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diated by activation of the sympathetic arm of the autonomic 
nervous system.8-12 Studies have explored the cardiovascular 
status of hypocretin-deficient mice, with results showing that 
these mice have lower arterial BP.13

Sleep fragmentation is frequently reported in patients with NC, 
who show a high frequency of PLMS.2,4 Physiologic activation 
associated with PLMS represents a model to study the responses 
of the autonomic nervous system. Hence, studies conducted in 
patients with restless legs syndrome (RLS) and in healthy control 
subjects without RLS have reported that HR changes occurring 
with PLMS are sensitive markers of autonomic responses, char-
acterized by a tachycardia followed by a bradycardia.14,15 To our 
knowledge, the arousal responses associated with PLMS have 
never been studied in subjects with NC. Studying interactions be-interactions be-
tween sleep and the cardiovascular system through physiologic 
activations associated with PLMS is of interest in NC, which is 
characterized by the absence of hypocretin.

The aim of this study was to measure HR changes associ-
ated with PLMS in the presence or absence of a microarousal 
in patients with NC and in age- and sex- matched healthy con-patients with NC and in age- and sex- matched healthy con-
trol subjects.

METHODS

Subjects
Fourteen patients with sporadic NC (6 men, 8 women) aged be-

tween 29 and 67 years (mean age, 52.4 � 12.� years) were includ-� 12.� years) were includ-12.� years) were includ-

NARCOLEPSY WITH CATAPLEXY (NC) IS CHARAC-
TERIZED BY EXCESSIVE DAYTIME SLEEPINESS, 
CATAPLEXY, AND DISTURBED NOCTURNAL SLEEP, 
including parasomnias, dissociated rapid eye movement (REM) 
sleep, and periodic leg movements during sleep (PLMS).1-4 Re-Re-
cent advances in our understanding of the pathophysiology of NC 
have demonstrated a marked decrease in hypocretin-1 levels in the 
cerebrospinal fluid, and in the number of hypocretin neurons.1,5,6 
Hypocretin neurons are exclusively located in the lateral hypotha-
lamus but project widely throughout the central nervous system, 
including to the hypothalamic and brainstem structures that are 
known to play a role in central cardiovascular regulation.7,8

Animal studies have revealed that pharmacologic administra-
tion of hypocretin stimulates arousal and elevates arterial blood 
pressure, heart rate (HR), oxygen consumption, body tempera-
ture, and plasma catecholamine levels.8-12 The increased blood 
pressure (BP) and HR effects have been demonstrated to be me-
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grams, 1 electrocardiogram (lead II), and 1 chin electromyogram 
(EMG). Respiration was assessed by nasal cannula, thoracoab-
dominal strain gauges, and finger pulse oximetry. Respiratory 
events were scored according to American Academy of Sleep 
Medicine recommendations.16 Surface EMG electrodes placed 3 
cm apart on the right and left anterior tibialis muscles were used 
to record PLMS. Sleep was scored by the standard method,16 and 
PLMS were scored following the criteria set by the International 
RLS Study Group.17 Only movements lasting �.5 to 1� seconds, 
separated by intervals of 5 to 9� seconds and occurring in a se-
ries of at least 4 consecutive movements, were counted. The am-
plitude criterion for detecting leg movements was an increase in 
EMG to at least 8 µV above the resting baseline for the onset of 
the movement and a decrease in EMG to less than 2 µV above 
the resting level for the offset of movement. Microarousals were 
scored according to standard American Sleep Disorders Associa-
tion and American Academy of Sleep Medicine criteria.16,18

