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Abstract

Neurodegenerative diseases are highly debilitating and often lead to severe morbidity
and even death. Parkinson’s disease (PD) is the second most common neurodegenerative
disease after Alzheimer’s disease. According to the Braak staging study, the progression
of PD starts in the medulla oblongata, which includes the cardiac centre and controls
autonomic functions, and therefore autonomic dysfunction may be experienced early in
the disease course.
Sleep disturbances are also common non-motor complications of PD, and therefore PD
patients undergo polysomnography at the Danish Center for Sleep Medicine to assess
the sleep disturbances. The aim of this PhD dissertation was to: 1) Develop a method
to investigate autonomic changes during sleep in neurodegenerative diseases, and apply
this method on PD, iRBD and narcolepsy patients to evaluate the autonomic function
in these diseases. 2) Validate the method by applying standardized methods to measure
the autonomic function based on heart rate variability (HRV) measures. 3) Based on
the results, assess the validity of autonomic dysfunction as an early marker of a neuro-
degenerative disease. 4) Evaluate the influence of hypocretin loss in narcolepsy patients
on autonomic function and on the sleep transition rate.
The results showed an attenuated heart rate response (HRR) in PD patients compared
to controls and early PD (iRBD patients). Also iRBD patients had an attenuated HRR
compared to control subjects, and the method to measure the HRR may be a possible
screening tool to identify a neurodegenerative disease early in the disease course.
Based on the HRV measures, when validating the method, it was found that sympathetic
activity was attenuated in iRBD patients which was further pronounced in PD patients.
Parasympathetic activity, emanating from the nucleus ambiguus, may be relatively pre-
served in patients with PD. The progressive reduction of sympathetic nervous activity
is in line with the postganglionic sympathetic nervous dysfunction seen in early PD and
may represent an early manifestation of a neurodegenerative process involving brain stem
areas, which is consistent with the Braak hypothesis.
In the narcolepsy patients, it was shown that a reduced HRR to arousals was primarily
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predicted by hypocretin deficiency in both rapid-eye-movement (REM) and non-REM
sleep, independent of cataplexy and other factors. The results confirm that hypocretin
deficiency affects the autonomic nervous system of patients with narcolepsy and that the
hypocretin system is important for proper heart rate modulation at rest.
Furthermore, it was shown that hypocretin deficiency and cataplexy are associated with
signs of destabilized sleep-wake and REM sleep control, indicating that the disorder may
serve as a human model for the sleep-wake and REM sleep flip-flop switches. The in-
creased frequency of transitions may cause increased sympathetic activity during sleep
and thereby increased heart rate, or the increased heart rate could be caused by decreased
parasympathetic activity due to the lack of hypocretin signalling.
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Danish summary

Neurodegenerative sygdomme er yderst invaliderende og fører ofte til alvorlig morbidi-
tet og død. Parkinson’s sygdom er den næsthyppigste neurodegenerative sygdom efter
Alzheimer’s sygdom. Ifølge Braaks stadie inddeling af sygdommen, starter Parkinson’s
sygdom i den nederste del af hjernestammen (medulla oblongata), som bl.a. omfatter
kredsløbscenteret og kontrollerer autonome funktioner. Derfor kan autonom dysfunktion
opstå tidligt i sygdomsforløbet.
Søvnforstyrrelser er også hyppige ikke-motoriske komplikationer, og derfor gennemgår
Parkinson patienter polysomnografi undersøgelser på Dansk Center for Søvn Medicin for
at vurdere graden af disse søvnforstyrrelser. Formålet med denne afhandling var at: 1)
Udvikle en metode til at undersøge autonome forandringer under søvn i neurodegener-
ative sygdomme, og anvende denne metode på Parkinson, iRBD og narkolepsi patienter
for at evaluere deres autonome funktion. 2) Validere metoden ved at anvende stand-
ardiserede metoder til måling af autonom funktion baseret på hjertefrekvens variabilitet.
3) Baseret på resultaterne, vurdere gyldigheden af autonom dysfunktion som en tidlig
markør for neurodegenerative sygdomme. 4) Vurdere betydningen af hypokretin mangel
hos narkolepsi patienter på autonom funktion og på frekvensen af søvn stadie skift.
Resultaterne viste et dæmpet heart rate response (HRR) i Parkinson patienter sammen-
lignet med kontroller og tidlig Parkinson (iRBD). Patienter med iRBD havde også et
dæmpet HRR sammenlignet med kontroller, og metoden til at måle HRR kan være et
muligt screenings værktøj til at identificere neurodegenerative sygdomme tidligt i syg-
domsforløbet.
Ved validering af metoden, viste hjertefrekvens variabilitet at sympatisk aktivitet var
dæmpet hos iRBD patienterne, hvilket var endnu mere udtalt hos Parkinson patien-
terne. Parasympatisk aktivitet, stammende fra nucleus ambiguus, er sandsynligvis rela-
tivt bevaret i patienter med Parkinson. Den progressive reduktion af sympatisk aktivitet
er i overensstemmelse med den postganglionære sympatiske dysfunktion set i tidlig Par-
kinson og kan repræsentere en tidlig manifestation af en neurodegenerativ proces, der
involverer hjernestamme områder, der er i overensstemmelse med Braaks hypotese.
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I narkolepsi patienterne blev det vist, at hypokretin mangel er den primære prædiktor
for et dæmpet autonomt respons både i rapid-eye-movement (REM) og ikke-REM søvn,
uafhængigt af katapleksi eller andre faktorer. Disse resultater bekræfter, at hypokretin
mangel påvirker det autonome nervesystem hos patienter med narkolepsy, og at hypo-
kretin systemet er vigtigt for korrekt hjertefrekvens modulation i hvile.
Yderligere blev det vist, at hypokretin-mangel og katapleksi er forbundet med tegn på
destabiliseret søvn-vågen og REM-søvn kontrol, hvilket indikerer, at sygdommen kan
udgøre en menneskelig model for en søvn-vågen og REM-søvns flip-flop kontakt. Den
øgede hyppighed af søvn stadie transitioner kan muligvis medføre øget sympatisk aktivi-
tet under søvn og dermed øget hjertefrekvens. Den øgede hjertefrekvens kan også være
forårsaget af nedsat parasympatisk aktivitet på grund af manglende hypokretin signale-
ring.
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Chapter 1

Introduction

Neurodegenerative diseases are highly debilitating with serious detrimental impact on
work, social-, and family life [43]. The diseases often lead to severe morbidity and even
death. Parkinson’s disease (PD) is the second most common neurodegenerative disease
after Alzheimer’s disease [60] and the prevalence in industrialised countries is thought to
be approximately 0.3 % [21]. This is increased to 1 % in people over the age of 60 and 3
% in people over the age of 80 [21, 60], and an even larger number of people are affected
by the disease as relatives.
The clinical diagnosis of PD rests on the identification of the characteristics related to
dopamine deficiency that is a consequence of degeneration of the substantia nigra pars
compacta (SNPC) [17]. Main symptoms of PD are bradykinesia, rigidity, rest tremor
and postural instability [53]. In addition to these motor symptoms, mental disorders,
autonomic and gastrointestinal dysfunction often occur, which considerably impair the
quality of life of PD patients [51]. Although the cerebral structures, undergoing neurode-
generation in PD, are well characterized, the causing mechanisms of the disease are still
unknown [51], and no cure has been found to stop the progressive course of the disease.
Non-dopaminergic and non-motor symptoms are sometimes present before diagnosis and
almost inevitably emerge with disease progression. Indeed, non-motor symptoms domi-
nate the clinical picture of advanced PD and contribute to severe disability, impaired
quality of life, and shortened life expectancy, but non-motor symptoms are often in-
adequately treated [17]. The development of treatments that can slow or prevent the
progression of PD and its multicentric neurodegeneration provides the best hope of cur-
ing non-motor symptoms.
The most elusive goal in neurodegeneration is a neuroprotective agent; a therapy to slow
the underlying degenerative process. If neuroprotective treatment becomes available, it
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will become essential to identify patients as early as possible. A partially effective agent
with minor utility late in disease could, if given before symptoms develop, slow or even
prevent the onset of the disease. This is the principal motivation for learning how to
predict PD and other neurodegenerative diseases [70].
In addition to the motor manifestations that define PD, patients have numerous abnor-
malities of other systems, which may occur before motor signs. In the quest to detect
neurodegeneration at its early stage, this has encouraged to investigate the non-motor
aspects such as cognitive decline, behavioral changes and autonomic dysfunction. Al-
though there is considerable promise for clinical markers of neurodegeneration, no single
marker has been able to detect neither PD nor other neurodegenerative diseases at early
stages with good reliability and sensitivity [70].

In the Braak staging procedure for the pathological process of PD it is proposed that,
the formation of intraneuronal Lewy bodies and Lewy neurites begins at two sites in
the brain and continues in a topographically predictable sequence in 6 stages, during
which components of the olfactory, autonomic, limbic, and somatomotor systems become
progressively involved [11]. In stages 1-2, the Lewy body pathology is confined to the
medulla oblongata/pontine tegmentum and anterior olfactory structures. In stages 3-4,
the substantia nigra, other nuclei of the basal mid- and forebrain, and the mesocortex
become the focus of initially subtle and, then, severe changes. During this phase, the
illness probably becomes clinically manifest. In the final stages 5-6, the lesions appear in
the neocortex.
According to the Braak staging system, the progression of PD starts in the medulla ob-
longata, which includes the cardiac centre and controls autonomic functions, and therefore
autonomic dysfunction may be experienced early in the disease course. Several studies
have already examined cardiovascular responses as a marker of autonomic dysfunction
in neurodegenerative diseased patients [4, 35, 45, 52, 55]. Many of these studies have
focused on orthostatic hypotension.
Sleep disturbances are also common non-motor complications of PD and have been re-
ported in up to 90 % of patients [98]. This may also be explained by the Braak staging
system, as the sleep and wakefulness cycle is regulated by brainstem structures like the
caudal raphe nuclei and ceruleus-subceruleus complex in the pons, where the accumula-
tion of Lewy bodies starts in the early stages of PD [98].
At the Danish Center for Sleep Medicine (DCSM), patients with PD undergo a polysom-
nography (PSG) to assess the sleep disturbances. In this dissertation the aim is to develop
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a simple method to measure the autonomic changes during sleep in PD patients from the
information already available from the PSG. Arousal and leg movement (LM) will be
used as stimuli to measure the heart rate response (HRR) during rapid-eye-movement
(REM) and non-REM sleep. In order to evaluate autonomic function in early PD, pa-
tients with idiopathic REM sleep behavior disorder (iRBD) will also be included, since
this disease may precede PD by many years [41, 42, 70, 71, 81, 82, 83]. Based on the
results for autonomic function during sleep in PD and iRBD, it will be assessed whether
the method has future potential for being part of the PSG assessment for clinical testing
of patients suffering from neurodegenerative diseases and sleep disorders.
Same method will further be applied on narcolepsy patients to evaluate the HRR in
another neurodegenerative disorder, were PSG data also are available at DCSM. Nar-
colepsy is a complex disorder characterized by excessive daytime sleepiness, instability
of sleep-wake regulation (short sleep latency, disrupted nocturnal sleep with awakenings)
and instability of rapid eye movement (REM) sleep regulation and motor tonus regulation,
causing hypnagogic hallucinations, sleep paralysis, cataplexy, and REM sleep behavior
disorder (RBD) [29, 47, 65]. The major pathophysiology is loss of the sleep-wake pattern
and motor tonus regulating hypocretinergic neurons in the hypothalamus [67, 91], res-
ulting in low or undetectable levels of cerebrospinal fluid (CSF) hypocretin-1 (hcrt-1) in
most patients with cataplexy (muscle weakness triggered by emotions) [47]. The etiology
of human narcolepsy is still under debate. The disorder is closely associated with the
leukocyte antigen subtype HLA-DQB1*0602, suggesting an autoimmune destruction of
the hypocretin neurons [56].
Overall hypocretin neurons are thought to sustain wakefulness and suppress REM sleep
[78], which explains the severe sleepiness and frequent transitions into REM sleep experi-
enced by patients with narcolepsy. It has been proposed that frequent transitions between
states, odd mixtures of states, and poor control of REM sleep are consistent with destabi-
lization of the flip-flop switches that regulate REM-non-REM and sleep-wake transitions
because of the loss of hypocretin signalling [78]. Therefore it is also the aim to investigate
the transition rate in narcolepsy patients to reveal whether this could influence the HRR.
Finally it is desired to validate the HRR method by measuring the heart rate variability
(HRV) according to standardized methods.
To summarize, the aim of this PhD thesis was to:

• Develop and implement a method to investigate autonomic changes during sleep in
neurodegenerative diseases, and apply this method on PD, iRBD and Narcolepsy
patients to evaluate the autonomic function in these diseases.
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• Validate the method to investigate autonomic changes, by applying standardized
methods to measure the autonomic function based on HRV measures.

