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� Orexin has a direct effect on autonomic regulation and narcoleptic patients exhibit sympathetic
dysfunction.

� Exploration of cardiac sympathetic adrenergic nerve activity in narcolepsy by MIBG scintigraphy.
� Absence of cardiac sympathetic denervation in narcolepsy but association with REM sleep

deregulation.

a b s t r a c t

Objective: To compare cardiac sympathetic adrenergic nerve activity in patients with narcolepsy type 1
(NT1) and controls using 123I-MIBG myocardial scintigraphy, and to determine the clinical and neuro-
physiological variables associated with 123I-MIBG scintigraphy results in NT1.
Methods: Fifty-six NT1 patients and 91 controls without neurological diseases underwent a cardiac
scintigraphy. MIBG uptake was quantified by delayed heart/mediastinum (H/M) ratio. Clinical, neuro-
physiological and biological determinants of a low H/M were assessed in NT1.
Results: MIBG uptake did not differ between NT1 and controls in crude and adjusted associations. Five
patients had low MIBG uptake (<1.42, first decile of controls), often with advanced age, cardiovascular
(CV) diseases, stimulants intake, and REM sleep behavior disorder. Patients with H/M <1.62 (lowest ter-
tile) were older, with higher BMI, microarousal index and CV comorbidities. A three-fold increase of pha-
sic/tonic REM sleep motor activities was found in those patients, confirmed in a subanalysis of 40 drug-
free patients. No association was found with CSF hypocretin levels.
Conclusion: A direct measure of the heart adrenergic nerve activity revealed no sympathetic denervation
in NT1.
Significance: Our results indicate normal cardiac sympathetic innervation in NT1. However, few patients
with low MIBG uptake also presented CV comorbidities and REM sleep motor deregulation, potentially at
high CV risk, requiring a careful follow-up.

� 2018 International Federation of Clinical Neurophysiology. Published by Elsevier B.V. All rights
reserved.
1. Introduction

Narcolepsy type 1 (NT1) is an orphan sleep disorder caused by
the selective and irreversible loss of hypocretin/orexin neurons
that widely project to brain, brainstem and intermediolateral
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nucleus neurons of the spinal cord, and have key roles in auto-
nomic and cardiovascular (CV) regulation (Dun et al., 2000;
Dauvilliers et al., 2007; Grimaldi et al., 2014). Hypocretin-
deficient mice show lower arterial blood pressure (BP) during
wakefulness and blunted non-rapid eye movement (REM) sleep
and REM sleep-related BP decreases compared with wild type ani-
mals (Bastianini et al., 2011; Lo Martire et al., 2012). Intracere-
broventricular administration of hypocretin in rats stimulates
arousal and elevates arterial BP, heart rate (HR), and plasma cate-
cholamine levels in a dose-dependent manner (Samson et al.,
1999; Shirasaka et al., 1999). These results seem to be mainly
mediated by the activation of sympathetic preganglionic neurons
in the spinal cord and the consequent increase of the sympathetic
outflow (Antunes et al., 2001).

Several clinical autonomic dysfunctions have been described in
patients with NT1, such as pupillary abnormalities, non-dipper BP
profile, metabolic and heart rate variability alterations (Plazzi et al.,
2011; Dauvilliers et al., 2012). The underlying mechanisms remain
unclear with conflicting results in drug-naive patients with NT1
during wakefulness. Some studies found an increased sympathetic
activation (Grimaldi et al., 2010, 2012), whereas a recent study
revealed a decreased sympathetic tone in drug-free narcoleptic
patients (Donadio et al., 2014), a result more in line with preclini-
cal findings. However, these studies in patients with NT1 focused
on the peripheral sympathetic outflow only, with no direct assess-
ment of the cardiac sympathetic function.

Meta-iodobenzylguanidine (MIBG, a physiological nore-
pinephrine analogue) cardiac scintigraphy is a reliable method
for the objective evaluation of cardiac adrenergic nerve activity.
This sensitive test assesses norepinephrine presynaptic neuronal
uptake and the integrity of myocardial presynaptic nerve terminals
(Sisson et al., 1987; Gill et al., 1993). A reduced delayed heart to
mediastinum (H/M) ratio reflects a cardiac sympathetic dysfunc-
tion (Yamashina and Yamazaki, 2007).

