentage of wakefulness after 
sleep onset and of sleep stage 1 and significantly smaller values of 
sleep efficiency and slow-wave sleep. On the contrary, the com-
parison between young and old patients with RLS showed only 
few significant differences: reduced sleep efficiency and REM 
sleep percentage and increased amount of wakefulness after sleep 
onset.
 Table 2 shows the same type of comparison for the classic 
PLM parameters. Also, in this case, as expected, the young pa-
tient group showed values higher than those of controls for al-
most all the parameters considered, and, in particular, the average 
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PLM index was 30.4 in patients and 2.3 in normal controls. Only 
the mean duration of PLM and of isolated LM was practically the 
same in the 2 groups. On the contrary, very few differences were 
found between young and old patients with RLS involving the 
index of isolated LM and the number of PLM sequences, which 
were both slightly higher in the young patients.

New Parameters for the Analysis of LM During Sleep

Duration—After the calculation of the classic parameters based 
on the ASDA1 criteria, we modified our analysis ranges in order 
to include all movements lasting 0.5 to 15 seconds; similar to the 
ASDA1 report, this choice was based on the fact that EMG bursts 
shorter than 0.5 seconds are usually associated with muscle ac-
tivities outside of the scope of the present study, such as short 
sleep starts, REM-sleep-related activity, phasic EMG activity, and 
fragmentary myoclonus.21−27 Moreover, we also included LM with 
a duration up to 15 seconds because movements longer than 15 
seconds during sleep usually characterize the so-called movement 
time stage.19

Amplitude—As introduced above, the amplitude of the EMG sig-
nal from the 2 anterior tibialis muscles was below 2 μV at rest and 
exceeded 7 to 10 μV for small voluntary flexions of the foot. LM 
included in this study had an initial amplitude of at least 10 μV; 
the ending point was detected by finding where, after the detec-
tion of the start point, the average amplitude of the signal, calcu-
lated over a sliding epoch of 0.5 seconds, returned to a value be-
low 2 μV. All these values were calculated on the rectified EMG 
signals.20

Area Under the Curve—LM are characterized by a variable EMG 
level; we calculated the area under the curve (in μV/s) in order to 
obtain a more reliable quantity that takes into account the variable 
amplitude and the duration of each LM.

Sleep stage—Sleep stage in which each LM starts.

Side—Right or left leg.
Start and ending time—These 2 values were used for the calcula-
tion of the 2 intervals described below.
 

Table 1—Comparison Between the Sleep-Scoring Parameters Found in Young Normal Controls and in the 2 Age Subgroups of Patients with RLS

 1. Controls  2. Young RLS  3. Old RLS  Kruskal-Wallis  Mann-Whitney test
 n = 22 n = 22 n = 43 ANOVA p value <
  Mean SD Mean SD Mean SD p value < 1 vs. 2 2 vs. 3
TIB, min 428.8 45.25 517.9 95.79 517.0 87.82 .00001 .00015 NS
SPT, min 412.0 47.74 488.4 101.98 478.3 96.05 .0004 .003 NS
TST, min 393.1 41.57 434.9 104.02 380.0 97.64 NS  
SOL, min 13.6 11.61 19.0 26.75 29.2 34.73 NS  
FRL, min 63.5 28.31 113.4 58.25 121.6 68.30 .0002 .002 NS
SS/h 10.8 3.10 14.8 6.79 11.8 3.99 NS  
AWN, no./h 1.9 1.18 5.7 4.71 5.1 2.36 .0001 .001 NS
MT, no./h 1.0 0.59 0.7 1.11 0.4 0.78 .0006 .025 NS
SE, % 91.8 4.06 83.8 11.20 72.9 14.45 .00001 .002 .001
WASO, min 4.4 3.33 11.1 8.59 21.4 12.54 .00001 .0015 .002
Sleep stage, %        
 1 1.4 1.36 8.3 6.59 7.8 5.12 .00001 .00001 NS
 2 45.6 7.27 45.4 10.33 42.1 10.15 NS  
 SWS 24.2 6.13 15.0 5.59 15.1 7.69 .00001 .00003 NS
 REM 24.3 5.39 20.2 7.37 13.7 4.64 .00001 NS .00008

RLS refers to restless legs syndrome; TIB, time in bed; SPT, sleep period time; TST, total sleep time; SOL, sleep-onset latency; FRL, first rapid eye 
movement (REM) latency; SS/h, stage shifts per hour; AWN/h, awakenings per hour; MT/h, movement time events per hour; SE, sleep efficiency; 
WASO, wakefulness after sleep onset; 1, 2, sleep stages 1 and 2; SWS, slow-wave sleep; ANOVA, analysis of variance.