In addition to the standard criteria for PLMS, only move-
ments separated by at least 2� seconds were selected for cardio-
vascular analysis in order to avoid overlapping HR response to 
successive leg movements. Movements were selected in stage 
2 sleep to avoid sleep-stage interaction. Only movements free 
of any physiologic (rhythmic masticatory muscle activity, flow 
limitation at the nasal cannula, apneas and hypopneas, arrhyth-
mias) or technical factors were selected. Finally, a total of 21� 
PLMS with microarousals and 49� PLMS without microarous-
als were selected for cardiovascular analysis in control subjects; 
117 PLMS with and 418 without microarousals were selected 
in patients with NC. HR was measured on segments lasting 25 
heartbeats, comprising 1� RR intervals before the movement 
(−1� to −1) and 15 RR intervals after the movement (+1 to 
+15). The RR intervals were converted into beats per minute. 
For each movement, the baseline was defined as the mean value 
from beat −1� to −6. Changes in HR were then calculating by 
subtracting baseline from each HR value. In addition, the mean 
cardiac-activation amplitude was calculated in each subject for 
PLMS with and without microarousals (amplitude = maximal 
value during tachycardia – minimal value during bradycardia).

Statistical Analyses
Mann-Whitney tests were performed to compare sleep archi-were performed to compare sleep archi-

tecture and PLMS in narcoleptics patients and normal control 
subjects. Beat-to-beat HR changes associated with PLMS with 
and without microarousals in patients with NC and control sub-
jects were assessed independently by 2-way analyses of variance 
with 1 factor (group) and 1 repeated measure (heartbeat) followed 
by planned comparisons. Greenhouse-Geisser correction for 
sphericity was applied. Mann-Whitney tests were also performed 
to assess between-group differences for cardiac-activation am-ardiac-activation am-
plitude associated with PLMS with and without microarousals. 
Spearman rank-order correlation coefficients were calculated to 
assess the relationships among cardiac activation amplitude, age, 
and PLMS. Differences were considered significant at P < �.�5.

RESULTS

Clinical and Polysomnographic Data
Polysomnographic data from patients and control subjects are 

shown in Table 1. The mean age of patients and control subjects 

ed in the study. Inclusion criteria for narcolepsy were the presence 
of excessive daytime sleepiness, cataplexy, HLA DQB1*�6�2 
positivity, at least 2 sleep-onset REM periods, and a mean sleep 
latency of less than 8 minutes during the Multiple Sleep Latency 
Test. An additional inclusion criterion was that the subjects have 
a PLMS index of at least 1� per hour. Exclusion criteria for NC 
were the presence of any other sleep disorder, especially RLS, 
REM sleep behavior disorder (based on clinical interview), and 
sleep apnea syndrome (as defined by an index of respiratory 
events > 5). Nine patients were drug naïve, and 5 had stopped 
their medication (psychostimulant, anticataplectic drugs, and any 
drug known to influence sleep, motor, or autonomic nervous sys-autonomic nervous sys-
tem activities) for at least 1 month prior to the polysomnographic 
recording in the sleep laboratory.

Data from 14 control subjects (6 men, 8 women) aged be-(6 men, 8 women) aged be-
tween 2� and 65 years (mean age, 51.3 � 1�.8 yrs) matched for 
age and sex were compared with data from the patients with 
NC. These subjects were recruited from the general population 
by announcements placed in newpapers. None of the control 
subjects had any complaint of daytime sleepiness, insomnia, 
RLS, or REM sleep behavior disorder. Control subjects were 
also required to have a PLMS index of at least 1� per hour. 
Exclusion criteria for healthy normal subjects were the same as 
for patients with NC. In addition, none of the control subjects 
reported any symptom of NC.

All participants were free of coronary artery disease, stroke, 
heart failure, hypertension, or diabetes and none smoked. All 
subjects signed a consent form approved by the ethics commit-
tee of the Sacré-Coeur Hospital.

Procedures
All subjects underwent 1 night of polysomnographic recording 

in the sleep laboratory. Sleep recording included 4 electroencepha-. Sleep recording included 4 electroencepha-Sleep recording included 4 electroencepha-
lographic leads (C3, C4, O1 and O2), 2 bilateral electrooculo-

Table 1—Demographic and polysomnographic characteristics of patients 
with narcolepsy-cataplexy and control subjects