In the present study,weaimed to explore the cardiac sympathetic
adrenergic nerve activity in NT1 by comparing the delayed H/M
ratio calculated after 123I-MIBG myocardial scintigraphy in patients
withNT1 and control subjects, and assessing clinical and neurophys-
iological determinants of 123I-MIBG scintigraphy results in NT1.
2. Methods

2.1. Participants

Fifty-six patients with NT1 (38 men, median age 38.5 years,
range 13–86) were recruited at the National Reference Centre for
Narcolepsy of Montpellier, France. The diagnosis of NT1 was con-
firmed according to the ICSD-3 criteria (AASM: American
Academy of Sleep Medicine, 2014): mean sleep latency <8 minutes
on the multiple sleep latency test (MSLT), �2 sleep onset REM peri-
ods (SOREMPs), and definite cataplexy. All patients were positive
for HLA DQB1*06:02 typing. Lumbar puncture was performed in
43 patients (76.8%), and all had low cerebrospinal fluid (CSF)
hypocretin-1 level (<110 pg/ml).

Ninety-one control subjects (42 men, median age 53 years,
range 10–87) were selected from the local control database of
the Department of Nuclear Medicine of Montpellier Hospital to
determine the normal values of the MIBG uptake parameters. This
methodology is often used in MIBG scintigraphy studies as patho-
logical cardiac MIBG values often differed between centers in the
literature, depending on the involved populations, but mostly on
the acquisition and processing conditions (Yamada et al., 2003;
Yamashina and Yamazaki, 2007). Those subjects had no neurolog-
ical or sleep disorders, no heart failure, no diabetes mellitus, no
drugs that may affect the results of MIBG myocardial scintigraphy.
They often underwent 123I-MIBG cardiac scintigraphy for another
reason, mostly to exclude a pheochromocytoma. Only age, gender
and body mass index (BMI) were available in those subjects.

This study was approved by the institutional review boards of
Montpellier University, France. The study protocol was designed
and performed in accordance with the approved guidelines.
Informed consent was obtained from all subjects.

2.2. Clinical and cardiovascular evaluation

Age at NT1 onset, disease duration, severity of excessive daytime
sleepiness (EDS), and presence of REM sleep behaviour disorder
(RBD) were determined using a standardized clinical interview.
Comorbid RBD in patients with NT1 was defined as the presence
of motor behaviours associated with dreaming, occurring during
the REM sleep, and the video-polysomnography (PSG) confirmation
of REM sleep without atonia (AASM: American Academy of Sleep
Medicine, 2014). Patients with NT1 underwent a physical examina-
tion with measurement of BMI. Comorbid CV and metabolic
disorders were assessed, and defined as: (1) CV disorders (e.g.,
coronary artery disease, chronic heart failure, arrhythmia or stroke),
(2) hypertension (systolic BP � 140 mmHg and diastolic
BP� 90 mmHg) and/or treatment with antihypertensive drugs, (3)
medical history of diabetesmellitus and/or use of antidiabetic drugs,
and (4) dyslipidaemia and/or use of lipid-lowering drugs. Metabolic
syndromewas diagnosed according to the National Cholesterol Edu-
cation Program Adult Treatment Panel III criteria (Lorenzo et al.,
2007). Regular tobacco and alcohol consumption, and physical inac-
tivity were reported. Ambulatory BP was monitored for 24 hours in
all patientswith NT1 to determine themean systolic and diastolic BP
and heart rate (HR) over 24-hour, during daytime (from 7 am to
11 pm) and during night-time (from 11 pm to 7 am).

2.3. Polysomnographic evaluation

All drug-free patients with NT1 underwent one night video-PSG
recording in the sleep laboratory. Sleep stages, micro-arousals,
periodic limb movements during sleep (PLMS) and apnoea-
hypopnea index (AHI) were manually scored, according to stan-
dard criteria (Iber et al., 2007). REM sleep was scored without
the chin electromyographic (EMG) criterion allowing for the main-
tenance of muscle tone during REM sleep. A 30-second-epoch of
REM sleep was defined as tonic, if tonic chin EMG activity was pre-
sent for �50% of the epoch. Phasic EMG activity was scored from
the chin EMG recording and represented the percentage of 2-
second mini-epochs of REM sleep containing phasic EMG events,
defined as any burst of muscle activity lasting from 0.3 to 5 sec
with amplitude that exceeded four times the baseline EMG signal.
REM sleep without atonia was defined as the presence of a tonic
REM EMG activity that exceeded 30% of the total REM sleep dura-
tion. Phasic EMG activity was considered abnormal when higher
than 15% (Montplaisir et al., 2010).

2.4. Cardiac scintigraphy

All participants underwent 123I-MIBG cardiac scintigraphy.
Images were acquired 3 hours (delayed phase) after intravenous
injection of 185 MBq 123I-MIBG using a General Electric INFINIA
Hawkeye 4 gamma camera (GE Healthcare, Tirat Carmel, Israel)
with low energy and high resolution collimators. Cardiac 123I-
MIBG uptake was assessed on planar images. For this purpose,
rectangular regions of interest (ROI) of 7 � 7 pixels were drawn
on the heart (H) and mediastinum (M) in each planar image
(Flotats et al., 2010). Cardiac 123I-MIBG uptake was assessed by cal-
culating the delayed H/M activity ratio, the most reliable MIBG bio-
marker, taking the average count per pixel in the ROI. Scintigraphic
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data were analysed by nuclear medicine specialists, blinded to the
subject’ status.