Table 2—Comparison Between the Classic PLM Parameters Found in Young Normal Controls and in the 2 Age Subgroups of Patients with RLS 
and PLM

 1. Controls  2. Young RLS  3. Old RLS  Kruskal-Wallis  Mann-Whitney 
 n = 22 n = 22 n = 43 ANOVA test p value <
 Mean SD Mean SD Mean SD p value < 1 vs. 2 2 vs. 3
Total LM, index 8.3 3.98 40.6 16.66 44.0 19.99 .00001 .00001 NS
PLM, index 2.3 2.18 30.4 17.45 36.7 20.26 .00001 .00001 NS
Isolated LM, index 5.9 2.44 10.2 3.77 7.3 3.45 .0002 .00001 .002
Monolateral, n 20.0 16.96 111.1 56.72 103.8 68.31 .00001 .00008 NS
Bilateral, n 35.5 18.73 171.6 79.81 170.6 120.77 .00001 .00001 NS
PLM sequences, n 2.5 2.42 16.6 8.51 12.0 6.25 .00001 .00001 .03
PLM sequence duration, seconds 4.8 12.16 75.7 85.00 117.4 203.20 .00001 .00001 NS
PLM duration, seconds 2.7 1.53 2.5 0.73 2.5 0.72 NS  
Isolated LM duration, seconds 2.8 1.34 2.7 0.80 2.8 1.06 NS  

PLM refers to periodic limb movements; RLS, restless legs syndrome; LM, leg movements.
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Interval 1—This interval was defined as the time between the on-
sets of 2 subsequent LM and was used for the evaluation of their 
periodicity (see below).

Interval 2—Defined as the time between the end of a LM and the 
onset of the following LM; this interval was used for the separa-
tion of different LM intervening in the same leg on or the contra-
lateral leg.

Minimum interval between 2 different LM—We applied a time 
resolution of 0.5 seconds for the detection of the presence of 
movement (see above); we then applied the same time resolution 
for the detection of the absence of movement. For this reason, the 
minimum interval between different LM (Interval 2) was set to 
0.5 seconds.

Bilateral/monolateral movements—Monolateral LM were de-
fined as EMG bursts involving only 1 leg and separated by at 
least 0.5 seconds from any other LM; bilateral LM were defined 
as 2 EMG bursts on the 2 legs overlapping or separated (Interval 
2) by less than 0.5 seconds. Bilateral movements could include 

2 or more monolateral movements (Interval 2) separated by less 
than 0.5 seconds from each other.
Combined leg analysis—Periodicity (see below) was evaluated 
combining the LM detected in both legs, and bilateral movements 
were counted as one. 

Analysis of Inter-LM intervals

 The top panel of figure 1 reports the comparison between the 
distribution of inter-LM intervals in young normal controls and in 
the group of young patients with RLS and PLM. In this analysis, 
all inter-LM intervals were counted, in each subject, for 2-second 
classes (0.5 < interval ≤ 2, 2 < interval ≤ 4, 4 < interval ≤ 6,…. 98 
< interval ≤ 100). The grey-shaded area shows points for which 
a significant difference was found between these 2 groups dur-
ing statistical analysis performed by means of the nonparamet-
ric Mann-Whitney test; in order to take into account the multiple 
comparisons performed, the Bonferroni correction was used for 
the level of significance and differences were considered as sig-
nificant when they reached p < .001 (.05/50). 
 Interestingly, the 2 graphs are significantly different for inter-
val classes up to 90 seconds, the same interval that was indicated 

 
Figure 1—Top panel: Comparison between the distribution of inter-
leg movement (LM) intervals in young normal controls and in the 
group of young patients with restless legs syndrome (RLS) and pe-
riodic limb movements (PLM); values are shown as mean and SEM 
(whiskers). The grey-shaded area shows points for which a significant 
difference was found between these 2 groups during statistical analy-
sis. Bottom panel: Comparison between the distribution of inter-LM 
intervals in young and old patients with RLS and PLM; values are 
shown as mean and SEM (whiskers).