Characteristic

Patients 
with NC
n = 14

Control 
subjects

n = 14 P value
Sex, men/women 6/8 6/8
Age at polysomnography, y 52.4 ± 12.0 51.3 ± 10.8 0.7
Total sleep time, min 417.3 ± 51.4 387.9 ± 50.7 0.4
Sleep latency, min 5.3 ± 3.7 13.0 ± 10.3 0.01
REM latency, min 38.8 ± 66.8 85.8 ± 49.3 0.007
Sleep efficiency, % 81.6 ± 8.6 85.3 ± 10.1 0.2
Duration of wake, min 92.8 ± 43.3 67.0 ± 46.4 0.1
Awakenings, no. 57.6 ± 18.2 40.9 ± 20.6 0.03
Microarousals, no./h 15.0 ± 8.0 13.0 ± 9.8 0.3
Sleep stage, %

1 18.8 ± 6.9 12.3 ± 6.9 0.009
2 54.0 ± 8.3 64.7 ± 6.9 0.0004
SWS 4.8 ± 4.1 2.5 ± 4.0 0.04
REM 22.4 ± 9.7 20.5 ± 5.7 0.9

Data are presented as mean ± SD, except sex. NC refers to narcolepsy-
cataplexy; REM, rapid eye movement sleep; SWS, slow-wave sleep.
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without microarousals (P = �.���7) was found in patients with 
NC, compared with control subjects (Table 2). A negative cor-
relation was noted between cardiac-activation amplitude and 
age in patients with NC (r = −�.54, P = �.�4) but not in control 
subjects (r = −�.31, P = �.3). In contrast, no correlation was 
found between cardiac-activation amplitude and PLMS index 
for either patients with NC (r = −�.16, P = �.6) or control sub-
jects (r = −�.25, P = �.4). Because the PLMS index in NREM 
sleep was slightly lower in patients with NC than in control sub-
jects, we reanalyzed our cardiac-activation data, removing the 
data from the 5 control subjects with the highest PLMS indexes. 
We found no group differences for age and PLMS index within 
this subset of control subjects (n = 9, mean age = 49.4 � 12.9 
y, and mean PLMS index = 34.8 � 13.9). Between-group dif-Between-group dif-
ferences in cardiac-activation amplitude remained significant, 
with patients with NC having a lower amplitude than control 

was similar at the time that polysomnography was performed 
(52.4 � 12.� y vs 51.3 � 1�.8). Patients reported a long duration 
of disease at the time of the study, mean of 27.8 � 15.6 years. 
We found some differences in sleep architecture between patients 
and control subjects, with a higher percentage of stage 1 sleep, 
a higher number of awakenings, a lower percentage of stage 2 
sleep, a slightly higher percentage of slow wave sleep, and shorter 
nighttime and REM sleep latencies in patients with NC (Table 1).

The PLM index during wakefulness was higher in patients 
with NC, compared with control subjects; however, total PLMS 
and PLMS in non-rapid eye movement (NREM) sleep indexes 
were higher in control subjects (Table 2). No difference was 
seen between NC and control subjects for PLMS duration 
(2.� s � �.4 vs 2.1 s � �.5) and for PLMS intermovement dura-2.� s � �.4 vs 2.1 s � �.5) and for PLMS intermovement dura-) and for PLMS intermovement dura-
tions (31.9 s � 5.6 vs 33.1 s � 3.7). Finally, no between-group 
difference was reported for microarousals and PLMS with 
microarousal indexes (Tables 1 and 2).

HR Changes Associated With PLMS
Figure 1 shows the distribution of HR changes associated 

with PLMS without microarousals in patients with NC, com-NC, com-
pared with control subjects, for 1� RR intervals before the 
movement (−1� to −1) and 15 RR intervals after the onset of the 
movement (+1 to +15). A Group-by-Heartbeat interaction was 
noted for PLMS without microarousals, with a tachycardia of 
lower amplitude (significant for beats +3 to +5) and a delayed 
and lower amplitude of bradycardia (significant for beats +9 to 
+12) in patients with NC (F19,494 = 6.�1, P = �.��1).

A similar Group-by-Heartbeat interaction was observed for 
PLMS with microarousals (F19,494 = 2.71, P = �.�5). Again, pa-
tients with NC showed a tachycardia of lower amplitude (beats 
+4) and a delayed and lower amplitude of bradycardia (beats 
+12 to +14) associated with PLMS with microarousals, com-
pared with control subjects (Figure 2).