• Based on above mentioned methods, assess the validity of autonomic dysfunction
as an early marker of a neurodegenerative disease.

• Evaluate the influence of hypocretin loss in narcolepsy patients on autonomic func-
tion and on the sleep transition rate

4



Chapter 2

Clinical studies

This PhD thesis has included 4 studies that have resulted in 4 papers, included in Ap-
pendix A to D. The following section will describe the methods and results of each of the
4 studies. A joint discussion of the results of all studies can be found in Chapter 3.

2.1 Study 1

In the first description of PD in 1817, published by James Parkinson, the motor pro-
blems of the patients were accurately described, but also the non-motor symptoms were
noticed [63], which dominate the clinical picture of advanced PD and contribute to severe
disability, impaired quality of life, and shortened life expectancy. By contrast with the
dopaminergic symptoms of the disease, for which treatment is available, non-motor symp-
toms are often poorly recognized and inadequately treated [17]. Autonomic dysfunction is
experienced by 40-70 % of PD patients [17]. The degeneration and dysfunction include the
nuclei mediating autonomic functions such as the dorsal vagal nucleus, nucleus ambiguus,
and other medullary centres, which exert differential control on the sympathetic pregan-
glionic neurons via descending pathways [17], but both parasympathetic and sympathetic
functions may be impaired [1]. Several studies have examined cardiovascular responses
as markers of autonomic nervous system dysfunction in PD patients [4, 35, 45, 52, 55].
This study focuses on the cardiac response to arousal and LM during sleep, which has
not previously been assessed in PD patients.
Wakefulness and arousals are regulated by two ascending neuron networks in the brain,
referred to as the ascending reticular activation system (ARAS) [80]. The first activating
neuron network consists of the pedunculo-pontine and laterodorsal tegmental nuclei in
the brainstem, which are active during wakefulness and REM sleep [78]. The second
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activating neuron network consists of the locus coeruleus, dorsal end median Raphe nuc-
lei, ventral periaquaductal gray matter and tuberomammilary nucleus, which are active
during wakefulness, slightly active during non-REM sleep and inactive during REM sleep
[78]. Sleep is promoted by activation of the ventrolateral preoptic nucleus in the basal
forebrain, which acts through inhibition of hypocretin neurons and the neurons in ARAS
[78]. Transition from sleep to wakefulness and vice versa is regulated by the sleep-wake
flip-flop switch, which involves the mutual inhibition of the sleep promoting nuclei and
the wakefulness-promoting nuclei [79]. This flip-flop ensures rapid sleep-wake transitions.
Arousal from sleep involves activation of the sympathetic nervous system (SNS), includ-
ing spinal motor activations. Therefore arousal from sleep including motor activations
in sleep is associated with an increased heart rate (HR) and blood pressure in healthy
adults [84], although the increase in HR gets lower with age [33]. An intact SNS is a key
component of the HRR associated with LM and arousal from sleep [30].
PD is a progressive neurodegenerative disease believed to commence in the medulla ob-
longata and progressing upwards [11]. iRBD is a strong predictor of the later development
of PD, probably due to the involvement of the sublaterodorsal nucleus, which is involved
in atonia during REM sleep [41, 42, 70, 71, 81, 82, 83]. Due to the early involvement of
medulla oblongata in iRBD and PD, it could be hypothesized that autonomic nervous
system deficiency should be present early in the disease course and that, therefore, these
patients will demonstrate an attenuated HRR associated with arousal and LM. Since
iRBD is reported to herald the onset of PD by years, attenuation of HRR in these pa-
tients would support this hypothesis.

Study 1 - Methods

This study included 30 PD patients and 11 iRBD patients. All patients were identi-
fied from the patient database at the DCSM, Department of Clinical Neurophysiology,
Glostrup University Hospital, Denmark. All patients were evaluated by neurological ex-
amination and PD patients were further examined by a DAT-scan to confirm the PD
diagnosis. Exclusion criteria were additional neurological, psychiatric or cardiovascular
disorders, alcohol abuse, head trauma, dementia and an apnea-hypopnea index >5. No
subjects were taking any agents known to affect the autonomic system.
It was not possible to withdraw patients from their Parkinson medication, but in order
to rule out any influence of these drugs, patients treated with intraspinal medication,
duodopa or intercerebral stimulation were excluded. Total Levodopa equivalent dose
(LED) was calculated according to [92] in order to check for any correlations between the
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results and the effect of medication.
RBD were diagnosed according to the criteria of the International Classification of Sleep
Disorders (ICSD) [2]. Of the 30 included PD patients, 14 patients had RBD whereas
the last 16 did not show symptoms of RBD. iRBD patients had no other disorders ex-
plaining the RBD. Both iRBD and PD patients were assessed with the Hoehn and Yahr
(HY) scale and the Unified Parkinson Disease Rating Scale (UPDRS). Seventeen healthy
controls, matched to the patient group by age, gender and body mass index (BMI), were
also recruited to the study. All included subjects gave their signed informed consent and
the study was ethical approved (HA20070120). Demographic data are given in Table 2.1.

Controls PD with RBD PD without RBD iRBD

Total number 17 14 16 11

Female/male 7/8 3/11 8/8 2/9

Age [years] 62.4 (9.7) 63.4 (6.7) 62.0 (7.3) 60.2 (7.8)

BMI [kg/m2] 23.4 (3.1) 26.3 (3.2) 25.7 (5.1) 24.9 (2.9)

UPDRS score - 23 (11) 23 (10) 1 (1)

HY score - 1.6 (0.8) 1.8 (0.8) 0.0 (0.0)

LED score - 623 (360) 680 (552) -

Table 2.1: Demographic data of subjects included in Study 1. Age, BMI, UPDRS and
HY are given as mean (and sd).

All subjects underwent one night of PSG recorded either under ambulant conditions or
at the DCSM. All recordings included a minimum of 6 electroencephalography (EEG)
leads (F3-A2, F4-A1, C3-A2, C4-A1, O1-A2, O2-A1), and inpatient recordings included
EEG electrodes according to the 10-20 system all in accordance with the gold standard
[40]. Furthermore, surface electromyography (EMG) of the left and right anterior tibialis
muscle and the submental muscle, electrocardiography (ECG) and vertical and horizontal
electrooculography (EOG) were included in all recordings. Impedances were kept below
10 kHz. The amplifier was different for the ambulant and inpatient recordings, although
this only influenced freqeuncies above 60 Hz, which is irrelevant in the context of this
study. Sleep stages and arousals from sleep were manually scored according to standard
criteria [7, 40]. LM were quantified from the surface EMG in accordance with standard
criteria [40].
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The HRR to arousals or LM was estimated by calculating the change in RR intervals
in the ECG signal, and determining the area under the curve (AUC) for the HR change
from 10 beats before to 15 beats after onset of the events. Data were analyzed by the
following steps:

I) Detection of QRS complexes and R waves:
Several studies [31, 36, 48, 69] have evaluated and compared different QRS-detection
algorithm. In this study it was chosen to implement the Pan-Tompkins QRS detector
[62] since it had already been tested by several experts and had been used to detect
QRS complexes during sleep [36, 39, 69]. The algorithm was implemented in Matlab R⃝

(R2009b, The MathWorks, Natick, MA, USA).
For each sleep event (arousal or LM), QRS complexes were then automatically detected
in the ECG signal. In each detected QRS complex, the R wave was determined as the
largest peak.

II) Validation of QRS detector and calculation of RR intervals:
Arousals and LMs associated with noise-contaminated ECG signals were excluded from
the calculation of the HRR, since detection of QRS complexes in these ECG signal seg-
ments was impossible to validate. RR intervals were calculated as the inter-beat interval
between successive R waves by subtracting the sample positions, Ri, of succeeding R
waves and dividing by the sample frequency, fs,:

RRi = Ri+1 − Ri

fs

, i = {−10, −9, ..., 14, 15} \ {0}, (2.1)

where a negative i and a positive i denotes RR intervals before and after onset of the
event respectively.

III) Calculation of HRR curves:
For every included sleep event, the HR was analyzed from 10 heartbeats before to 15
heartbeats following the onset of the event. The identified RR intervals were converted
to HR in beats/min according to the following equation:

HRi = 1
RRi

· 60, i = {−10, −9, ..., 14, 15} \ {0}. (2.2)

Previous studies of HRR to arousal or motor activity had shown that the HR began
to rise two heartbeats before the event [27, 84]. Therefore, a baseline value of HR was
calculated by averaging the first seven beats out of the 10 beats before the event. To
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determine the HR change, HRC, this baseline value was subtracted from all 25 HR values
(from 10 beats before to 15 beats after the event):

HRCi = HRi −
−4∑

j=−10

HRj

7
, i = {−10, −9, ..., 14, 15} \ {0}. (2.3)

For each subject, the values of (2.3) were calculated for all events, and the average HR
change was calculated as the mean of the HR change related to all events, calculated
separately for arousal and LM. A curve was created for each patient, displaying the av-
erage HR change for each of the 25 heartbeats. By averaging individual curves, the HR
change associated with arousals and LM was obtained for each group. Such curves were
calculated for two cases: events from non-REM 2 sleep and events from REM sleep.

VI) Calculation of HRR:
The AUCs for the HR curves were calculated for each event type for each subject to
obtain a measure of the HRR. Student’s t-tests were performed to compare HRR/AUC
between groups and Pearson Product moment correlations were calculated to evaluate
the relationship of HRR with age, BMI, LED, HY and UPDRS score within groups.

The following PSG variables were also measured: sleep latency (SL), total sleep time
(TST), sleep efficiency (SE), time from sleep onset to first epoch of REM sleep (REM
SL), percentage of stages 1, 2, 3 non-REM and REM sleep and arousal index (AI) (arous-
als per hour of sleep). To evaluate between group differences, a log transformation was
performed for each variable and two-sided t-tests were calculated for each variable for each
of the three patient groups compared with the control group. A Bonferroni correction
was performed to address the problem of multiple comparisons.

Study 1 - Results

Sleep parameters are presented in Table 2.2. The analysis of sleep parameters showed
significant differences (p < 0.05) in TST and SL for the PD group without RBD compared
with the control group. Other studies have shown lower TST and a lower percentage
of stage 3 sleep in PD patients [2, 53, 64]. The percentage of stage 3 sleep was not
significantly reduced in the PD patients in this study. The AI index was not increased
for any of the patient groups compared with the control group, although PD and iRBD
patients are known to have disrupted sleep with frequent arousals. However, all groups
had a lower AI than had previously been noted in groups of similar age[9, 33].