 
Figure 2—Top Panel: Distribution of inter-leg movement (LM) in-
tervals in all patients with restless legs syndrome (RLS) and periodic 
limb movements (PLM) (bar histogram) and the 2-lognormal dis-
tributions obtained by fitting these data (solid lines). Bottom panel: 
Residuals obtained by subtracting the values expected with our 2-log-
normal distributions from those observed (bar histogram).
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by the ASDA as the maximum length for intervals between PLM.1 
The normal control graph shows its maximum value for the short-
est intervals (0.5 < interval ≤ 2 seconds), which decreases rap-
idly from this class to that relative to intervals 8 < interval ≤ 10 
seconds; interval classes above this value are very close to 0. On 
the contrary, the young patient graph shows a clearly bimodal dis-
tribution of intervals with 1 peak at 2 < interval ≤ 4 seconds and 
another at around 20 < interval ≤ 22 seconds; this peak decreases 
progressively up to 88 < interval ≤ 90 seconds and, after this class, 
the patient graph is not distinguishable from that of normal con-
trols. The bimodal distribution of this graph seems to indicate the 
presence of 2 categories of inter-LM intervals; the first probably 
representing an exaggeration of the peak seen in normal controls, 
and the second representing the occurrence of PLM.
 The bottom panel of Figure 1 shows the same type of compari-
son carried out between the distribution of inter-LM intervals in 
young and old patients with RLS and PLM. Although some differ-
ences might be suspected by visual analysis, the graphs were not 
statistically different in any of their points. Because of this and of 
the results obtained from sleep structure and from the application 
of the classic PLM parameters, we decided to use the group of 
patients as a whole in the following analyses described below.

Modeling the Inter-LM Interval Distribution and Development of a 
New Index for LM Periodicity

 In order to model the bimodal distribution of inter-LM inter-
vals found in our patients, we performed a distribution mixture 
analysis; a variety of different distributions were tested, and the 
best fit was found with 2-lognormal distributions (see Figure 2, 
top panel). The first distribution on the left accounts for the first 
peak in the graph and has a shape parameter of approximately 
1, whereas the second accurately describes the second peak up 
to approximately 60 seconds and has a shape parameter of ap-
proximately 0.5. The 2 fitted distributions intersect at around 10 
seconds. The bottom panel shows the residuals obtained by sub-
tracting the values expected with our 2-lognormal distributions 
from those observed (bar histogram); they are low and always 
lower than 3. The χ2 test was computed, which showed a signifi-
cant difference between the fitted and the observed distributions 
if all values up to 90 or 100 seconds were considered; on the con-
trary, the fitting passed the goodness-of-fit test only if values up 
to 60 seconds were included.
 The clear bimodal distribution of inter-LM intervals in our pa-
tients poses 2 main problems: (1) it is not possible to statistically 
describe this type of distribution in terms of mean and standard 
deviation; (2) the notch between the 2 peaks in the graph occurs in 
correspondence to the point at which the normal control graph ap-
proaches values of 0 (10 seconds), therefore, if the left peak in the 
patient graph represents an exaggeration of the normal peak, only 
inter-LM intervals longer than this value should be considered as 
belonging to PLM.
 However, periodicity cannot be extrapolated from only the 
analysis of this graph because it represents only the count of inter-
vals in a class; for the evaluation of periodicity, we retained some 
features of the approach suggested by the ASDA criteria1 for PLM 
and counted all intervals in the series of each subject with a length 
of 10 < interval ≤ 90 seconds that were preceded and followed 
by another interval with the same length; this is equivalent to a 
miniseries of 4 LM all separated by intervals with a length of 10 < 

interval ≤ 90 seconds. Subsequently, the number of intervals with 
these characteristics was subdivided by the total number of inter-
vals; we will refer to this ratio as the Periodicity Index, which is 
defined by the formula:

Periodicity Index = no. of sequences of 3 inter-LM intervals 10 < 
interval ≤ 90 seconds / total number of inter-LM intervals

 This index can vary between 0 (absence of periodicity, with 
none of the intervals having a length between 10 and 90 seconds) 
to 1 (complete periodicity, with all intervals having a length be-
tween 10 and 90 seconds). Periodicity Index is independent on 
the absolute number of LM recorded, and it was calculated for 
all the subjects included in this study. The mean value ± SD of 
Periodicity Index was 0.239 ± 0.225 in normal controls and 0.668 
± 0.184 in the whole group of RLS patients (p < .000001 Mann-
Whitney test); Periodicity Index was 0.597 ± 0.188 in young RLS 
patients versus 0.704 ± 0.174 in old RLS patients (p < .035 Mann-
Whitney test).
 The values of Periodicity Index were used, in the whole group 
of patients, for different correlations with their age, their score 
at the RLS rating scale,15 and the classic PLM parameters shown 
before, by means of the nonparametric Spearman rank-order cor-
relation. Table 3 shows the values of correlations found and their 
statistical significance, which was only reached for the index of 
isolated LM, number of bilateral LM, and number of PLM se-
quences—all negatively correlated with the Periodicity Index. 
Interestingly, the correlation between Periodicity Index and age, 
even if positive, did not reach statistical significance at this test. 
 Subsequently, even if the Periodicity Index seems to be dis-
tributed in a continuous fashion in patients, we tried to take into 
account its important variability seen in the different patients by 
establishing 3 arbitrary ranges of Periodicity Index , with the aim 
of defining 3 patients subgroups that might be of practical use in 
future studies. These 3 ranges were indicated as PLM1 (Periodic-
ity Index ≥ 0.75), PLM2 (Periodicity Index 0.50 ≤ Periodicity 
Index < 0.75), and PLM3 (Periodicity Index < 0.50). The ratio-
nale behind this choice is that subjects belonging to the PLM1 
subgroup have the vast majority of their LM included into PLM 
sequences; on the contrary, those in the PLM3 subgroup have a 
preponderance of nonperiodic LM, with those in the PLM2 sub-
groups having an intermediate situation. In other words, subjects 