At the time of scintigraphy, 16 patients with NT1 were treated
(14 patients with stimulants and anticataplectic drugs and two
with a stimulant alone), 22 patients had stopped psychostimulant
medications �2 weeks prior to the evaluation, and 18 patients
were drug-naive. The median delay between cardiac scintigraphy
and video-PSG recording was one day.

2.5. Statistical analysis

Categorical variables are presented as percentages, and quanti-
tative variables as medians with ranges (distributions tested with
the Shapiro-Wilk test were mostly skewed). Associations between
demographic and clinical characteristics and the two groups (con-
trols and patients with NT1) were analysed using logistic regres-
sion models. Variables associated with NT1 at p � 0.10 in the
univariate regression models were included in multivariate logistic
models to estimate the adjusted association between delayed H/M
ratio and the two groups. To assess the determinants of cardiac
sympathetic dysfunction in NT1, patients were divided into two
groups, those with a delayed H/M ratio <1.62 (considered as
patients with a low delayed H/M ratio) and those with a delayed
H/M ratio �1.62 (considered as patients with a high delayed H/M
ratio). The cut-off of 1.62 corresponded to lowest tertile of the
delayed H/M ratio in NT1 patients. Comparisons between a low
and high delayed H/M ratio were studied using logistic regression
models. However, due to the small number of outcome events per
independent variable, the results were only adjusted for age,
because the fitted regression model was not accurate when
adjusted for two covariates or more. Non-parametric tests (Mann
Whitney U Test or Fisher’s exact test, according to the type of vari-
ables) were used to compare drug-free (at scintigraphy) patients
with low and with high (the other two tertiles) delayed H/M ratio.
Spearman’s rank order correlations were used to determine associ-
ations between two continuous variables. The significance level
was set at p < 0.05. Analyses were performed with SAS (version
9.4; SAS Inc., Cary, North Carolina).

3. Results

3.1. Clinical characteristics and PSG results

Among the 56 patients with NT1, 19.6% were obese, 51.8% over-
weight, and 8.9% met the criteria for metabolic syndrome. Twenty-
Table 1
123I-MIBG cardiac scintigraphy results in patients with narcolepsy type 1 (NT1) and contr

Controls n = 91 NT1

n % n

Sex (men) 42 46.15 38
Age, yearsa 53.00 (10.00;87.00) 38.50

Age, years
<38 20 21.98 26
[38–61[ 38 41.76 13
�61 33 36.26 17

Body mass index, kg/m2 24.95 (15.90;37.00) 26.60
Delayed heart/mediastinum ratioa 1.70 (1.22;2.65) 1.77

Delayed heart/mediastinum ratiob

�1.61 31 34.07 17
]1.61–1.82] 31 34.07 17
>1.82 29 31.87 22

a Continuous variables are expressed as medians [minimum value-maximum value].
b Tertiles for the whole study population (NT1 and controls).
c Model 0: crude associations.
d Model 1: adjustment for age, sex.
e Model 2: adjustment for age, sex and body mass index.
five patients (44.6%) had at least one comorbid CV disease. Among
them, 15 (60%) had hypertension (including 11 with antihyperten-
sive medication), 17 (68%) dyslipidaemia (including five with lipid-
lowering drugs), one (4%) type 2 diabetes (with antidiabetic treat-
ment), and 9 (36%) a cardiac disorder (two with mild myocardial
infarction, one with chronic heart failure, one with stable angina,
and five with arrhythmia). Twenty-three patients with NT1 (41%)
showed a non-dipping BP pattern, defined as a fall of the nocturnal
BP lower than 10% relative to the daytime BP (Hansen et al., 2005).
Eleven patients (19.6%) had moderate (AHI between 15 and 30/
hour) and eight (14.3%) severe (AHI � 30/hour) sleep apnoea syn-
drome. Finally, 34 patients with NT1 (60.7%) had clinically defined
RBD. Among the controls (n = 91), 17.5% were obese.

Compared with patients with NT1, controls were older and
more frequently women. Therefore, the subsequent analyses were
adjusted for age and sex, and also for BMI that tended to be higher
in the NT1 group than in control group (p = 0.1) (Table 1).