A reduced magnitude of the cardiac activation associated 
with both PLMS with microarousals (P = �.��9) and PLMS 

Table 2—Characteristics of PLMW and PLMS and cardiac activation 
related to PLMS in patients with NC and control subjects

Polysomnographic parameter

Patients 
with NC
n = 14

Control 
subjects

n = 14 P value
PLMW index 89.8 ± 45.8 51.1 ± 37.8 0.02
PLMS index

Total 30.8 ± 13.3 43.6 ± 16.6 0.05
In NREM sleep 31.9 ± 12.0 49.2 ± 19.1 0.02
In REM sleep 29.2 ± 28.5 21.4 ± 33.4 0.3

PLMS-MA index 3.5 ± 2.1 4.8 ± 4.9 0.9
PLMS associated with MA, % 14.3 ± 11.9 11.8 ± 13.6 0.2
Mean cardiac activation amplitude for PLMS, beats/min

Without MA 5.7 ± 2.6 10.5 ± 3.1 0.0007
With MA 8.6 ± 4.5 13.4 ± 4.1 0.009

Data are presented as mean ± SD. PLMS refers to periodic limb 
movements during sleep; PLMW, periodic limb movements during 
wakefulness; NC, narcolepsy-cataplexy; NREM, non-rapid eye movement 
sleep; REM, rapid eye movement sleep; MA, microarousals.

Figure 1—Heart rate changes associated with periodic limb movements 
during sleep (PLMS) without microarousal (MA) in patients with 
narcolepsy-cataplexy (NC) (gray) and in control subjects (black). The 
dashed line represents PLMS onset. Data are presented as mean ± 
SEM. Asterisks indicate P < 0.05 from baseline.
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Figure 2—Heart rate changes associated with periodic limb movements 
during sleep (PLMS) with microarousal (MA) in patients with narcolepsy-
cataplexy (NC) (gray) and in control subjects (black). Dashed line 
represents PLMS onset. Data are presented as means ± SEM. Asterisks 
indicate P < 0.05 from baseline.
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creasing the sympathetic tone.31,32 Moreover, cardiovascular 
studies in orexin-knockout mice have revealed lower arterial 
BP, as compared with in wild-type mice, differences that are 
abolished by α-adrenergic or ganglionic blockade.13 Alto-
gether, these results corroborate that the hypocretin system 
acts as an essential modulator for coordinating autonomic-
system circuits, with the predominant sympathetic excita-
tory effect targeting the autonomic centers of the brain. We 
hypothesize that the generalized attenuation of PLM-related 
HR changes observed in human narcolepsy is explained by a 
lower sympathetic response due to the hypocretin-deficient 
condition. Although the significance of PLMS and the lower 
amplitude of the PLMS-related cardiac activations remain 
unclear, it may be of clinical importance.33 Hence, several 
studies have shown that a decrease in HR variability, a tool 
that is frequently used to assess autonomic imbalance, is as-
sociated with a higher risk of mortality due to cardiovascular 
diseases.34,35 These findings require further attention, since 
NC is often associated with obesity, type 2 diabetes, and the 
metabolic syndrome.36,37 We also emphasize that patients with 
NC will be treated with psychostimulants for the rest of their 
lives, therapy that has a well-known impact on autonomic 
nervous and cardiovascular systems.38

Several limitations in our study need to be addressed. First, 
the sample size is small, although sufficient to demonstrate a 
significant reduction in the amplitude of the PLMS-related HR 
response. The small sample size is the result of the strict in-in-
clusion criteria, which required the presence of enough PLMS 
to be further analyzed and compared with the PLMS index of 
a carefully age- and sex-matched population that had no co- that had no co-
morbid disease or was taking any medication that may impact 
the results. Second, we focused on PLMS-related cardiac ac-
tivations only in stage 2 non-REM sleep. Because most of the 
PLMS existed in stage 2 sleep, especially in control subjects, 
we were unable to score enough PLMS to perform between-
group HR changes by comparing PLMS in various sleep stages. 
Finally, no cerebrospinal fluid hypocretin-1 measurement was 
available in patients. However, we assume that patients were 
almost all hypocretin deficient because they all had sporadic 
NC and had severe daytime sleepiness, clear-cut cataplexy, 
typical results on the Multiple Sleep Latency Test, and HLA 
DQB1*�6�2 positivity.