Table 3—Correlation between Periodicity Index and Age or the 
Classic PLM Parameters Found in the Whole Group of Patients

 Spearman rank  p <
 order correlation 
Age, y 0.197 NS
RLS rating scale, score 0.030 NS
Total LM, index -0.070 NS
PLM, index 0.038 NS
Isolated LM, index -0.532 .00001
Monolateral, no. 0.042 NS
Bilateral, no. -0.367 .01
PLM sequences, no. -0.509 .0001
PLM sequence duration, sec 0.167 NS
PLM duration, sec 0.108 NS
Isolated LM duration, sec 0.155 NS

PLM refers to periodic limb movements; RLS, restless legs syn-
drome; LM, leg movements.
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belonging to the PLM1 subgroup tend to have their inter-LM in-
terval distribution graph dominated by a single peak in the zone 
10 < interval ≤ 90 seconds; on the contrary, patients belonging to 
the PLM3 subgroup show a main peak in the zone interval ≤ 10 

seconds, and subjects in the PLM2 subgroup show the bimodal 
distribution seen above. The subgroups identified were formed 
by PLM1 = 27 patients (55.4 ± 13.19 years); PLM2 = 22 patients 
(46.8 ± 19.91 years); PLM3 = 16 patients (45.5 ± 19.37 years); 
these ages were not significantly different at the nonparametric 
Kruskal-Wallis analysis of variance.
 The top panel of Figure 3 reports the comparison between the 
distribution of inter-LM intervals in the 3 PLM patient subgroups; 
the grey-shaded area shows points for which a significant dif-
ference was found between these groups during statistical analy-
sis (Bonferroni adjusted p at the nonparametric Kruskal-Wallis 
analysis of variance, see above). The bottom panel of the same 
figure shows the distribution modeling for each of the observed 
distributions, obtained similarly to that in Figure 2. These graphs 
show that the 3 subgroups differ mainly for the amount of inter-
LM intervals ≤ 10 seconds.
 Figure 4 shows the comparison between Total LM index, Pe-
riodicity Index, and PLM index in young normal controls and 
in the 3 PLM patient subgroups. The statistical significance of 
this comparison for Total LM index and PLM index is reported 
in Table 4. For the Periodicity Index, no statistical test was per-
formed because the 3 subgroups were arbitrarily arranged on the 
basis of their difference for this parameter. This figure shows that 
PLM index and Total LM index cannot separate the 3 PLM sub-
groups identified by means of our Periodicity Index; conversely, 
Periodicity Index is not dependent on the absolute values of these 
parameters. Also, Periodicity Index clearly distinguishes between 
patients and normal controls, even if some of the latter tend to 
show values that overlap with those of the PLM2 and PLM3 sub-
groups. 

Sleep Staging and “Classic” PLM Parameters in our PLM Sub-
groups

 The 3 PLM subgroups did not differ significantly for any of the 
sleep-scoring parameters considered. Moreover the comparison 
between the classic PLM parameters found in the 3 PLM patient 
subgroups, reported in Table 4, shows that the index of isolated 
LM was always higher in the PLM3 subgroup than in the other 
2 subgroups, with PLM1 always showing the smallest number. 

 
Figure 3—Top panel: comparison between the distribution of in-
ter-leg movement (LM) intervals in the 3 periodic limb movements 
(PLM) patient subgroups; the grey-shaded areas show points for 
which a significant difference was found between these groups during 
statistical analysis. Bottom panel: lognormal distributions obtained 
by fitting the data shown in the top panel (colored solid lines).