9



Controls PD with RBD PD without RBD iRBD

TST [min] 418.0 (48.3) 372.9 (74.1) 348.5 (59.9)∗ 449 (79.9)

SL [min] 9.8 (8.2) 13.3 (22.9) 3.7(3.5)∗ 8.0 (7.1)

REM SL [min] 100.4 (50.6) 139.9 (87.4) 124.4 (85.8) 109.3 (53.4)

SE [%] 88.2 (7.6) 80.8 (14.1) 81.5 (6.5) 84.1 (14.3)

non-REM 1 [%] 10.5 (7.8) 10.4 (6.8) 9.6 (7.1) 9.3 (5.1)

non-REM 2 [%] 46.7 (11.1) 48.0 (16.5) 51.7 (17.4) 48.7 (7.4)

non-REM 3 [%] 20.9 (9.6) 23.9 (18.9) 23.5 (14.3) 21.1 (4.9)

REM sleep [%] 22.0 (4.0) 17.7 (10.5) 15.2 (9.4) 22.2 (6.2)

AI [/hour] 14.5 (6.0) 12.1 (5.4) 10.5 (4.1) 14.4 (6.4)

Table 2.2: Sleep parameters expressed as mean (and sd). ∗p-value < 0.05 for comparison
with control group.

Figure 2.1 shows the HRR associated with arousals from non-REM 2 sleep. The curves
for the PD, iRBD and control groups all show an acceleration of HR after the onset of
arousal. However, the HRRs for the PD groups were significantly lower than both the
control (p < 0.01) and iRBD (p < 0.02) groups. There was no significant difference in
the HRR of the iRBD group compared with the control group, nor between the two PD
groups.
Figure 2.2 shows the HRR associated with arousals from REM sleep. Two of 17 control
subjects did not have sufficient arousals during REM sleep to merit inclusion in this study.
Again, all groups showed an acceleration of HR after the onset of arousal. The HRRs for
the PD groups were significantly lower than those of the control (p < 0.01) and iRBD
(p < 0.05) groups. There was no significant difference in the HRR of the iRBD group
compared with that of the control group, nor between the two PD groups. No significant
correlations were observed between HRR to arousals and age, BMI, LED, HY or UPDRS
within any of the groups. Baseline values were similar for all groups in Figure 2.1 and
2.2.
Figure 2.3 shows the HRR associated with LM during non-REM 2 sleep. As with arousals
there was an increase in HR as a response to LM. The HRRs were significantly lower for
both the PD groups (p < 0.02) and the iRBD group (p = 0.03) relative to controls. There
was no significant difference in the HRR between the iRBD group and the PD groups
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nor between the two PD groups.
Figure 2.4 shows the HRR associated with LM from REM sleep. Two of 17 control sub-
jects and 2/16 PD patients without RBD did not have enough LM during REM sleep
to warrant inclusion. The HRR was significantly lower in both PD groups (p < 0.05)
and the iRBD group (p = 0.05) compared with the controls. There was no significant
difference in the HRR between the iRBD group and the PD groups nor between the two
PD groups. No significant correlations were observed between HRR to LM and age, BMI,
LED, HY or UPDRS within any of the groups. Baseline values were similar for all groups
in Figure 2.3 and 2.4.

In Figure 2.5 and 2.6 the HRRs for the iRBD patients have been displayed in scat-
terplots. These scatterplots shows that the iRBD group can be divided in two groups.
One group with an attenuated HRR to arousals and LM both in REM and non-REM 2
sleep and another group having a HRR to arousal and LM both in REM and non-REM
2 sleep resembling the control subjects.
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Figure 2.1: HRR associated with arousals from non-REM 2 sleep stages. The vertical
lines indicate the standard error of the mean.
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Figure 2.2: HRR associated with arousals from REM sleep stages. The vertical lines
indicate the standard error of the mean.
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Figure 2.3: HRR associated with LM from non-REM 2 sleep stages. The vertical lines
indicate the standard error of the mean.
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Figure 2.4: HRR associated with LM from REM sleep stages. The vertical lines indicate
the standard error of the mean.
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Figure 2.5: Scatterplot of the HRR to arousal for the iRBD patients. The scatterplot
shows that the iRBD group can be divided in two groups. One group with an attenuated
HRR to arousals both in REM and non-REM 2 sleep and another group having a HRR
to arousal both in REM and non-REM 2 sleep resembling the control subjects.
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Figure 2.6: Scatterplot of the HRR to LM for the iRBD patients. The scatterplot shows
that the iRBD group can be divided in two groups. One group with an attenuated HRR
to LM both in REM and non-REM 2 sleep and another group having a HRR to LM both
in REM and non-REM 2 sleep resembling the control subjects.
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2.2 Study 2

In this study, the same method as described in Study 1, was applied on PSG data from
narcolepsy patients. Narcolepsy is a neurologic disease affecting one in 2,000 individu-
als and is characterized by excessive daytime sleepiness and early onset of REM sleep.
The disease is closely associated with low levels of hcrt-1 in the CSF, especially in the
two-thirds of patients with cataplexy [47]. The neuropeptides hcrt-1 and hypocretin-2
(hcrt-2) are produced and co-released by neurons in the lateral posterior hypothalamus
of the brain, which project widely within the central nervous system [66].
Animal studies have suggested that hcrt-1 may affect neuronal circuits that control the
cardiovascular system [19, 22, 76, 86] as exemplified by intrathecal hypocretin adminis-
tration resulting in increased blood pressure and HR mediated by enhancement of the
sympathetic output [22, 86].
Two smaller human studies of patients with hcrt-1-deficient narcolepsy with cataplexy
(NC) found contradictory results of sympathetic tone during daytime wakefulness [32, 34].
However, during sleep, reduced HR and sympathetic tone were found in NC patients of
unknown hcrt-1 status [20, 28], supporting the results of the animal studies.
The aim of this study was to evaluate whether hcrt-1 deficiency is the main predictor/cause
of autonomic dysfunction during sleep in patients with narcolepsy.

Study 2 - Methods

This study included 67 narcolepsy patients. PSG recordings had been obtained over a
10-year period (2001-2011), at the DCSM. The patients fulfilled the ICSD criteria for
narcolepsy [2] and were evaluated by neurologic examination, determination of routine
blood characteristics, PSG, the multiple sleep latency test, and determination of CSF
hcrt-1. Thirty-nine of 67 patients were included in a previous published study [47], where
the hypocretin measurement protocol and the applied definition of hcrt-1 deficiency are
described. Exclusion criteria were: additional neurologic, psychiatric, and cardiovascular
disorders, and an apnea index > 5/h. All patients (except three with severe cataplexy)
were free of antidepressants and stimulants 7-14 days before inclusion; 44 of 67 were
completely drug-naïve (i.e., they had never taken medication).
During the 10-year period, a total of 81 narcolepsy patients, who fulfilled the inclusion
criteria, had undergone a PSG recording at DCSM, although because HRR is known to
be age-related [33, 40], patients were excluded to enable accurate age-matching of the
narcolepsy groups. Of the excluded group, 12 of 14 had cataplexy and 10 of 13 had
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hcrt-1 deficiency.
Of the 67 included narcolepsy patients, 46 of 67 had cataplexy while hcrt-1 deficiency
was present in 38 of 61 patients. Six patients (five of six with cataplexy) refused lumbar
puncture. Normal hcrt-1 levels were present in nine of 46 patients with cataplexy, and
hcrt-1 deficiency was present in five of 21 patients without cataplexy.
Control subjects were recruited by advertising for normal volunteers, and a total of 22
healthy controls matched for age, sex, and BMI were included. None of the control sub-
jects had any history of neurologic or sleep disorders, and their PSGs were evaluated by
a neurologist as being normal.
All subjects gave their signed informed consent and the study was ethical approved
(KA03119). Demographic data of included subjects are given in Table 2.3.

Controls NC NwC +hcrt-1 -hcrt-1

Number 22 46 21 23 38

Female/Male 16/6 20/26 12/9 13/10 16/22

Age [year] 32.2 (8.4) 31.9 (7.9) 32.2 (8.9) 31.4 (9.3) 32.5 (7.9)

BMI [kg/m2] 24.2 (4.3) 26.3 (6.0) 25.4 (4.1) 25.4 (5.0) 24.9 (4.0)

Table 2.3: Demographic data of subjects included in Study 2. Values are expressed as
mean (and sd). +hcrt-1 = narcolepsy patients with normal hcrt-1. -hcrt-1 = narcolepsy
patients with hcrt-1 deficiency; NC = narcolepsy with cataplexy; NwC = narcolepsy
without cataplexy.

PSG recordings consisted of EEG (C3-A2, C4-A1), vertical and horizontal EOG, surface
EMG of the submentalis and anterior muscles, ECG, nasal air flow, thoracic respiratory
effort, and oxygen saturation. Subjects were instructed not to consume any caffeinated
or alcoholic drinks for at least 6 hours before the recordings were made. Sleep stages,
LM, and arousals from sleep were manually scored according to standard criteria [7, 40].
The raw sleep data, hypnograms, and sleep events were extracted from Nervus R⃝ (V5.5,
Cephalon DK, Nørresundby, Denmark) or Somnologica Studio R⃝ (V5.1, Embla, Broom-
field, CO USA), using the built-in export data tool, and imported to Matlab R⃝ for further
processing.
The HRR to arousal and LM was estimated by the same method as used in Study 1 (de-
scribed in Chapter 2.1). Univariate and backward stepwise multivariate linear regression
were performed to determine the relationship between HRR and age, sex, BMI, disease-

16



duration, disease-onset, +/- previous anticataplexy medication, +/- cataplexy, and +/-
hcrt-1 status. The +/- anticataplexy medication indicates whether patients were pausing
with medication or had never been taking medication before inclusion (drug-naïve).
Also the following PSG variables were measured: SL, TST, SE, REM SL, percentage of
stages 1, 2, 3 non-REM and REM sleep. To evaluate between group differences, a log
transformation was performed for each variable and two-sided t-tests were calculated for
each variable for each of the three patient groups compared with the control group. A
Bonferroni correction was performed to address the problem of multiple comparisons.

Study 2 - Results

Sleep parameters are presented in Table 2.4. All narcolepsy groups, except NwC, had a
lower percentage stage 2 non-REM sleep compared with the control group. Narcolepsy
with hcrt-1 deficiency had a higher percentage stage 1 sleep compared with narcolepsy
with normal hcrt-1. Furthermore, the REM SL was significantly lower for all patients
with narcolepsy than for the controls, except for narcolepsy with normal hcrt-1. SL was
only significantly lower for the narcolepsy patients with hcrt-1 deficiency.

Controls NC NwC +hcrt-1 -hcrt-1 P value

TST [min] 430 (52) 397 (78) 427 (49) 415 (70) 399 (77) NS

SL [min] 26 (33) 10 (19) 7 (11) 11 (14) 8 (19) <0.05d

REM SL [min] 124 (98) 82 (153) 58 (34) 103 (204) 53 (54) <0.05a,b,d

SE [%] 87 (16) 87 (12) 93 (5) 87 (15) 89 (7) NS

non-REM 1 [%] 5 (3) 9 (6) 5 (4) 4 (3) 10 (7) <0.05f

non-REM 2 [%] 50 (7) 39 (13) 43 (11) 39 (13) 40 (12) <0.05a,c,d

non-REM 3 [%] 23 (8) 30 (14) 29 (9) 34 (13) 27 (12) NS

REM sleep [%] 22 (4) 23 (6) 23 (6) 22 (5) 24 (5) NS

Table 2.4: Sleep parameters expressed as mean (and sd). P-values are calculated from
two-sided t-tests after log-transformation. aNC vs. controls. bNwC vs. controls. c+hcrt-
1 vs. controls. d-hcrt-1 vs. controls. eNC vs. NwC. f+hcrt-1 vs. -hcrt-1.
+hcrt-1 = narcolepsy patients with normal hcrt-1. -hcrt-1 = narcolepsy patients with
hcrt-1 deficiency; NC = narcolepsy with cataplexy; NwC = narcolepsy without cataplexy.