3.2. Cardiac MIBG uptake in patients with NT1 and controls

The delayed H/M ratio (taking as a continuous variable or as a
categorical variable) did not differ between patients with NT1
and controls in crude and adjusted analyses (Table 1). Similar
results were obtained when comparing only patients with NT1
and age- and sex-matched controls (n = 48/group), or the subgroup
of patients with NT1 not taking any drug at the time of scintigra-
phy (n = 40) with controls (data not shown).

As no pathological H/M ratio values were validated, we decided
to choose the first decile of the H/M ratio from our local control
group (1.42) to define low threshold values. Using this cut-off, only
five patients with NT1 (8.9%, among whom four were men; median
age 77 years [range 56–84]; median BMI 28.3 kg/m2 [25.7–47.8])
had low MIBG uptake (median delayed H/M ratio = 1.28 [1.20–
1.33]). Among these five patients, three were above 75 year old,
four were treated with psychostimulant and anticataplectic drugs,
four had at least one comorbid CV disease and three had a non-
dipping BP profile. Moreover, four of these patients had
clinically-defined RBD and three of them met the criteria for REM
sleep without atonia.

3.3. Determinants of low MIBG uptake in patients with NT1

Patients with NT1 and delayed H/M ratio <1.62 (i.e., the lowest
tertile) were older, with higher BMI, higher treatment intake for
NT1 and more CV comorbidities than those with H/M ratio in the
ols.

n = 56 Model 0c Model 1d Model 2e

% p-value p-value p-value

67.86 0.01
(13.00;86.00) 0.02

46.43 0.007
23.21
30.36

(17.00;47.80) 0.10
(1.20;2.29) 0.62 0.62 0.54

30.36 0.66 0.87 0.39
30.36
39.29
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other two tertiles. Delayed H/M ratio was negatively correlated
with age (R = �0.48, p = 0.0002) and with duration of evolution
of NT1 (R = �0.40, p = 0.002). No association was found between
H/M ratio and mean CSF hypocretin�1 level. Moreover, the H/M
ratio was not significantly different between patients with detect-
able (�10 pg/mL) and undetectable (<10 pg/mL) CSF hypocretin�1
levels (n = 25 vs n = 18 respectively). Delayed H/M ratio <1.62 was
associated with higher microarousal index (unadjusted analyses
and also after adjustment for age), and with sleep efficiency, AHI
and mean 24-hour, daytime, and night-time systolic, and diastolic
BP and HR values (only in unadjusted analyses) (Table 2), but not
with the non-dipping blood-pressure profile.

Clinically-defined RBD was not associated with cardiac MIBG
uptake. Conversely, patients with delayed H/M ratio <1.62 had
three-fold higher phasic or tonic REM sleep EMG activities than
those with H/M ratio �1.62; however this difference remained sig-
nificant in unadjusted analyses only. Similarly, patients with NT1
and REM sleep without atonia (i.e., with�30% tonic or�15% phasic
REM sleep EMG activities) had lower cardiac MIBG uptake than
those with preserved REM sleep atonia (delayed H/M ratio:
1.61 ± 0.24 vs 1.80 ± 0.25, p = 0.029). We further compared diag-
nostic performance of cardiac MIBG uptake using ROC analysis to
discriminate patients with REM sleep without atonia (i.e. phasic
�15% and/or tonic EMG activity �30%). The best cut-off value of
delayed H/M ratio to discriminate patients with NT1 and REM
sleep without atonia was 1.60, according to the Youden Index (area
under the curve: 0.70, 95% CI = [0.52–0.88]) with a specificity of
77.27% and a sensitivity of 58.33%. This value of 1.60 is closed to
the threshold of 1.62 (i.e. the lowest tertile of the delayed H/M
ratio in NT1), and none of NT1 patients had a delayed H/M ratio
between 1.60 and 1.62. The delayed H/M ratio was also negatively
correlated with tonic EMG activity in REM sleep in the NT1 popu-
lation (r = �0.35, p = 0.008). Finally, no association was found
between microarousal index in REM sleep and delayed H/M ratio.
3.4. Determinants of low MIBG uptake in drug-free patients with NT1

As the unadjusted analyses revealed that treatment of NT1 (i.e.
stimulant and anticataplectic drug) at the time of scintigraphy had
a significant effect on the cardiac MIBG uptake (Table 2), additional
analyses were performed exclusively in the 40 drug-free patients
with NT1. In this subgroup, the frequency of CV comorbidities
and the microarousal index were higher patients with H/M ratio
<1.62 than in those with H/M ratio �1.62, with a similar trend
for BMI (Table 3). Moreover, in drug-free patients with H/M ratio
<1.62, tonic and phasic EMG activities in REM sleep were signifi-
cantly increased (p = 0.007 and p = 0.008). Three (37.5%) patients
with low H/M ratio values had REM sleep without atonia compared
with only two (6.2%) in the H/M ratio �1.62 group.
4. Discussion