Table 4—Comparison Between the Classic PLM Parameters Found in the 3 Subgroups of Patients With PLM 

 PLM 1 PLM 2 PLM 3 Kruskal-Wallis 
 n = 27 n = 22 n = 16 ANOVA
 Mean SD Mean SD Mean SD p value < 
Age, y 55.4 13.19 46.8 19.91 45.5 19.37 NS
RLS rating scale, score 25.5 5.88 24.9 6.56 25.0 4.47 NS
Total LM, index 43.1 21.97 44.3 17.20 40.4 16.07 NS
PLM, index 36.8 22.23 36.1 18.24 28.7 15.62 NS
Isolated LM, index 6.3 2.24 8.3 3.75 11.7 3.72 .0001
Monolateral, no. 178.5 129.44 184.6 102.07 139.4 68.50 NS
Bilateral, no, 88.5 66.08 106.2 57.85 136.3 61.95 .035
PLM sequences, no, 9.6 4.16 15.0 7.28 18.3 8.51 .0006
PLM sequence duration, sec 149.7 242.16 99.5 105.48 30.3 24.44 NS
PLM duration, sec 2.7 0.82 2.3 0.66 2.5 0.52 NS
Isolated LM duration, sec 2.9 1.03 2.6 0.95 2.6 0.94 NS

PLM refers to periodic limb movements; RLS, restless legs syndrome; LM, leg movements; ANOVA, analysis of variance.
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As seen before, the total LM index and the PLM index are very 
similar in the 3 subgroups; only the number of PLM sequences is 
higher in the PLM1 subgroup than in the other 2 subgroups. The 
average score on the International RLS Study Group rating scale16 
was not different in the 3 PLM subgroups.

PLM Time Structure Analysis

Markovian Analysis

 In order to confirm the validity of our new Periodicity Index, 
we analyzed the structure of the LM sequence, in each subject 
studied, by means of an approach known to be able to characterize 
the time dependency (also a feature of periodicity) of time series, 
ie the analysis of Markov chains.28 A Markov chain is a sequence 
of values (states) that have probabilities at a time interval that 
depend upon the value at the previous time. The controlling factor 
in a Markov chain is the transition probability, which is a condi-
tional probability for the system to go to a particular new state, 
given the current state of the system. From these probabilities, 
the entropy of the system can be computed. The basic concept of 
entropy in information theory deals with how much randomness 
is in a signal or in a sequence of events. Alternatively, the entropy 
gives a measure of how much information is carried by the sig-
nal.
 In this study, for each subject included, the length of each inter-
val between subsequent LM was assigned to 3 states as follows: 
State 1 (interval ≤ 10 seconds), State 2 (10 < interval ≤ 90 sec-
onds), and State 3 (interval > 90 seconds). First, we calculated the 
unconditional probability of occurrence of each state from which 
we obtained the zero-memory Markov model entropy (H0); in 
other words, we considered each state as occurring following its 
own intrinsic probability, not conditioned by the previous state.
 Subsequently, a 3 × 3 matrix was obtained; the 9 entries in this 
matrix were the probabilities of transition from a given state to 
the next state, in successive interval occurrences. For example, if 
the transition from State 1 to State 3 occurred 7 times in N pos-
sible transitions from State 1 to any other State (including State 
1), then the transition probability in cell [1,3] of the matrix (i.e., 

Table 5—Example of the Markov Chain Analysis of PLM Intervals 
in a Patient with RLS and PLM 

  Zero-memory Markov model
 Interval duration, s Events, no. Probability
State 1 < 10   31 .119
State 2 ≥ 10 ≤90   208 .800
State 3 >90   21 .081
H0 = 0.917 bits/state

  First-order Markov model 
  Transition probability matrix 
 State 1 State 2 State 3
State 1 0.129 0.839 .032
State 2 0.130 0.837 .034
State 3 0.000 0.381 .524
H1 = 0.782 bits/state
Dependency index = 0.147
Shuffled Data Statistics
Z-score = 45.519 (p < .00001)

The top rows show the calculation of the entropy of the zero-memory 
model (H0); the middle rows report the transition probability matrix 
of the first-order Markov model, the relative entropy value (H1), and 
the Dependency index. The last rows display the results of the statis-
tical approach; the Z-score indicates a significant difference between 
the observed time structure and that expected for a random process 
with the same probability of occurrence of each state. RLS refers to 
RLS; PLM, periodic limb movements. 

 

Figure 4—Comparison between Total Leg Movement (LM) Index, Periodicity Index, and Periodic Limb Movements (PLM) Index in young normal 
controls and in the 3 subgroups of patients with PLM. The statistical significance of this comparison for Total LM Index and PLM Index is reported 
in Table 2. For the Periodicity Index, no statistical test was performed because the 3 subgroups were arranged on the basis of their difference for 
this parameter.
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cell in the first row and third column of the matrix) was given the 
value 7/N. Of course, the sum of all probability entries in a row of 
the matrix (e.g., the contents of cells [2,1], [2,2], and [2,3]) had to 
be 1. This transition probability (or conditional probability) ma-
trix (TPM) is the state TPM of the Markov chain theory, and it has 
been used in a similar way to quantify the time structure of other 
sequences of events recorded during sleep.29-32 For a reliable esti-
mation of transition probabilities, a number of transitions equal to 
at least 8 times the number of matrix entries is needed.33 Since the 
average total number of LM available for each patient was 280, 
the use of 3 × 3 matrixes (9 matrix entries) can be considered as 
reliable in this group; on the contrary, a mean total number of LM 
of 65 was available for normal controls. Each matrix served for 
the computation of the first-order Markov model entropy (H1); 
if the value of H1 is lower than that of H0, one can suppose that 
first-order relationships exist between the states of the system, 
i.e., each state does not occur following only its own probability, 
but is influenced by the value of the state preceding it. The degree 
of this influence can be described by means of the Dependency 
Index (= H0-H1/H0), which can range from 0 (lack of first-order 
interdependencies) to 1 (complete first-order dependency).