Figures 2.7 and 2.8 show the mean HRR to arousal from non-REM sleep stage 2 and
REM sleep, respectively. The HR after arousal onset was accelerated in a similar way
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for patients with narcolepsy and controls, although to a lesser degree for the narcolepsy
groups. The HRR was significantly reduced for NC (P < 0.02) and for patients with
narcolepsy with hcrt-1 deficiency (P < 0.01) compared with the controls in both REM
and non-REM 2 sleep. Furthermore, in REM and non-REM 2 sleep, patients with cata-
plexy and patients with hcrt-1 deficiency had significantly lower HRR to arousal than
did those with NwC (P < 0.04) and narcolepsy with normal hcrt-1 (P < 0.04). Likewise,
the HRR for the NwC patients and the patients with narcolepsy with normal hcrt-1 had
a lower, although non-significant HRR compared with controls (P = 0.10 and P = 0.09,
respectively), placing them between the control group and NC and narcolepsy with hcrt-1
deficiency groups. The baseline HR was significantly (P < 0.05) elevated for all narco-
lepsy groups except NwC patients compared with the controls. There was no difference
in the baseline HR within the narcolepsy group.
Table 2.5 and 2.6 show the results for the univariate and multivariate backward stepwise
linear regression analysis. In the univariate model, hcrt-1 deficiency was the only pre-
dictor of HRR to arousal in non-REM 2 sleep stages (P = 0.01), whereas both cataplexy
(P < 0.01) and hcrt-1 deficiency (P < 0.001) were predictors of the HRR to arousal in
REM sleep stages. In the multivariate analysis, the HRR in REM sleep was predicted
by disease duration (P = 0.02), hcrt-1 deficiency (P < 0.01), and cataplexy status (P =
0.01), but only by hcrt-1 deficiency in non-REM 2 sleep (P = 0.02).

Figures 2.9 and 2.10 show the HRR to LM during non-REM 2 sleep and REM sleep,
respectively. Four of 67 patients with narcolepsy (three of four with cataplexy and two
of three with hcrt-1 deficiency; CSF not available in one of four) were excluded from
further analysis due to noisy EMG signals. Furthermore, eight of 22 controls and 10 of
63 patients with narcolepsy (seven with and three without cataplexy) were excluded from
the REM analysis due to insufficient numbers of LM during REM sleep.
Patients with narcolepsy and controls both had an increased HRR to LM, but to a sig-
nificant lesser degree in the narcolepsy groups (P < 0.05). However, unlike the HRR to
arousal, the HRR to LM did not differ within the narcolepsy groups, when the cataplexy
and hcrt-1 groups were analyzed separately. This was confirmed by the univariate and
multivariate linear regression analysis, in which none of the parameters were significant
(data not shown). The baseline HR was significantly (P < 0.05) elevated for all narcolepsy
groups, except the NwC group, compared with the controls. There was no difference in
baseline HR within the narcolepsy groups.

18



−10 −5 0 5 10 15

0

5

10

15

20

RR−intervals

H
ea

rt
 R

at
e 

C
ha

ng
es

 [b
ea

ts
/m

in
]

 

 

Control Group
NC
NwC
−hcrt−1
+hcrt−1
Arousal onset

Figure 2.7: HRR associated with arousals from non-REM 2 sleep stages. The vertical
lines indicate the standard error of the mean.
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Figure 2.8: HRR associated with arousals from REM sleep stages. The vertical lines
indicate the standard error of the mean.
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Figure 2.9: HRR associated with LM from non-REM 2 sleep stages. The vertical lines
indicate the standard error of the mean.
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Figure 2.10: HRR associated with LM from REM sleep stages. The vertical lines indicate
the standard error of the mean.
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Univariate analysis Multivariate analysis

HRR, non-REM 2 Coefficient P-value Coefficient P-value

(95 % CI) (95 % CI)

Age [year] -0.989 0.14

(-2.313, 0.335)

Sex, male -6.269 0.57

(-28.41, 15.87)

BMI [kg/m2] -0.325 0.74

(-2.297, 1.646)

Disease duration [year] -0.924 0.13

(-2.130, 0.281)

Disease onset [year] 0.205 0.75

(-1.115, 1.525)

Previous anaticataplexy -1.345 0.89

medication, yes (-21.81, 19.12)

Cataplexy, yes -13.846 0.28

(-37.58, 9.891)

Low hcrt-1, yes 0.071 0.01 0.072 0.02

(-0.013, 0.129) (0.011, 0.132)

Table 2.5: Univariate and multivariate linear regression analysis of HRR to arousal in
non-REM 2 sleep. Bold P values indicate significance (P < 0.05).
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Univariate analysis Multivariate analysis

HRR, REM Coefficient P-value Coefficient P-value

(95 % CI) (95 % CI)

Age [year] -0.351 0.65

(-1.937, 1.234)

Sex, male -2.425 0.85

(-28.54, 23.69)

BMI [kg/m2] -1.837 0.11

(-4.101, 0.427)

Disease duration [year] -1.109 0.12 -1.590 0.02

(-2.545, 0.328) (-2.928, -0.253)

Disease onset [year] 0.910 0.23

(0.599, 2.419)

Previous anaticataplexy -14.782 0.20

medication, yes (-37.78, 8.217)

Cataplexy, yes -45.543 <0.01 -35.65 0.01

(-71.23, -19.85) (-63.90, -7.405)

Low hcrt-1, yes 0.071 <0.001 0.091 <0.01

(0.0134, 0.130) (0.025, 0.157)

Table 2.6: Univariate and multivariate linear regression analysis of HRR to arousal in
REM sleep. Bold P values indicate significance (P < 0.05).
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2.3 Study 3

Wakefulness and arousals are believed to be regulated mainly by two ascending neuron
networks in the ARAS [80]. The first activating neuron network consists of the ped-
unculopontine and laterodorsal tegmental nuclei in the brainstem, which are active during
wakefulness and REM sleep [78]. The second activating neuron network consists of the
locus coeruleus, dorsal end median raphe nuclei, ventral periaqueductal gray matter, and
tuberomammillary nucleus, which are active during wakefulness, slightly active during
non-REM sleep, and inactive during REM sleep [78]. Sleep is promoted by activation of
the ventrolateral preoptic nucleus in the basal forebrain, which acts by inhibiting hypo-
cretin neurons and the neurons in ARAS [78]. The currently prevailing theory is that
transition from sleep to wakefulness and vice versa is regulated by a sleep-wake flip-flop
switch, involving the mutual inhibition of the sleep promoting nuclei and the wakefulness
promoting nuclei [79].
The REM-non-REM flip-flop switch works through another mutually inhibitory system,
in which gamma-aminobutyric acidergic (GABAergic) neurons in the sublaterodorsal re-
gion fire during REM sleep and inhibit GABAergic neurons in the ventrolateral periaque-
ductal gray matter and the adjacent lateral pontine tegmentum that in turn fire during
non-REM states to inhibit REM sleep [78]. The hypocretin neurons play a central role in
the coordination and stabilization of the sleep-wake and REM-non-REM flip-flop switches
[79]. Consequently, hypocretin deficiency may be the cause of the observed instability of
the sleep-wake pattern of the human narcoleptic phenotype. Instability in these systems
due to hypocretin loss may lead to sleep-wake and REM-non-REM transition instabil-
ities, which is investigated in this study. If this is the case, narcolepsy may serve as a
human model for the flip-flop switches.

Study 3 - Methods

This study included 63 of the 81 narcolepsy patients who met the inclusion criteria in
Study 2. Same inclusion criteria were used in this study, except that an additional five
patients with a periodic leg movements (PLM) during sleep index > 4/h were excluded in
this study and six patients were excluded due to poor PSG data quality. For the last 70
narcolepsy patients, seven patients were excluded in order to age match the narcolepsy
group in the same way as was done in Study 2.
All of the 63 included patients (except three with severe cataplexy) were free of an-
tidepressants and stimulants 7 to 14 days before inclusion; 44 of 63 were completely
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drug-naïve (i.e., they had never taken medication). Cataplexy was present in 43 of 63
patients, and hcrt-1 deficiency was present in 37 patients. Six patients (five of six with
cataplexy) refused lumbar puncture. Normal hcrt-1 levels were present in eight of 43
patients with cataplexy, and hcrt-1 deficiency was present in seven of 20 patients without
cataplexy. Demographic data of included subjects are given in Table 2.7.

NC NwC +hcrt-1 -hcrt-1

Number 46 20 20 37

Female/Male 20/23 12/8 14/6 16/21

Age [year] 31.9 (7.9) 32.2 (8.9) 31.4 (9.3) 32.5 (7.9)

BMI [kg/m2] 26.3 (6.0) 25.4 (4.1) 25.4 (5.0) 24.9 (4.0)

Table 2.7: Demographic data of subjects included in Study 3. Values are expressed as
mean (and sd). +hcrt-1 = narcolepsy patients with normal hcrt-1. -hcrt-1 = narcolepsy
patients with hcrt-1 deficiency; NC = narcolepsy with cataplexy; NwC = narcolepsy
without cataplexy.

All patients had underwent 1 night of PSG recording with the setup as described in
Study 2. Sleep stages and events were manually scored for epochs of 30 sec according
to standard criteria [7, 40] by experienced PSG technicians, supervised by Poul Jennum
and without knowledge of the final diagnosis. The hypnograms and sleep events were
extracted from Nervus R⃝ or Somnologica Studio R⃝, using the built-in export data tool,
and imported to Matlab R⃝ for further processing.
The frequency of transitions in the hypnograms for each patient was measured as the
number of transitions per hour of sleep of the investigated sleep stage. Analyzed trans-
itions included were transitions between wake and sleep, transitions to/from REM sleep
(hereafter noted as REM-NREM transitions), transitions to/from non-REM stage 1, 2,
and 3, and transitions between all sleep stages. Wilcoxon rank-sum tests were performed
to compare the frequencies of transitions between different narcolepsy groups.
A backward-stepwise multivariate linear regression was performed to determine the re-
lationship between transitions and age, sex, body mass index, disease duration, disease
onset, +/- previous anticataplexy medication, +/- cataplexy, and +/- hcrt-1 status.