This study compared the cardiac sympathetic adrenergic nerve
activity using 123I-MIBG myocardial scintigraphy in a population of
well-characterized (drug-free and treated) adults and children
with NT1 and in a local clinical control group composed of subjects
without cardiac or neurological disorders, but who have completed
this exam mostly to exclude a pheochromocytoma. Cardiac MIBG
uptake was not significantly different between patients with NT1
and controls in crude associations and also after taking into
account some potential confounders (age, sex and BMI). Our results
indicate that overall, the cardiac sympathetic innervation is not
impaired in patients with NT1, in broad agreement with preclinical
findings obtained in hypocretin-deficient mice showing no struc-
tural evidence of myocardial damage in middle-aged narcoleptic
mice, but without quantification of cardiac sympathetic innerva-
tion (Silvani et al., 2014).

NT1 is frequently comorbid with sleep fragmentation and CV
risk factors, such as obesity, diabetes mellitus, metabolic syn-
drome, sleep apnoea syndrome, and non-dipping BP profile
(Dauvilliers et al., 2012; Jennum et al., 2013; Ohayon, 2013).
Patients with NT1 also need life-long treatments with psychostim-
ulants that may affect the autonomic nervous system, leading to
increased BP and HR and higher long-term risk of CV diseases
(Bosco et al., 2018). However, the incidence of CV disease morbid-
ity and mortality remains uncertain in NT1 and difficult to assess
prospectively because of NT1 low prevalence and the frequent
young age at onset. Therefore, we decided to assess the clinical
and neurophysiological determinants of low 123I-MIBG uptake in
untreated and treated patients with NT1. 123I-MIBG myocardial
scintigraphy is a validated sensitive technique to assess the func-
tion of myocardial postganglionic presynaptic sympathetic nerve
endings, and to predict impaired cardiac sympathetic innervation,
heart failure, sudden cardiac death and arrhythmic disorders
(Nakata et al., 1998; Merlet et al., 1992). We found that reduced
delayed H/M ratio values were associated with CV disorders, and
also with obesity, in agreement with previous studies in non-
narcoleptic obese subjects (Grassi et al., 1995). We also detected
an association between H/M ratio <1.62 and microarousal index,
even after adjustment for age, in the whole patient population
and also in the subgroup of drug-free patients. The threshold to
define pathological cardiac MIBG values is challenging, with sev-
eral cutoffs proposed between centres in the literature, from 1.4
to 2.8, with differences related to the involved populations, sample
size, but especially to the procedure and scanning methods (i.e.,
the different camera-collimator combinations) (Yamashina and
Yamazaki, 2007). Due to the absence of standardized normative
cardiac MIBG values, we used the last decile of the H/M ratio in
our local control group (n = 91 subjects) to define the threshold
of low values (1.42). Using this value, only five patients with NT1
had low MIBG uptake. These five patients were old (median age
77 years), had frequent comorbid CV disorders and RBD, as well
as high stimulants intake, and thus they underwent a very close
clinical follow-up. Remarkably, one of them developed atrial fibril-
lation one year after this cardiac evaluation.

Previous studies on the autonomic control in NT1 led to contra-
dictory results (increased, decreased or normal sympathovagal bal-
ance during sleep and wakefulness) (Calandra-Buonaura et al.,
2016). Hypocretin neurons project widely to brain areas that mod-
ulate the autonomic nervous system; however hypocretin defi-
ciency might not have an exclusive role in the autonomic
dysfunction in NT1, with several studies reporting discordant
results (Grimaldi et al., 2010, 2012; Donadio et al., 2014). Our
scintigraphy results (no differences between patients with NT1
and controls, and no association between delayed H/M ratio and
CSF hypocretin-1 levels) favour the hypothesis of the absence of
a direct effect of the hypocretin system on the cardiac adrenergic
nerve activity. Several studies in patients with NT1 suggest an
enhanced sympathetic activity with a blunted decrease of noctur-
nal BP (Grimaldi et al., 2010; Dauvilliers et al., 2012). In contrast, a
previous study found a decreased sympathetic tone in patients
with NT1 (Donadio et al., 2014), in line with the findings obtained
with most of the orexin-knockout or orexin neuron-depleted
mouse models of narcolepsy (Kayaba et al., 2003; Bastianini
et al., 2011; Zhang et al., 2006). However, in this study (Donadio
et al., 2014) the sympathetic activity was recorded by microneu-
rography, an intraneural technique that selectively quantifies the
peripheral sympathetic outflow. Conversely, we measured in the
present study the cardiac adrenergic nerve activity.