CONCLUSION
Our study pinpointed a significant reduction in the ampli-

tude of PLMS-related HR responses in both tachycardia and 
bradycardia in patients with NC. This result suggests that the 
physiologic relevance of the action of hypocretin on autonomic 
function may be of clinical signifi cance with regard to increas-may be of clinical significance with regard to increas-ith regard to increas-
ing the risk of cardiovascular diseases.
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subjects for mean cardiac activation for both PLMS without 
microarousals (5.7 � 2.6, n = 14 vs 1�.7 � 2.7, n = 9, P = �.��1) 
and PLMS with microarousals (8.6 � 4.5, n = 14 vs 13.9 � 5.�, 
n = 9, P = �.�2).

DISCUSSION
Our study reports for the first time the autonomic activation 

associated with PLMS in patients with NC, with a lower mag-mag-
nitude of the changes reported, compared with healthy matched 
control subjects. The pattern of cardiac acceleration and de-The pattern of cardiac acceleration and de-
celeration was substantially similar for PLMS with and without 
microarousals, although the changes were greater when micro-
arousals occurred. The increase in HR started before PLMS 
with or without microarousals in patients with NC and in con-patients with NC and in con-and in con-
trol subjects.

Reduced PLMS-associated autonomic changes in patients 
with NC favor a lower sensitivity of the common brainstem 
generator of cardiac activations.19,2� Similar findings were pre-
viously reported in patients with RLS and with the aging proc-
ess,14,15,21 as also pinpointed in our present study in both patients 
with NC and control populations. However, we noted in the 
present study that cardiac-activation amplitude associated with 
PLMS was independent of the PLMS index in both patients 
with NC and control subjects.

Reduced autonomic activation associated with PLMS, to-
gether with a lower HR variability during sleep and an im-
pairment in both sympathetic and parasympathetic activities 
in wakefulness, have been reported in patients with idiopathic 
REM sleep behavior disorder.22,23 These findings were of ma-
jor interest in terms of pathophysiology, since an increased 
frequency of REM sleep without atonia, phasic EMG activity, 
and clinical REM sleep behavior disorder had been previously 
reported in patients with NC.3,24 We hypothesize that common 
abnormalities in REM sleep motor regulation and autonomic 
function exist in both conditions.

Old clinical studies in patients with NC, before the discovery 
of hypocretins, reported some abnormalities in the autonomic 
nervous system, including pupillary, erection, and cardiovas-
cular functions.25-27 Hence, 1 study exploring the cardiovascu-
lar system in patients with NC revealed a reduced vegetative 
reactivity in response to muscle contraction and the Valsalva 
maneuver,27 findings that have not been further confirmed.25 
Later on, power spectrum analysis studies of HR and BP vari-
ability have suggested only minor changes in NC that failed to 
find a clear autonomic dysfunction.28,29

Our findings, therefore, have demonstrated, for the first 
time, a primary change in autonomic function in patients 
with NC. Autonomic imbalance may be characterized by 
an impairment in both sympathetic and parasympathetic 
activities. Recent studies have highlighted the nonsleep ac-Recent studies have highlighted the nonsleep ac-ecent studies have highlighted the nonsleep ac-
tions of hypocretin, including roles in controlling central 
pathways involved in the regulation of cardiovascular func-
tions.7,3� Pharmacologic studies have revealed that intrathe-
cal hypocretin administration results in increased BP and HR 
in conscious, as well as anesthetized, animals, an effect that 
is mediated by enhancement of the sympathetic output.1�-12 
In addition to acting on brainstem sites related to autonomic 
function, hypocretin also acts in the hypothalamic paraven-
tricular nucleus and sympathetic preganglionic neurons, in-
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