Study 3 - Results

The frequencies of sleep-wake transitions are illustrated in the box plots in Figure 2.11.
Patients with narcolepsy and low hcrt-1 level had a significantly higher frequency of
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sleep-wake transitions than patients with narcolepsy and normal hcrt-1 level (P = 0.014).
Patients with NC also had a significantly higher frequency of sleep-wake transitions than
those with NwC (P = 0.002).
The frequencies of REM-NREM transitions are illustrated in the box plots in Figure
2.12. Patients with narcolepsy and low hcrt-1 level had a significantly higher frequency
of REM-NREM transitions than patients with narcolepsy and normal hcrt-1 level (P =
0.044). Patients with NC also had a trend for more REM-NREM transitions than those
with NwC, although this difference was not statistically significant. For the other ana-
lyzed transitions (to/from non-REM stage 1, 2, and 3, and transitions between all sleep
stages), there was no significance between any of the groups (results not shown).
In the multivariate analysis, the number of REM-NREM transitions were predicted only
by hcrt-1 deficiency (P = 0.011), whereas the number of sleep-wake transitions were pre-
dicted only by cataplexy (P = 0.001).
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Figure 2.11: Frequency of sleep-wake transitions illustrated in box plots for each patient
group. Each box plot shows the fifth, 25th, 50th, 75th, and 95th percentile. Signific-
ant P values are shown. HCRT-1, hypocretin-1; NC, narcolepsy with cataplexy; NwC,
narcolepsy without cataplexy
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Figure 2.12: Frequency of REM-NREM transitions illustrated in box plots for each pa-
tient group. Each box plot shows the fifth, 25th, 50th, 75th, and 95th percentile. Signi-
ficant P values are shown. HCRT-1, hypocretin-1; NC, narcolepsy with cataplexy; NwC,
narcolepsy without cataplexy.
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2.4 Study 4

In 1996, a task force composed of members of the European Society of Cardiology and the
North American Society of Pacing and Electrophysiology defined the guidelines necessary
for comparing different assessment models of HRV [90]. These guidelines have proved to
be the most valuable non-invasive test for assessing autonomic nervous system function
[96]. However, due to great intra-individual variance the tests do not work individually
and are recommended only for describing groups of patients.
In Study 1, a method was described to measure the autonomic activity based on changes
in HR during sleep. It was shown that iRBD and PD patients had an attenuated HRR
during sleep. However, it was not clear whether this expresses suppression of sympathetic
or parasympathetic activities or combinations of the two. The aim of this study was to
validate the HRR method described in Study 1 by applying the methods described in
the Task Force of 1996 to measure HRV and use these HRV measures to identify possible
changes in autonomic function during both wakefulness and sleep in patients with iRBD
and PD.

Study 4 - Methods

This study included 10 PD patients with RBD, 13 PD patients without RBD, 11 iRBD
patients and 10 control subjects. All subjects were included in Study 1, and same inclusion
criteria as used in Study 1 were used in this study. However, of the patients included
in Study 1, 4 PD patients with RBD and 3 PD patients without RBD had too many
nocturnal events to permit the identification of stationary signals, as described below,
and therefore these patients were excluded from this study. Furthermore, 7 of the control
subjects included in Study 1 were excluded in this study due to insufficient sampling
frequency. Demographic data of the included subjects are given in Table 2.8.

Controls PD with RBD PD without RBD iRBD

Total number 10 10 13 11

Female/male 5/5 3/7 6/7 2/9

Age [years] 59.0 (9.7) 62.5 (6.9) 60.8 (6.7) 60.2 (7.7)

Table 2.8: Demographic data of subjects included in Study 4. Values are given as mean
(and sd).
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All subjects underwent one night of PSG recording as described in Study 1. Sleep stages
and events were manually scored for 30-second epochs according to standard criteria
[7, 40] by experienced polysomnographic technicians supervised by Poul Jennum, without
knowledge of the final diagnosis. The hypnograms and sleep events were extracted from
Nervus R⃝, using the built-in export data tool, and imported to Matlab R⃝ for further pro-
cessing.
Five-minute ECG segments were selected from wakefulness, stage 2 non-REM and REM
sleep during the night. The five-minute wake was selected from the pre-sleep period and
the five-minute NREM 2 was selected from the beginning of the night. Where possible,
the five-minute REM sleep was selected from the last REM period, as this tended to be
the longest period of REM in most subjects.
Segments included stationary signals (without arousals, LM, complex movements during
REM sleep, or apnoeas) recorded with a lead II derivation using torso electrode place-
ment [40] with a sampling frequency of 512 Hz. HRV was analyzed with respect to time
domain, frequency domain, and nonlinear methods using Kubios HRV version 2.1 soft-
ware.
Time-domain variables included the mean value of normal RR intervals (NN), the stand-
ard deviation of normal RR intervals (SDNN), the root mean square of successive RR
interval differences (RMSSDs), the number of successive intervals differing by more than
50 ms (NN50) and the corresponding relative amount (pNN50).
Frequency-domain variables were calculated by autoregressive modeling [54] and included
absolute powers of very low frequency (VLF, 0 - 0.04 Hz), low frequency (LF, 0.04 - 0.15
Hz) and high frequency (HF, 0.15 - 0.4 Hz) bands, LF and HF band powers in normalized
units (LFnu and HFnu) and the LF/HF power ratio.
The nonlinear properties of HRV were analyzed by Poincaré plots, the Shannon entropy
index and detrended fluctuation analysis (DFA). An ellipse was fitted to the Poincaré
plots, and the standard deviation of the points perpendicular to the line-of-identity (SD1)
and the standard deviation along the line-of-identity (SD2) were calculated. In the DFA,
two correlation measures (α1 and α2) were calculated as described in the Kubios HRV
User’s guide [89].
All HRV variables were calculated individually and, subsequently, between-group diffe-
rences were evaluated with Wilcoxon rank-sum tests. A Bonferroni correction was applied
to take into account the problem of multiple comparisons, resulting in a significance level
p < 0.00625 for all statistical tests.
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Study 4 - Results

All HRV measures for the control group are shown in Table 2.9 for the three stages
(wakefulness, non-REM 2, REM). In the time-domain analysis, the values were compar-
able during wakefulness and REM, while they tended to be larger during non-REM. In
the frequency-domain analysis using normalized units, LF and HF were similar during
wakefulness and REM, whereas LF tended to be lower and HF higher during non-REM.
Short-term variation reflecting parasympathetic activity tended to be more pronounced
during non-REM than in wakefulness and REM, with higher levels of NN, RMSSD, NN50,
HFnu, and SD1. The pattern for long-term variation was less clear in comparisons of the
wakefulness, non-REM and REM stages.
Tables 2.10, 2.11 and 2.12 show the HRV measures for the iRBD, PD without RBD, and
PD with RBD patients, respectively. P-values for comparisons with the control group,
that remained significant after the Bonferroni correction, are indicated. For the iRBD
patients, only the VLF component in the wakefulness stage was significantly different
from the control group. None of the other variables differed significantly between these
groups during REM and non-REM sleep.
For the PD patients, SDNN, VLF, LF and SD2 were significantly different from the con-
trol group in the wakefulness stage. None of the variables differed significantly in the
REM and non-REM stages for the PD patients without RBD compared with the control
group. For the PD patients with RBD, only SD2 differed significantly from the control
group in the REM stage, while none of the HRV variables were significantly different in
the non-REM stage.
Across the spectrum of clinical presentation there was a pattern of progressive reduction
in VLF during wakefulness from controls (158 ms2), through iRBD (47 ms2) and PD
without RBD (30 ms2), to PD with RBD (27 ms2). A similar pattern was noted for the
long-term variation expressed by LF and SD2.
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Wake non-REM 2 REM

NN [ms] 872 (126) 979 (160) 887 (132)

SDNN [ms] 28 (6) 29.3 (8.5) 27.5 (7.2)

RMSSD [ms] 19.5 (6.9) 23.5 (8.4) 20.8 (4.8)

NN50 [count] 8.7 (8.2) 18.4 (17.2) 10.1 (8.2)

pNN50 2.9 (3.3) 6.6 (6.6) 3.0 (2.4)

VLF [ms2] 158 (90) 148 (144) 131 (83)

LF [ms2] 492 (235) 550 (432) 527 (334)

HF [ms2] 150 (105) 240 (163) 126 (51)

LFnu 76 (14) 67 (18) 76 (15)

HFnu 24 (14) 33 (18) 24 (15)

LF/HF 5.3 (4.9) 3.9 (4.8) 4.7 (3.3)

SD1 [ms] 13.8 (4.9) 16.6 (5.9) 14.7 (3.4)

SD2 [ms2] 37.3 (8.7) 37.5 (11.6) 35.8 (10.0)

Shannon Entropy 3.15 (0.44) 2.94 (0.27) 3.2 (0.3)

DFA, α1 1.34 (0.29) 1.19 (0.23) 1.30 (0.21)

DFA, α2 0.57 (0.17) 0.43 (0.10) 0.48 (0.12)

Table 2.9: HRV measures for control subjects given as mean (and sd).
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Wake non-REM 2 REM

NN [ms] 936 (161) 1066 (164) 954 (155)

SDNN [ms] 20 (8) 28 (8) 21 (8)

RMSSD [ms] 15.7 (6.9) 25.1 (5.9) 15.5 (4.5)

NN50 [count] 2.36 (3.32) 15.6 (15.3) 2.5 (5.3)

pNN50 0.79 (1.06) 5.5 (5.1) 0.9 (1.8)

VLF [ms2] 47 (34)∗ 122 (193) 131 (123)

LF [ms2] 293 (251) 454 (420) 250 (190)

HF [ms2] 88 (63) 266 (179) 79 (38)

LFnu 76 (15) 54 (28) 70 (16)

HFnu 24 (15) 46 (28) 30 (16)

LF/HF 5.4 (5.0) 2.7 (3.3) 3.4 (2.6)

SD1 [ms] 11.1 (4.9) 17.8 (4.2) 11.0 (3.2)

SD2 [ms2] 26.4 (10.2) 34.7 (12.6) 27.2 (11.5)

Shannon Entropy 3.02 (0.21) 2.96 (0.23) 2.91 (0.16)

DFA, α1 1.36 (0.27) 1.03 (0.34) 1.27 (0.27)

DFA, α2 0.47 (0.26) 0.33 (0.15) 0.51 (0.14)

Table 2.10: HRV measures for iRBD patients given as mean (and sd). ∗p-value < 0.00625
for comparison with control group.
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Wake non-REM 2 REM

NN [ms] 881 (121) 981 (135) 934 (112)

SDNN [ms] 14.9 (4.5)∗ 22.0 (6.0) 21.7 (4.2)

RMSSD [ms] 15.7 (7.3) 21.5 (8.2) 20.5 (6.6)

NN50 [count] 2.8 (4.6) 10.9 (13.5) 8.0 (11.3)

pNN50 0.9 (1.6) 4.0 (5.1) 2.7 (3.7)

VLF [ms2] 30 (28)∗ 96 (92) 76 (52)

LF [ms2] 101 (86)∗ 259 (213) 217 (141)

HF [ms2] 88 (66) 174 (89) 158 (106)

LFnu 55 (23) 56 (21) 57 (17)

HFnu 45 (23) 44 (21) 43 (17)

LF/HF 2.0 (1.9) 1.96 (1.67) 1.76 (1.43)

SD1 [ms] 11.1 (5.1) 15.2 (5.8) 14.5 (4.6)

SD2 [ms2] 17.7 (4.8)∗ 26.7 (8.0) 26.7 (5.5)

Shannon Entropy 2.87 (0.19) 2.87 (0.27) 2.84 (0.27)

DFA, α1 0.98 (0.25) 1.01 (0.28) 1.09 (0.25)

DFA, α2 0.49 (0.11) 0.43 (0.16) 0.44 (0.13)

Table 2.11: HRV measures for PD patients without RBD given as mean (and sd). ∗p-
value < 0.00625 for comparison with control group.
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Wake non-REM 2 REM

NN [ms] 1005 (150) 1114 (199) 1006 (128)

SDNN [ms] 17.8 (7.4)∗ 23.4 (9.3) 17.5 (5.6)

RMSSD [ms] 18.8 (8.9) 21.4 (5.9) 16.1 (6.9)

NN50 [count] 7.2 (9.5) 8.4 (6.4) 3.3 (8.7)

pNN50 3.1 (4.1) 3.4 (2.6) 1.4 (3.7)

VLF [ms2] 27 (26)∗ 85 (66) 67 (72)

LF [ms2] 146 (130)∗ 409 (416) 191 (144)

HF [ms2] 117 (98) 114 (55) 78 (74)

LFnu 56 (14) 68 (21) 71 (12)

HFnu 43 (14) 32 (21) 29 (11)

LF/HF 1.5 (0.7) 4.2 (4.3) 3.2 (2.2)

SD1 [ms] 13.4 (6.3) 15.1 (4.2) 11.4 (4.9)

SD2 [ms2] 21.0 (8.7)∗ 29.2 (13.2) 21.7 (7.0)∗

Shannon Entropy 2.7 (0.3) 2.80 (0.08) 2.87 (0.28)

DFA, α1 1.00 (0.21) 1.08 (0.24) 1.15 (0.20)

DFA, α2 0.39 (0.15) 0.38 (0.16) 0.44 (0.17)

Table 2.12: HRV measures for PD patients with RBD given as mean (and sd). ∗p-value
< 0.00625 for comparison with control group.
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Chapter 3

Discussion

The 4 studies in this PhD dissertation describe methods for assessment of autonomic
function in neurodegenerative diseases. The analyzed patients are PD patients, iRBD
patients and narcolepsy patients. This chapter is divided in three parts, first discussing
the findings in PD and iRBD patients, then discussing the findings in the narcolepsy
patients, and finally a section discussing the methods, data quality and validity.