Statistical Analysis of TPMs

 In order to test further the null hypothesis that the TPM were 
generated by a random process, we randomly shuffled the states 
of each sequence and recalculated H0, H1, and the Dependency 
Index 25 times. Random shuffling destroys all interdependencies 
in the sequence, and the values obtained from these shuffled-state 
sequences can be used for the statistical validation of each single 
TPM. This validation was performed by calculating the Z-score 
between the value of the Dependency Index obtained from the 
original state sequence and the 25 values obtained from the shuf-
fled data. Table 5 shows an example of the Markov chain analysis 
of PLM intervals in 1 patient with RLS and PLM. The top rows 
show the calculation of the entropy of the zero-memory model 
(H0), whereas the middle rows report the TPM of the first-order 
Markov model, the relative entropy value (H1) and the Depen-
dency Index. The last rows display the results of the statistical 
approach; the Z-score indicates a significant difference between 
the observed time structure and that expected for a random pro-
cess with the same probability of occurrence of each state. This 
analysis was statistically significant in all patients with RLS; on 
the contrary, only 2 normal controls showed values of the De-
pendency Index significantly different from those expected for a 
random process. This was due to the low number of LM in nor-
mal subjects, which made the computation of the Markov param-
eters weak; for this reason, the values obtained in normal controls 
could not be considered as reliable and were excluded from the 
following statistical analysis. This might also mean that a certain 

minimum number of LM are needed for a correct evaluation of 
the Periodicity Index; this was not assessed in the present study 
and needs to be clarified in the future.
 Figure 5 shows the correlation between the Periodicity Index 
and H0, H1, and the Dependency Index, in the whole group of pa-
tients with RLS and was calculated by means of the nonparamet-
ric Spearman rank order test, the results of which were all highly 
significant (H0 = -0.837, p < .00001; H1 = -0.856, p < .00001; 
Dependency Index = 0.695, p < .00001). Both measures of en-
tropy decrease with an increasing Periodicity Index, while the 
Dependency Index has a significant positive correlation with the 
Periodicity Index. In Table 6, the comparison between the results 
obtained from the Markov chain analysis in the 3 PLM patient 
subgroups is shown. The values of entropy show smallest values 

 
Figure 5—Correlation between Periodicity Index and H0, H1 (top 
panel), and Dependency Index (bottom panel), in the whole group 
of patients with restless legs syndrome; the regression lines are also 
shown.

Table 6—Comparison Between the Results Obtained From the Markov Chain Analysis in the 3 PLM Patient Subgroups

 1. PLM 1 2. PLM 2 3. PLM 3 Kruskal-Wallis  Mann-Whitney
 n = 27 n = 22 n = 16  ANOVA   test p <
 Mean SD Mean SD Mean SD p < 1 vs 2 1 vs 3 2 vs 3
H0, bits/state 0.881 0.1529 1.140 0.1427 1.377 0.0937 .00001 .000001 .000001 .000035
H1, bits/state 0.763 0.1615 1.067 0.1750 1.341 0.0948 .00001 .000001 .000001 .00003
Dependency index 0.136 0.0906 0.068 0.0593 0.026 0.0130 .00001 .0015 .000001 .006

PLM refers to periodic limb movements; ANOVA, analysis of variance; H0, entropy of the zero-memory model; H1, relative entropy value.
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for the PLM1 subgroup and their highest values for the PLM3 
subgroup; the differences observed between the subgroups were 
statistically significant. Also, the Dependency Index obtained in 
the PLM1 subgroup was significantly higher than that obtained 
in the other subgroups. These analyses confirm that our Periodic-
ity Index is able to pick the time structure of the LM activity in 
patients with RLS and PLM and correlates negatively with the 
degree of randomness in the time series.