The state-dependent sympathetic-parasympathetic regulation
of the cardiovascular autonomic system could be a key issue in



Table 2
Clinical and neurophysiological determinants of low heart/mediastinum ratio (<1.62) in patients with narcolepsy type 1 (NT1).

Delayed heart/mediastinum ratio

<1.62*

n = 18
�1.62
n = 38

Model 0c Model 1d

Variable n % n % p-value p-value

Clinical characteristics and biological results
Sex (men) 12 66.67 26 68.42 0.90 0.54
Age, yearsa 60.50 (19.00;84.00) 32.50 (13.00;86.00) 0.005 -
Body mass index, kg/m2a 29.60 (22.50;47.80) 26.00 (17.00;43.40) 0.01 0.02
Body mass index, kg/m2

<25 1 5.56 15 39.47 0.007 0.01
[25–30[ 9 50.00 20 52.63
�30 8 44.44 3 7.89

Treatment for NT1 at time of scintigraphy (yes) 10 55.56 6 15.79 0.004 0.26
ESS scorea 18.00 (14.00;24.00) 19.00 (7.00;23.00) 0.62 0.32
RBD, clinically defined (yes) 14 77.78 20 52.63 0.08 0.28
Age at EDS onset, yearsa 24.00 (14.00;45.00) 18.00 (10.00;48.00) 0.13 0.85
CSF hypocretin-1 level, pg/mla 5.00 (0.00;71.00) 16.00 (0.00;104.00) 0.45 0.17

Cardiovascular risk factors and comorbidities
Regular alcohol use (yes) 9 50.00 20 52.63 0.85 0.91
Regular tobacco use (yes) 9 50.00 18 47.37 0.85 0.53
Physical inactivity (yes) 10 55.56 18 47.37 0.57 0.88
Metabolic syndrome (yes) 5 27.78 0 0.00 NA NA
Cardiovascular comorbidities (yes)b 14 77.78 11 28.95 0.001 0.03
� Diabetes mellitus type 2 (yes) 1 5.56 0 0.00 NA NA
� Cardiac disorders (yes) 4 22.22 5 13.16 0.39 0.37
� Hypertension (yes) 9 50.00 6 15.79 0.01 0.49
� Dyslipidaemia (yes) 9 50.00 8 21.05 0.03 0.09

Ambulatory blood pressure monitoring
24-hour measures
Mean 24 h systolic BP, mmHga 131.00

(105.00;153.00)
121.00
(102.00;164.00)

0.03 0.81

Mean 24 h diastolic BP, mmHga 81.00 (67.00;122.00) 71.00 (55.00;98.00) 0.008 0.24

Daytime measures
Daytime systolic BP, mmHga 133.50

(106.00;158.00)
122.00
(106.00;171.00)

0.04 0.91

Daytime diastolic BP, mmHga 81.50 (69.00;124.00) 74.00 (57.00;103.00) 0.01 0.29

Night-time measures
Night-time systolic BP, mmHga 124.50

(97.00;160.00)
113.00
(90.00;145.00)

0.02 0.52

Night-time diastolic BP, mmHga 75.00 (53.00;113.00) 64.00 (51.00;89.00) 0.006 0.21

Polysomnography results
Total sleep time, minutesa 366.50

(186.00;481.00)
421.00
(164.00;522.00)

0.05 0.76

Night sleep latency, minutesa 4.50 (0.00;22.00) 3.50 (0.00;38.00) 0.79 0.72
Night REM sleep latency, minutesa 28.50 (0.00;288.00) 6.50 (0.00;328.00) 0.76 0.26
Sleep efficiency, %a 76.47 (43.07;90.93) 83.74 (35.61;95.55) 0.04 0.68
Stage 1, %a 14.15 (4.16;27.96) 9.16 (2.42;34.14) 0.07 0.46
Stage 2, %a 46.74 (30.20;78.05) 47.64 (27.97;62.03) 0.23 0.53
Stage 3, %a 14.05 (0.00;28.70) 17.64 (2.74;38.19) 0.08 0.49
REM sleep, %a 21.22 (1.81;37.62) 23.70 (6.96;54.67) 0.21 0.53
AHI, /houra 15.56 (0.50;59.39) 5.15 (0.00;60.00) 0.04 0.59
Mean SaO2, %a 94.50 (87.00;98.00) 95.00 (91.00;98.00) 0.10 0.48
PLMS index, /houra 15.91 (0.13;161.89) 5.28 (0.00;138.59) 0.07 0.44
Microarousal index, /houra 25.30 (3.30;68.57) 15.02 (2.64;42.50) 0.01 0.02
Microarousal index in REM sleep, /houra 17.81 (0.00;86.40) 15.11 (1.04;54.61) 0.14 0.14
Phasic EMG activity in REM sleep, %a 9.15 (4.09;27.50) 4.07 (0.60;31.67) 0.09 0.39
Tonic EMG activity in REM sleep, %a 19.15 (1.20;94.00) 2.95 (0.00;96.43) 0.06 0.26
Phasic (�15%) or Tonic EMG activity (�30%) (yes) 7 38.89 5 13.16 0.04 0.13