3.1 Autonomic function in Parkinson’s disease

In Study 1 it was shown that PD patients have an attenuated HRR to arousals and LM
compared with healthy controls. This result was expected as PD patients are known
to have autonomic dysfunction. Also the HRR to LM for the iRBD patients was signi-
ficantly lower than in the control group and the HRR curves for the iRBD group were
intermediate between those of the control and PD groups.
For the baseline HR, calculated from the prearousal period, there was no significant differ-
ence between any of the groups. However, some of the graphs indicated that the increase
in HR started earlier for the control group, indicating that the cardiac response to arousal
or LM is not only attenuated but also delayed in PD patients.
Studies of the HRR to arousal in healthy subjects have found that tachycardia starts
approximately 2 beats before arousal onset and is followed by bradycardia before the HR
returns to baseline [84]. The bradycardia was not observed in Study 1. In the study by
Sforza et al. [84], the bradycardia occurred approximately 10 beats after arousal onset
and reached baseline at 15 beats after arousal onset. However, the mean age of the sub-
jects in the study by Sforza et al. was 28.8 years, and compared with the mean age of 62.4
years of the control group in Study 1, tachycardia and bradycardia would be expected
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to be of significantly lower amplitude, as Gosselin et al. demonstrated in middle-aged
subjects [33].
The attenuated HRR is consistent with the reduced HRR associated with PLM experi-
enced by RBD patients [27]. Because RBD often precedes the clinical manifestation of
PD [71], the change in autonomic function may represent an early manifestation of a
neurodegenerative process involving brain stem areas, which is consistent with the Braak
hypothesis [11].
According to the Braak staging study the progression of PD starts in the medulla ob-
longata, which includes the cardiac centre and controls autonomic functions. Braak et
al. found that both parasympathetic structures (dorsal motor nucleus of vagus) and
sympathetic structures (postganglionic neurons) demonstrate deposition of synuclein at
early stages of PD pathology [13]. As arousal from sleep involves activation of the SNS,
including spinal motor activations, it is likely that the attenuated HRR reflect an atten-
uated SNS activity. However, the attenuated HRR may be due to either suppression of
sympathetic or parasympathetic activities or a combination of both.

In Study 4 the autonomic function in PD and iRBD patients was further evaluated
by measuring HRV in both wakefullness, non-REM and REM sleep. The HRV values
found in the control group were similar to the values reported by others for similar age
groups [95]. Looking at the various sleep stages in the control subjects, it was found
that the HRV patterns were comparable during wakefulness and REM sleep, whereas
there was a pattern of increased parasympathetic relative to sympathetic activity during
non-REM sleep. These findings are in accordance with those of other studies analysing
sleep stage differences with respect to spectral and time domain variables describing the
HRV [3, 8, 94].
Vaughn et al. [94] found clear sleep stage differences in the HRV from spectral analysis
that were consistent with increased parasympathetic nervous system (PNS) activity dur-
ing non-REM stage 2, decreased PNS and SNS activity during the non-REM stage 3 and
increased SNS during the REM sleep stage [94].
In the limited group of iRBD patients included in Study 4, significant differences with
respect to the control subjects were seen only during wakefulness, while no significant
differences were seen in non-REM sleep, and only the PD patients with RBD had a sig-
nificant difference for a single variable in REM. However, the SNS is more active during
wakefulness than during the non-REM and REM sleep stages, making it more likely to
demonstrate a reduction in sympathetic activity during the wakefulness stage.
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The iRBD patients only differed significantly from the control group with respect to the
VLF component. As this component reflects slow regulatory mechanisms [15] and is re-
lated to sympathetic activity [26], this indicates that the SNS activity of iRBD patients
was attenuated. The finding of reduced activity in the slow components of HRV is in line
with the fact that in diseases associated with Lewy bodies, the vulnerable neurons are
those that are long, thin and unmyelinated and therefore slow-conducting [12]. Lanfran-
chi et al. investigated the HRV in non-REM and REM sleep and found that cardiac and
respiratory responses were absent from subjects with iRBD [50]. This implies that iRBD
patients lack the possibility of activating the SNS, which may explain why a significant
difference was seen for the VLF component in the wakefulness stage in Study 4. Further-
more this may explain why in Study 1, no significant differences were seen in the HRR
to arousal for the iRBD patients when compared to the control group. As sympathetic
activity is less active during sleep compared to wake, an attenuated sympathetic activity
may not be as easy to show during sleep than during wake.
A similar study by Valappil et al. [93] found differences in both the LF and HF compon-
ent but not the VLF component in the wake stage between iRBD and healthy controls.
The study only included 11 iRBD patients, as is also the case in Study 4. Studies with
larger patient groups is recommended to clarify the exact autonomic findings in the HRV
measures.
For the PD patients, the LF component was found to be significantly lower than for the
control subjects. The LF component is generally thought to reflect both sympathetic and
parasympathetic activity [26] and the difference between the PD and control subjects is
probably due to a more pronounced dysfunction of the SNS than in the iRBD patients.
The SDNN was significantly lower in the PD groups than in the control group. SDNN is
a marker of the total variance of HRV and reflects all long-term components responsible
for variability and correlates with VLF [96], and therefore this result corresponds with
the results for LF and VLF and is indicative of a dysfunction of the SNS.
No significant differences were seen for the HF component neither for the PD patients nor
for the iRBD patients. The HF component is known to reflect parasympathetic activity
[96], and therefore the attenuated HRR identified in Study 1 is probably mainly due to
involvement of the SNS, but does not exclude the possibility that the PNS is involved.
In this context, it is important to differentiate between "slow" parasympathetic activity
mediated through thin unmyelinated fibres originating from neurons in the dorsal vagal
motor nucleus and terminating primarily in organs below the diaphragm, and "fast" para-
sympathetic activity mediated through large myelinated nerve fibres originating in the
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nucleus ambiguus and terminating primarily in the heart. In the post-mortem PD cases
studied to date, it is the unmyelinated vagal preganglionic projecting neurons connect-
ing the central nervous system to the enteric nervous system that contain α-synuclein
immunoreactive inclusions [13]. In terms of HRV, the fast components (RMSSD, HF,
SD1) are commonly ascribed to parasympathetic activity without stressing the fact that
this only holds true for the myelinated fibres terminating in the heart. The importance
of distinguishing between the parasympathetic activity mediated through thin unmyelin-
ated fibres and thick myelinated fibres is reflected in the study by Oka et al.[61], who
showed that early-stage PD patients feature changes in HRV that are compatible with
sympathetic but not parasympathetic dysfunction in spite of the well known disturbances
in intestinal motility and bladder function associated with early PD.
Of the nonlinear variables, only SD2 was significantly lower for the PD patients than the
control subjects, which is also consistent with the other results, since SD2 is believed to
describe long-term variability and is related to the time-domain measure SDNN [14].
Sleep in the non-REM stage is characterized by relative autonomic stability, a domin-
ance of parasympathetic influences to the heart, and a reduction in sympathetic efferent
vasomotor tone [50], while REM sleep is a state of autonomic instability, dominated by
remarkable fluctuations between parasympathetic and sympathetic influences [50] and,
probably, activation of both nervous systems [15]. Therefore, if mainly the SNS is affected
in iRBD and PD and unmyelinated parasympathetic nerve fibres in PD, this would ex-
plain why the HRV variables reflecting the sympathetic nervous system differ in PD and
iRBD compared with the control subjects during wakefulness, rather than in non-REM
and REM sleep.

According to the Braak staging study [11] the progression of PD starts in the medulla
oblongata, which includes the cardiac centre and controls autonomic functions. Braak
et al. found that both parasympathetic structures (dorsal motor nucleus of vagus) and
sympathetic structures (postganglionic neurons) demonstrate deposition of synuclein at
early stages of PD pathology [13]. This is supported by the progressive reduction in VLF
and the long-term variations expressed by LF and SD2 from controls to iRBD and to PD
found in Study 4. Furthermore, other studies have shown that the baroreceptor reflex
in early-stage PD without orthostatic hypotension is not severely impaired [16, 38, 52],
implying that the cardiac PNS emanating from the nucleus ambiguus may be relatively
preserved in patients with PD.
From the medulla oblongata, the Braak staging system gradually ascends to the more
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rostral structures implicating dysfunction in the sublaterodorsal nucleus and pre-locus
coeruleus structures, which could lead to RBD [6]. This temporal sequence could in-
dicate that SNS dysfunction precedes iRBD, which is followed by PD or other diseases
associated with Lewy body pathologies. In Study 1 it was also seen how the attenuated
HRR worsens from the onset of iRBD to the onset of PD. If the attenuated HRR is an
early manifestation of a neurodegenerative process, this could be an early marker of the
disease.
Reviews on prediction of PD have highlighted that premotor symptoms like iRBD and
anosmia may predict PD [70, 73], but it cannot be concluded that iRBD with dysauto-
nomia presents an increased risk of further neurodegenerative development and it remains
unknown, which patients with iRBD will develop PD or another synucleinopathy. This
will have to be addressed in future studies.
Other studies have also established the involvement of the autonomic system in iRBD and
the link to PD. In a study using 123I-MIBG cardiac scintigraphy, a reduced heart/mediasti-
num ratio was found for iRBD, PD, and dementia of Lewy bodies patients relative to
controls. However, normal values were found in multiple system atrophy and progressive
supranuclear palsy [57]. R-R variability [75] and orthostatic testing [72] during wakeful-
ness were affected in PD with RBD but not in PD without RBD compared with controls
and in the latter case PD without RBD had even less impairment than those with iRBD.
These data support the hypothesis, that iRBD with dysautonomia presents an increased
risk of development of PD with RBD.
The fact that differences were found between PD patients with and without RBD could
indicate that disease progression are different in the two PD types and that brain stem
areas are not involved to the same extent. However, neither in Study 1 nor in Study 4
there were significant differences in the HRR/HRV for PD patients with RBD compared
with PD patients without RBD, although some HRV parameters tended to be lower in
the PD patients with RBD. The PSG variables in Study 1 showed that TST and SL were
significantly different from the control group, but only for the PD patients without RBD,
which could imply that sleep may be affected more in this patient group.

Postuma et al. [74] found no evidence that baseline cardiac autonomic dysfunction can
predict the risk of neurodegenerative diseases and that autonomic dysfunction is linked
with RBD independent of associated PD or Lewy body dementia. From the two scatter-
plots (Figure 2.5 and 2.6) of HRR in iRBD patients in Study 1, it was seen how the iRBD
patients could be divided in two groups: one group having a normal HRR to both arousal
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and LM, and the other group having an attenuated HRR to arousal and LM. Following
these iRBD patients in a prospective study to see if these 2 groups predict who will de-
velop a neurodegenerative disease could be of interest, although the Postuma study [74]
do not support this hypothesis. Larger prospective studies are needed to clarify the exact
connection between dysautonomia in iRBD and the risk and type of neurodegenerative
development.