Analysis of LM Duration

 Patients showed a higher number of LM than did controls for 
durations up to 11 seconds; however, the distribution was sub-
stantially the same with a progressively decreasing number of LM 
from shorter to longer durations. The PLM1 subgroup showed a 
statistically significant lower number of LM with short duration 
(0.5-1 seconds) than the other 2 subgroups. Thus, in this case, 
the distributions were slightly different among the 3 PLM sub-
groups.

Analysis of LM AUC

 RLS patients showed a higher number of LM than did normal 
controls for almost all AUC values; however, the distribution was 
substantially the same, with a progressively decreasing number of 
LM from smaller to bigger AUCs. In this case, The PLM1 sub-
group showed a statistically significant lower number of LM with 
small AUC (≤ 10 μV/s) than the other 2. Also, in this case, the dis-
tributions seemed to be different among the 3 PLM subgroups.

DISCUSSION

 Since the discovery of involuntary pseudoperiodic leg jerks 
during sleep in patients affected by RLS, it was immediately clear 
that their polysomnographic characterization could be used as a 
possible fundamental objective neurophysiologic marker in RLS 
diagnosis and in quantification of its severity. For this purpose, 
after a visual-manual detection of LM on paper polysomnograph-
ic studies of patients presenting with PLMS, Coleman et al13 de-
scribed this motor phenomenon in terms of duration, amplitude, 
periodicity, and symmetry, creating the basis of the scoring cri-
teria accepted later by the ASDA1 and commonly used today by 
all sleep labs. It is well know that the diagnostic value of PLM 
in patients with RLS is sustained by a high sensitivity, but, at the 
same time, it is also reduced by a low specificity, since PLM are 
also a common finding in other sleep disorders and in healthy 
elderly subjects. On the other hand, the value of PLM as a marker 
of RLS symptom severity seems to be supported by recent inves-
tigations in which a significant relationship between PLMS index 
and score on the International RLS Study Group rating scale16 
has been demonstrated.34 Although several studies conducted in 
the last decades have focused on PLM, the real pathophysiologic 
meaning of this polysomnographic event remains unclear, and 
PLM still represents one of the most intriguing mysteries in sleep 
medicine. 
 In this study, we applied a new method of analyzing LM dur-
ing sleep in a large group of patients with RLS and control sub-
jects, with the intent of improving our knowledge about PLM by 
means of a detailed characterization of their features. The main 
difference between our approach and the original method used by 
Coleman et al13 is that our approach is empirical and theirs was 

intuitive and rational; other important differences are represented 
by the larger number of subjects analyzed, the digital versus the 
analog recording, the automatic validated detection of LM20 asso-
ciated with a manual visual correction versus only manual detec-
tion, and the use of a new statistical approach to describe the PLM 
phenomenon and to enhance the significant differences between 
RLS and normal subjects. Additional aims of the study were to 
verify if, by using the standard criteria, we lose important pieces 
of information and to ascertain the presence of possible different 
PLM patterns in the RLS population. 
 In our investigation, we took into consideration a wide spec-
trum of phasic sleep activities of the anterior tibialis muscles, 
including nonperiodic LM and LM with a duration up to 15 
seconds. Afterward, each parameter (duration, AUC, and inter-
LM interval) was compared between RLS and control subjects 
to evaluate possible quantitative and qualitative differences. As 
expected, using the standard ASDA criteria,1 patients with RLS 
differed from control subjects in that they had a higher total and 
sleep-phase-specific PLM index and a worse sleep quality. 
 First of all, it is important to point out that, for the 3 main pa-
rameters considered in this study (interval, duration, and AUC), 
a non-Gaussian distribution was found in both normal controls 
and patients with RLS. This implies that the use of means and 
standard deviations is not adequate to statistically describe these 
parameters and to statistically test differences between groups or 
conditions. We strongly suggest the use of distribution graphs for 
the statistical characterization of these parameters.
 The average LM duration was found to be not different be-
tween controls and patients; the distribution histograms also had 
a similar aspect. On the other hand, this approach showed that 
polysomnograms of patients had a significantly higher number 
of LM, as compared with normal controls, for durations up to 
11 seconds. This means that the duration criteria established by 
ASDA,1 considering only movements ranging from 0.5 to 5 sec-
onds, might be too restrictive and might exclude movements po-
tentially belonging to the same pathophysiologic family of PLM. 
Other authors have already suggested broadening the duration 
criterion to include movements exceeding 5 seconds, especially 
during non-REM sleep stage 1 or when PLM are associated with 
arousals. For PLMW, Michaud et al35 proposed to also include 
movements lasting up to 10 seconds. We did not measure PLMW 
with either the classic scoring criteria or with our new approach; 
however, in the future, the analysis of LM features during pre-
sleep or intrasleep wakefulness should also be refined because 
PLMW show a good correlation with the severity of the clinical 
syndrome in patients with RLS.36