Abbreviations: AHI = apnoea-hypopnea index, BP = Blood pressure, CSF = cerebrospinal fluid, EMG = electromyography, EDS = excessive daytime sleepiness, ESS = Epworth
sleepiness scale, NA = Test non applicable, NT1 = narcolepsy type 1, PLMS = periodic leg movements during sleep, PSG = polysomnography, RBD = REM sleep behaviour
disorder, REM sleep = rapid eye movement sleep, SaO2 = oxygen saturation.

a Continuous variables are expressed as medians [minimum value-maximum value].
b Cardiovascular comorbidities: diabetes type 2 or use of antidiabetic drugs, cardiac disorders (history of coronary artery disease, chronic heart failure, arrhythmia),

hypertension or treatment with antihypertensive drugs, dyslipidaemia or treatment with lipid-lowering drugs, history of stroke.
c Model 0: crude association.
d Model 1: adjustment for age.
* Lowest tertile for the population with NT1.
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NT1. Previous studies found attenuated HR responses to leg move-
ments in NREM sleep in patients with NT1, suggesting a reduced
sympathetic response (Dauvilliers et al., 2011; Sorensen et al.,
2013). Other works on patients with NT1 reported higher systolic
BP specifically in REM sleep (Grimaldi et al., 2012), and an associ-
ation between non-dipping profile and higher percentage of REM



Table 3
Clinical and neurophysiological determinants of low heart/mediastinum ratio in drug-free patients with narcolepsy type 1 (NT1) at the time of the MIBG scintigraphy.

Delayed heart/mediastinum ratio

<1.62
n = 8

�1.62
n = 32

Variable n % n % p-value

Clinical characteristics and biological results
Sex (men) 4 50.00 10 31.25 0.42
Age, yearsa 36.50 (19.00;82.00) 28.50 (13.00;71.00) 0.15
Body mass index, kg/m2a 29.03 (22.50;35.00) 26.05 (17.00;43.40) 0.06
ESS scorea 19.00 (14.00;22.00) 19.00 (9.00;23.00) 0.50
RBD, clinically defined (yes) 5 62.50 16 50.00 0.70
Age at EDS onset, yearsa 20.00 (14.00;32.00) 18.00 (10.00;45.00) 0.37
CSF hypocretin-1 level, pg/mla 5.00 (0.00;38.00) 14.53 (0.00;104.00) 0.51

Cardiovascular risk factors and comorbidities
Regular alcohol use (yes) 4 50.00 17 53.13 0.99
Regular tobacco use (yes) 5 62.50 16 50.00 0.70
Physical inactivity (yes) 4 50.00 15 46.88 0.99
Metabolic syndrome (yes) 1 12.50 0 0.00 0.20
Comorbidities (yes)b 5 62.50 7 21.88 0.04
� Diabetes mellitus type 2 (yes) 0 0.00 0 0.00 NA
� Cardiac disorders (yes) 1 12.50 2 6.25 0.50
� Hypertension (yes) 1 12.50 2 6.25 0.50
� Dyslipidaemia (yes) 5 62.50 6 18.75 0.02

Ambulatory blood pressure monitoring
24-hour measures
Mean 24 h systolic BP, mmHga 120.50 (105.00;129.00) 120.00 (103.00;164.00) 0.73
Mean 24 h diastolic BP, mmHga 76.00 (67.00;85.00) 70.00 (55.00;98.00) 0.25

Polysomnography results
Total sleep time, minutesa 411.50 (346.00;481.00) 439.50 (264.00;522.00) 0.93
Night sleep latency, minutesa 3.00 (0.00;5.00) 3.00 (0.00;31.00) 0.65
Night REM sleep latency, minutesa 1.50 (0.00;163.00) 5.00 (0.00;255.00) 0.36
Sleep efficiency, %a 79.25 (75.83;90.93) 83.74 (58.93;95.55) 0.44
AHI, /houra 8.95 (0.50;59.39) 4.60 (0.00;29.70) 0.33
PLMS index, /houra 12.87 (0.13;161.89) 4.95 (0.00;60.49) 0.54
Microarousal index, /houra 31.15 (12.30;68.57) 14.95 (2.64;42.50) 0.005
Microarousal index in REM sleep, /houra 25.80 (5.66;71.25) 16.36 (1.04;54.61) 0.20
Phasic EMG activity in REM sleep, %a 8.50 (4.30;24.50) 3.85 (0.60;20.90) 0.008
Tonic EMG activity in REM sleep, %a 15.32 (1.70;38.90) 2.15 (0.00;36.00) 0.007
Phasic (�15%) or Tonic EMG activity (�30%), (yes) 3 37.50 2 6.25 0.05