In summary the salient finding was that of a pattern of progressive reduction in HR
parameters (HRR/HRV) associated with sympathetic nervous activity in line with the
notion that postganglionic sympathetic nervous dysfunction is an early component in the
development of PD. The attenuated HRR in patients with iRBD and PD with/without
RBD may be a manifestation of the autonomic deficits experienced in these patients
and could indicate a rather significant impact on multiple systems in the brain including
the ARAS and the autonomic nervous system. The iRBD patients not only exhibited
impaired motor function with REM sleep without atonia but also incipient autonomic
dysfunction, revealed in the attenuated HRR to LM in and in the VLF component during
wake.
It is essential to state that measurements of HRV based on the spontaneous variability in
HR are known to vary greatly within individuals, which could blur the outcome of small
cohort studies. Future studies could include forced variations in HR by deep breathing
at 0.1 Hz, the Valsalva manoeuvre and HR change during active standing, since these
parameters reflect the capacity of the autonomic system rather than the activity and are
subject to smaller intra-individual variation.

3.2 Autonomic function in Narcolepsy

In Study 2, cataplexy and hcrt-1 status both significantly predicted HRR to arousal in
REM sleep, although only hcrt-1 status remained significant in non-REM 2 sleep. None of
the possible biasing factors (age, sex, BMI, disease duration, disease onset, anti-cataplexy
medication) predicted HRR to arousal, and the study hereby shows, for the first time,
that a reduced autonomic response to arousals in patients with narcolepsy is primarily
predicted by hcrt-1 deficiency in both REM and non-REM sleep, independent of cata-
plexy and other factors. The results confirm that hcrt-1 deficiency affects the autonomic
nervous system of patients with narcolepsy and that the hypocretin system is important
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for proper HR modulation at rest.
The results are in accordance with the findings of reduced HRR associated with PLM
with and without arousals during non-REM 2 sleep in 14 HLA-DQB1*0602-positive (and
presumed hcrt-1-deficient) NC patients [20]. The Dauvilliers study analyzed the HRR
beat by beat only for PLM with and without arousals during non-REM 2 sleep, and
found a significantly lower amplitude of tachycardia and bradycardia after onset of PLM,
although the hcrt-1 levels of the patients were not known, but they were presumed hcrt-1
deficient.
The HRR to LM did not differ within the narcolepsy groups, but was significantly reduced
compared with the control group both in REM and non-REM 2 sleep. A previous study
has found hypocretin deficiency to be independently associated with the prevalence of
RBD during REM sleep in narcolepsy [47]. Therefore, the LM in REM sleep may reflect
underlying RBD in the narcolepsy patients.

Study 3 is the first study to show that the frequency of sleep-wake transitions and REM-
NREM transitions are associated with cataplexy and hypocretin deficiency in patients
with narcolepsy. The study documents that sleep-wake and REM-NREM transitions are
more frequent in patients with NC and hcrt-1-deficient narcolepsy. These results are
consistent with the flip-flop model of transitions proposed by Saper et al. [79], and are
consistent with a human model in which hypocretin enforces general-state stability.
Quantitative EEG studies suggest changes in frequencies in non-REM 2 sleep [37] as well
as sleep onset [46] in patients with NC. Another study has shown that the occurrence of
multiple spontaneous daytime sleep onset REM periods clearly identified patients with
narcolepsy [68].
Animal studies support that sleep-wake transition is under control by the hypocret-
inergic system, which facilitates wakefulness and REM-NREM cyclicity. Studies with
hypocretin-deficient knockout mice and animals with narcolepsy have shown sleep stage
dysregulations [18] and considerably more transitions between all stages [25, 44, 58, 59].
As hypocretin is believed to stabilize wake and sleep, the hypocretin deficiency in patients
with narcolepsy may cause a low threshold to transition between stages, causing the frag-
mented sleep pattern seen in patients with narcolepsy. This supports Study 3, showing
that hypocretin-deficient patients with narcolepsy may present sleep stage instability as
compared with non-hypocretin-deficient patients with narcolepsy.
Hypocretin neurons are known to suppress REM sleep by reinforcing the activity of the
monoaminergic neurons in the locus coeruleus and dorsal raphe nucleus [10, 49], which in
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turn activate REM sleep-suppressing neurons and inhibit REM on neurons. It can be hy-
pothesized that loss of hypocretin neurons therefore also enables more frequent transitions
into REM sleep and makes the REM-NREM switch unstable. In Study 3 it was detected
that patients with narcolepsy and hcrt-1 deficiency had more REM-NREM transitions
than those without hcrt-1 deficiency, and this higher frequency of REM-NREM transi-
tions was primarily predicted by hcrt-1 deficiency, independent of cataplexy and other
factors, supporting the theory that hypocretin destabilizes the sleep stage switch.

The HRV measures described in Study 4, were not assessed in narcolepsy patients due
to insufficient sampling frequency of the ECG in the majority of these patients. However
three other studies have investigated the HRV in patients with narcolepsy using power
spectrum analysis (PSA) and obtained very different results [28, 32, 34].
Fronczek et al. [32] found a higher power in all frequency bands in 15 hypocretin defi-
cient NC patients. In contrast, normal cardiovascular changes during head-up tilt tests,
the Valsalva manoeuvre, deep breathing, isometric handgrip, and cold face tests, but an
increased sympathetic drive on HR at supine rest was found in 10 NC patients (nine of 10
with hcrt-1 deficiency) [34], and an increase in HRV and sympathetic activity using PSA
was found in NC patients of unknown hcrt-1 status [28], indicating normal and increased
sympathetic tones, respectively. The latter study also reported an increased LF/HF ratio
during wakefulness before sleep, suggesting an altered circadian autonomic function in
patients with narcolepsy.
The great variability of these results may be due to the different study designs (day/night
and measurement methods), small populations, and inadequate knowledge of the hcrt-1
level. Furthermore, as hypothesized by Grimaldi et al. [34], patients with narcolepsy
may be highly vigilant during the daytime, when they are continuously fighting against
sleepiness, which might imply stronger daytime sympathetic activation and thereby ex-
plain the different results obtained in previous studies. Not only during wakefullness,
narcolepsy patients may experience increased sympathetic activity. In Study 3, it was
seen how hcrt-1 deficient narcolepsy patients had increased frequency of sleep-wake trans-
itions which could increase sympathetic activity in sleep.

Hypocretin neurons in the lateral hypothalamus reinforce the activity in the wake-promoting
projections arising from neurons in the upper brainstem, whereas sleep is promoted by
activation of the ventrolateral preoptic nucleus in the basal forebrain, which acts by in-
hibiting hypocretin neurons and the neurons in ARAS [78]. The hypocretin neurons are
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therefore believed to play an important role in sustaining wakefulness and in stabilizing
the flip-flop switch. However, other important arousal-producing neurons are present in
the posterior lateral hypothalamus, which helps maintain wakefulness when hypocretin
neurons are deficient.
The hypocretin neurons may help to sustain activity in aminergic and cholinergic arousal
regions, and in the absence of hypocretin, these arousal regions may have reduced activ-
ity, resulting in inappropriately low thresholds to transition into non-REM sleep [58]. In
patients with narcolepsy and hypocretin deficiency, one of the most important compon-
ents in the flip-flop switch is absent, making the switch unstable and entailing frequent
sleep/wake switches, as seen in Study 3.

Chronic lack of hypocretin signalling may have consequences for cardiovascular func-
tion, which may be revealed in the HR and BP [5]. Hypocretin neurons and receptors
have been proposed as providing a link between central mechanisms that regulate arousal
and sleep-wakefulness states and central control of autonomic functions [97], including
parasympathetic cardiac activity [23]. Hypocretin fibers have also been found in nuclei
that are well known to be involved in cardiovascular regulation, and it has been shown
that hcrt-1 diminishes parasympathetic cardiac activity and thereby contributes to HR
acceleration [23]. Also, hypocretin acting on neurons in the hypothalamic paraventricular
nucleus is known to increase the cardiovascular response [87].
In Study 2 the hcrt-1-deficient patients did not only have an elevated baseline HR but
also failed to increase their HR in response to arousals or LM. This may be explained by
two separate mechanisms: patients with hypocretin deficiency had increased arousability,
sleep stage shifts and daytime somnolence, which may affect autonomic activity; and the
hypocretin system may directly influence autonomic activity on its own. The attenuated
HRR may be explained by the already elevated HR in these patients, their impaired hy-
pocretin signalling, or by both factors.
Hcrt-1 fibers have been found in the lateral paragigantocellular nucleus, which elicits an
inhibitory pathway to preganglionic cardiac vagal neurons [23]. The hcrt-1 deficiency
may cause this pathway to be impaired and another explanation is that parasympathetic
activity could explain the attenuated HRR.

To summarize, Study 3 shows that patients with narcolepsy and hypocretin deficiency
or cataplexy have more frequent sleep-wake and REM-NREM transitions, which is con-
sistent with the destabilization of the flip-flop switches that regulate sleep-wake and
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REM-NREM transitions due to the loss of hypocretin neurons. The elevated frequency
of REM-NREM transitions is primarily predicted by hcrt-1 deficiency, independent of
cataplexy and other factors. The increased frequency of transitions in hcrt-1 deficient
patients may cause increased sympathetic activity during sleep and thereby increased HR
as seen in Study 2, or the increased HR could be caused by decreased parasympathetic
activity due to the lack of hypocretin signalling.
The attenuated HRR to arousal is primarily predicted by hcrt-1 deficiency, and may be
explained by the already elevated HR and/or by impaired hypocretin signalling. This
finding suggests that the hypocretin system plays an important role in the modulation
of cardiovascular function at rest.

3.3 Methods, data quality and validity

The studies included in this PhD dissertation describe methods for assessment of auto-
nomic function. Study 1 described a method to assess the autonomic function based on
HRR to arousal and LM during sleep. Same method was applied in Study 2 on narcolepsy
patients, and Study 2 and Study 3 together assessed the influence of hypocretin loss on
autonomic function.
The method described in Study 4 is a more systematic and well known method to assess
the contributions of parasympathetic and sympathetic activity on the autonomic func-
tion, and this study was partly performed to validate the method of Study 1 and 2, but
also to further evaluate on the autonomic dysfunction in PD patients as revealed by the
results in Study 1.

The HRR to arousal and LM during sleep provided a simple method to assess autonomic
activity. Similar methods have been described in other studies [20, 27, 30, 33, 84, 85],
however none of these assessed the HRR by the AUC, but instead compared several points
along the curves. The AUC provided a simple and robust measure for the HRR and made
the comparison of various groups simple, unlike the many comparisons necessary with a
beat-by-beat analysis. The AUC also allowed to do univariate and multivariate regression
analyses that could take into account the influence of several confounder variables.
In Study 1 and 2 the HRR to motor activation was assessed in association with LM and
not PLM, as have been done in other similar studies [20, 27, 85]. LM was chosen instead
of PLM to ensure a stable HR unaffected by other events before the onset of LM. The
HR could be slightly increased during PLM, which could give rise to an elevated baseline
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and thus a false reduced HRR. Furthermore, in 18 of 22 control subjects in Study 2, not
enough (or even none) PLM were available for a valid statistical analysis.
Another advantage compared to the similar studies, is that the HRR was assessed in dif-
ferent sleep stages (both non-REM 2 and REM), as opposed to only assessing the HRR
in non-REM 2 [20, 27, 30, 33, 85]. Generally, the fact that HRR was measured during
sleep, ensured stable conditions.