 Considering the new parameter of the AUC, significant quan-
titative differences between normal and RLS groups have been 
found for almost all values considered. This result suggests that 
no restrictive upper limits should be applied to PLM on the ba-
sis of this parameter; this is related to the fact that EMG is an 
uncalibrated signal, which can show large interindividual and in-
traindividual changes, even during the same recording. On the 
contrary, a lowest threshold value has to be established in order to 
distinguish LM from the background EMG noise. ASDA criteria 
indicate this threshold value on the basis of 25% of the EMG am-
plitude during the prerecording calibration. Using these criteria, 
it is unclear how the amplitude of the calibration signal must be 
measured because it shows evident oscillations, and it is unclear 
for how long the amplitude of the considered event should remain 
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over this threshold in order to be classified as a LM. Furthermore, 
the amplitude parameter is also relevant for the onset and the end 
of each LM to define precisely its duration and the interval that di-
vides it from the previous and the following ones. In this perspec-
tive, the AUC parameter describes the muscle contraction power 
dissipation better than does the amplitude. Studies carried out by 
means of surface electrodes and concentric needle EMG analy-
sis have demonstrated that the AUC reflects better the number of 
myofibers (value depending on the size and the number of motor 
units) activated during a muscle contraction than does the ampli-
tude.37 A limit in considering AUC is represented by the fact that 
its measurement requires a digital automatic program and can not 
be extracted by visual-manual systems. Nevertheless, computer 
programs can be arranged to measure the AUC when LM events 
are also detected manually, as in our case.
 The number of inter-LM intervals tends to follow a unimodal-
type distribution in young normal controls and a bimodal type in 
patients with RLS. The difference regarding the first peak (inter-
vals shorter than 8-10 seconds) is significant only for its quantita-
tive aspects but shows a similar shape in both populations. LM 
separated by less than 4 seconds are excluded by the ASDA cri-
teria1; on the contrary, in this study, we found that these intervals 
were also more numerous in patients with RLS than in normal 
controls. This indicates the need to also include the analysis of 
movements separated by less than 4 seconds in the study of the 
motor patterns of patients with RLS. The choice of 0.5 seconds as 
a minimum interval to separate 2 consecutive LM and to define 
monolateral versus bilateral LM might have increased the total 
number of LM detected by the new analysis; on the contrary, with 
the classic criteria, many movements during sleep are probably 
ignored. Thus, in terms of leg motor activity during sleep, the 
classic scoring criteria might underestimate LM; the impact of 
this different new approach will probably be evident when it is 
applied to the analysis of the effects of drug treatment on leg ac-
tivity. 
 However, the most striking difference between our patients 
with RLS and normal controls was the presence of a wide peak, 
in patients, with a maximum located at around 15 to 30 seconds 
and extending from 10 to 90 seconds; this peak was clearly absent 
in normal controls. We believe that this peak primarily represents 
the periodic EMG activity characterizing RLS, and, for this rea-
son, we decided to establish a tool that is not only able to describe 
a peak in the distribution histogram (that only gives an estimate 
of the number of intervals with these characteristics), but also 
capable of analyzing the time relationships between subsequent 
intervals. This was achieved by the Periodicity Index, which de-
scribes the proportion of intervals in the whole sequence included 
in “periodic” runs. This index is not influenced by the quantitative 
aspects of PLM and seems to be stable even along the night in the 
same individual (data not shown). 
 An important part of this study was devoted to the analysis 
of the time structure of the LM-interval sequences by mean of a 
mathematical approach already known and accepted for this scope 
(Markovian analysis); this served for the validation and confirma-
tion of the results obtained by means of the simple Periodicity 
Index . 
 The Periodicity Index also allowed us to describe 3 arbitrary 
subgroups of RLS patients, based on the different level of “peri-
odicity” of their PLM. Furthermore, it seems to be useful in pro-
viding a new qualitative differentiation among patients with PLM, 

which is not possible by using the pure quantitative PLM index. 
Obviously, there is a need for verification and follow-up studies 
to determine its utility in the discrimination of different patient 
groups who share, in common, PLMs as a phenotype. These po-
tential differences, not detectable by the standard indexes, might 
prove to be important, not only in a diagnostic perspective, but 
also for their possible pathophysiologic meaning. Indeed, differ-
ent shapes of PLM-interval distribution graphs might reflect im-
portant differences in the mechanisms generating LM that might 
not be exclusively under the control of dopaminergic systems and 
might involve different and more complex pathways. This point 
is highly speculative and cannot be resolved by this methodologic 
study, which only has the scope to propose a new way to ana-
lyze a phenomenon and to provide new indexes to be tested more 
extensively in normal controls and patients affected by different 
PLM-related pathologies.
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