Abbreviations: AHI = apnoea-hypopnea index, BP = Blood pressure, CSF = cerebrospinal fluid, EMG = electromyography, EDS = excessive daytime sleepiness, ESS = Epworth
sleepiness scale, NA = Test non applicable, NT1 = narcolepsy type 1, PLMS = periodic leg movements during sleep, PSG = polysomnography, RBD = REM sleep behaviour
disorder, REM sleep = rapid eye movement sleep, SaO2 = oxygen saturation.

a Continuous variables are expressed as medians [minimum value-maximum value].
b Cardiovascular comorbidities: diabetes type 2 or use of antidiabetic drugs, cardiac disorders (history of coronary artery disease, chronic heart failure, arrhythmia),

hypertension or treatment with antihypertensive drugs, dyslipidaemia or treatment with lipid-lowering drugs, history of stroke.
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sleep (Dauvilliers et al., 2012). Here, we found that tonic and phasic
EMG activities during REM sleep were increased in patients with
delayed H/M ratio <1.62 during wakefulness, a result confirmed
in the analysis focused on drug-free patients. The delayed H/M
ratio was also negatively correlated with tonic EMG activity in
REM sleep in the NT1 population.

However, we did not detect any association between MIBG
uptake and clinical RBD in patients with NT1. This is in agreement
with a recent study showing lower delayed H/M ratio in patients
with idiopathic RBD than in patients with NT1 and comorbid
RBD (Barateau et al., 2018). Altogether, the mechanisms underlying
the autonomic dysfunctions in NT1 appear complex. Hypocretin
deficiency may be involved in the regulation of the cardiovascular
autonomic dysfunction and REM sleep deregulation. In our study,
only few patients with NT1 had low MIBG values, non-dipping
BP patterns, dissociated REM sleep features, and clinical RBD,
although almost all of them were hypocretin-deficient.

This study has some strengths. We used myocardial scintigra-
phy, a very sensitive technique to assess the cardiac adrenergic
nerve activity, in a well-defined population of patients with NT1,
a rare disease. The study was conducted in a single centre to limit
potential recruitment and procedure biases. We took into account
a large number of potential confounders, including socio-
demographic features, lifestyle, CV comorbidities, 24-hour ambu-
latory BP monitoring, and objective sleep parameters.

This study also has some limitations. The control population
used to determine the normal values for MIBG parameters was
not a healthy population, a methodology often used in MIBG stud-
ies, as this examination is invasive (Fröhlich et al., 2010; Miyamoto
et al., 2006). We cannot provide more clinical details for this con-
trol group, as data came from an anonymized database that gener-
ates normative values, based on our local acquisition and
processing conditions. The MIBG scintigraphy results of some
patients (n = 34, all NT1 patients with comorbid RBD) and controls
(n = 78) were reported in a previous article, with a different ratio-
nale and methodology focusing on RBD only (Barateau et al., 2018).
In this previous study, we found MIBG cardiac uptake difference
between patients with NT1-RBD and iRBD, a result supporting
the hypothesis of different processes involved in RBD pathogenesis.
We also found that early H/M ratio and washout rate, other MIBG
indices of interest but not available here for controls, were corre-
lated with delayed H/M ratio (r = 0.89, p < 0.0001; r = �0.45,
p = 0.0083 respectively) in patients with NT1 (Barateau et al.,
2018), the latter being the best MIBG biomarker to discriminate
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the groups and the most reliable according to the literature
(Imamura et al., 1996; Nakajima et al., 2018).

The relative low sample size, the frequent comorbidities and
intake of drugs for NT1 could have affected the MIBG uptake
results. However, we also analysed a subgroup of drug-free NT1
patients and the results remained unchanged. Finally, we did not
assess for clinical autonomic manifestations, cardiac autonomic
regulation such as the heart rate variability analysis, and for circu-
lating norepinephrine concentrations.

5. Conclusions

To conclude, by using a direct measure of the heart adrenergic
nerve activity, we show the absence of global cardiac sympathetic
denervation in NT1. However, few patients with NT1 had lowMIBG
uptake, with comorbidities and REM sleep motor deregulation,
potentially at high risk for CV disease morbidity and mortality,
thus requiring a careful clinical follow-up. Further studies are
needed to better understand the complex deregulation of the auto-
nomic nervous system in NT1, with reliable CVmarkers of the sym-
pathovagal balance during wakefulness and REM sleep.
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