In healthy subjects the HR is controlled by sympathetic and parasympathetic activ-
ity in mutual balance. Although the HRR method presented a single value for assessing
autonomic function during stable conditions, it may be difficult to assess whether the
attenuated HRR is an expression of altered sympathetic or parasympathetic activity, or
a combination of both. Study 4 revealed that mainly impaired sympathetic activity ex-
plained the differences for PD/iRBD patients compared to controls, and as sympathetic
activity is less active during sleep compared to wake, autonomic testing during wake, may
be preferred in neurodegenerative diseases, which then would favor the HRV measures in
wake rather than HRR to events during sleep.
One disadvantage of the HRV measures is that although the Task Force of 1996 [90]
provided the guidelines of HRV calculations, there are numerous of variables both in the
time domain, frequency domain and for the nonlinear parameters. Researchers have used
many methods for analyzing these variables and reproducibility among these methods is
limited [96]. HRV measures are also subject to intra-individual variation and due to the
often numerous variables included, Bonferroni correction or another method is required
to counteract the problem of multiple comparisons.
Although several studies have reported on the clinical and prognostic value of HRV ana-
lysis, this technique has not been incorporated into clinical practice [96]. In a previous
study [88], an arousal detection algorithm was presented, which could be directly linked
to the method of assessing HRR to arousals, and this would provide a complete tool
for assessing the autonomic changes in sleep. The method could be part of the PSG
assessment, and provide a standard clinical test to assess the autonomic function and
together with other electrophysiological biomarkers assess the possibility of an incipient
neurodegenerative disease. However, this would require clear threshold limit values of
the HRR, that have to be established through studies in larger patient populations.

Study 3 provided a simple method to assess the sleep state switching in narcolepsy. One
limitation of this study is that sleep-wake regulation as determined by simple macro-sleep
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scoring may be too simplistic a model to allow the evaluation of the sleep-wake/REM-
NREM transition, because this may occur much faster and not in the 30-sec epochs used
in traditional scoring. This may in part explain why no significant association was found
with non-REM transitions.
To date, no reliable or validated sleep scoring model has been developed for scoring
epochs shorter than 30 sec. Alternative methods may include a quantitative measure
using a sliding window with a shorter time interval including not only the conventional
sleep stages, but also transition zones between stages. One attempt using a state space
analysis technique has been performed in orexin knockout mice [25], where the variations
in the depth of sleep and the intensity of wakefulness were measured by EEG power in
the delta and theta bands. The orexin knockout mice had an overlap between wake and
REM sleep and spent more time in transition regions causing the altered quality of sleep
and wake.
Variations within states and changes in transition zones may be a reason for the more
frequent changes in orexin knockout mice and hypocretin-deficient patients with narco-
lepsy. Future evaluation of sleep transition and its relation to the hypocretinergic system
should include analysis of transition states and shorter windows used in the sleep scoring.
In Study 3, only nocturnal PSGs were considered, but daytime monitoring could be at
least as interesting, because patients with narcolepsy have sleep episodes during daytime.
Another limitation is that interscorer variability was not considered and sleep scoring
may have been subject to individual scoring. This is relevant for all 4 studies in this
PhD thesis, as all studies included analysis in specific states (wake, non-REM or REM).
Especially for patients with neurodegenerative diseases, sleep scoring may be challenging
due to altered EEG, EOG and EMG as a result of disease progression [24, 64, 77]. How-
ever, all PSGs were scored by experienced technicians in accordance to the currently best
accepted international criteria [40].

The number of included patients is limited in all 4 studies, and even though the find-
ings in Study 1 were in accordance with the findings in Study 4, studies including larger
patient populations are needed to validate the HRR method as an autonomic test. The
head-up tilt test, the Valsalva maneuver and deep breathing at 0.1 Hz are normally used
tests to assess autonomic function. Common for these tests are, that they measure forced
variations in HR as opposed to the spontaneous variations measured in both Study 1, 2
and 4.
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Chapter 4

Conclusion and Perspectives

Study 1 and 4 showed that the SNS activity of iRBD patients was attenuated, especially
when the disease progressed to PD. In Study 4, no differences were seen in the HRV
measures ascribed to parasympathetic activity, indicating that the cardiac PNS, emana-
ting from the nucleus ambiguus, may be relatively preserved in patients with PD. The
progressive reduction of sympathetic nervous activity is in line with the postganglionic
sympathetic nervous dysfunction seen in early PD and may represent an early manifesta-
tion of a neurodegenerative process involving brain stem areas, which is consistent with
the Braak hypothesis.
Larger prospective studies are needed to clarify the exact connection between dysauto-
nomia in iRBD and the risk and type of neurodegenerative development.

Study 2 showed for the first time that a reduced autonomic response to arousals in
patients with narcolepsy is primarily predicted by hcrt-1 deficiency in both REM and
non-REM sleep, independent of cataplexy and other factors. The result confirm that
hcrt-1 deficiency affects the autonomic nervous system of patients with narcolepsy and
that the hypocretin system is important for proper HR modulation at rest.
The hypocretin deficiency may also cause a low threshold to transition between stages,
causing the fragmented sleep pattern and increased frequency of transition seen in pa-
tients with narcolepsy. The increased frequency of transitions in hcrt-1 deficient patients
may cause increased sympathetic activity during sleep and thereby increased HR as seen
in Study 2, or the increased HR could be caused by decreased parasympathetic activity
due to the lack of hypocretin signalling.
Future analysis could include comparisons of HRR from patients with narcolepsy with
hcrt-1 deficiency and without cataplexy with that of patients with narcolepsy with nor-
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mal hcrt-1 and with cataplexy.
The evaluation of sleep transition and its relation to the hypocretinergic system should
include analysis of transition states and shorter time windows used in the sleep scoring
and also daytime monitoring could be of interest.

The HRR measured as the AUC provided a simple and robust measure for autonomic
function and made the comparison of various groups simple, unlike the many comparisons
needed when analyzing HRV.
Further studies should seek to validate the HRR findings compared with other autonomic
tests such as forced variations in HR by deep breathing at 0.1 Hz, the Valsalva manoeuvre
and HR change during active standing.
A critical issue for planning for disease-modifying therapies focusing on iRBD is identi-
fying one or more biomarkers. It will be necessary to evaluate the predictive value of
autonomic (dys-)function for predicting development of a neurodegenerative disease in
iRBD. If the HRR could be used as a predictive biomarker, it would be easy to imple-
ment it as a standard clinical test as part of a PSG, and would provide a noninvasive,
inexpensive and practical tool for screening purposes.
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ABSTRACT: The objective of this study was to
determine whether patients with Parkinson’s disease
with and without rapid-eye-movement sleep behavior
disorder and patients with idiopathic rapid-eye-move-
ment sleep behavior disorder have an attenuated heart
rate response to arousals or to leg movements during
sleep compared with healthy controls. Fourteen and 16
Parkinson’s patients with and without rapid-eye-move-
ment sleep behavior disorder, respectively, 11 idiopathic
rapid-eye-movement sleep behavior disorder patients,
and 17 control subjects underwent 1 night of polysom-
nography. The heart rate response associated with
arousal or leg movement from all sleep stages was ana-
lyzed from 10 heartbeats before the onset of the sleep
event to 15 heartbeats following onset of the sleep
event. The heart rate reponse to arousals was signifi-
cantly lower in both parkinsonian groups compared
with the control group and the idiopathic rapid-eye-
movement sleep behavior disorder group. The heart

rate response to leg movement was significantly lower
in both Parkinson’s groups and in the idiopathic rapid-
eye-movement sleep behavior disorder group compared
with the control group. The heart rate response for the
idiopathic rapid-eye-movement sleep behavior disorder
group was intermediate with respect to the control and
the parkinsonian groups. The attenuated heart rate
response may be a manifestation of the autonomic defi-
cits experienced in Parkinson’s disease. The idiopathic
rapid-eye-movement sleep behavior disorder patients
not only exhibited impaired motor symptoms but also
incipient autonomic dysfunction, as revealed by the
attenuated heart rate response. VC 2012 Movement Disor-
der Society

Key Words: Parkinson’s disease; REM sleep behavior
disorder; arousal; sleep; heart rate response; autonomic
dysfunction

Parkinson’s disease (PD) is a neurodegenerative
disease with bradykinesia, rigidity, rest tremor, and
postural instability.1 In addition to these motor symp-
toms, PD patients have numerous abnormalities of
other systems, which may precede the motor signs.2,3

Autonomic dysfunction is experienced by 40%–70%
of PD patients.2 The degeneration and dysfunction
include nuclei-mediating autonomic functions such as
the dorsal vagal nucleus, nucleus ambiguus, and other
medullary centers, which exert differential control on
the sympathetic preganglionic neurons via descending
pathways.2 Parasympathetic and sympathetic functions
may be impaired.4

Several studies have examined cardiovascular
responses as markers of autonomic nervous system
(ANS) dysfunction in PD patients.5–9 This study
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focused on the cardiac response to arousals and leg
movements (LMs) during sleep, which has not previ-
ously been assessed in PD patients.
Wakefulness and arousals are regulated by 2 ascend-

ing neuron networks in the brain, referred to as the
ascending reticular activation system (ARAS).10 The
first activating neuron network consists of the pedun-
culopontine and laterodorsal tegmental nuclei in the
brain stem, which are active during wakefulness and
rapid-eye-movement (REM) sleep.11 The second acti-
vating neuron network consists of the locus coeruleus,
dorsal end median Raphe nuclei, ventral periaquaduc-
tal gray matter, and tuberomammilary nucleus, which
are active during wakefulness, slightly active during
non-REM sleep, and inactive during REM sleep.11

Sleep is promoted by activation of the ventrolateral
preoptic nucleus in the basal forebrain, which acts
through inhibition of hypocretin neurons and the neu-
rons in the ARAS.11 Transition from sleep to wakeful-
ness and vice versa is regulated by the sleep–wake flip-
flop switch, which involves the mutual inhibition of
the sleep-promoting nuclei and the wakefulness-pro-
moting nuclei.12 This flip-flop ensures rapid sleep–
wake transitions. Arousal from sleep involves activa-
tion of the sympathetic nervous system, including spi-
nal motor activations. Therefore, arousal from sleep
including motor activations in sleep is associated with
an increased heart rate (HR) and blood pressure in
healthy adults,13 although the increase in HR gets
lower with age.14 An intact sympathetic nervous sys-
tem is a key component of the HR response (HRR)
associated with LM and arousal from sleep.15

PD is a progressive neurodegenerative disease believed
to commence in the medulla oblongata and progressing
upward.16 Idiopathic REM sleep behavior disorder
(iRBD) is a strong predictor of the later development of
PD, probably because of the involvement of the sublatero-
dorsal (SLD) nucleus, which is involved in atonia during
REM sleep.3,17–21 Because of the early involvement of the
medulla oblongata in iRBD and PD, we hypothesized that
ANS deficiency should be present early in the disease
course and that therefore these patients will demonstrate
an attenuated HRR associated with arousal and LM.
Because iRBD is reported to herald the onset of PD by
years, attenuation of HRR in these patients would support
our hypothesis.

Patients and Methods

Subjects

PD and iRBD patients were identified from the
patient database at the Danish Center for Sleep Medi-
cine, Department of Clinical Neurophysiology,
Glostrup University Hospital, Denmark. All patients
were evaluated by neurological examination and

underwent PSG. Furthermore, PD patients also had a
DAT scan to confirm the PD diagnosis.
Exclusion criteria were additional neurological, psy-

chiatric, or cardiovascular disorders, alcohol abuse,
head trauma, dementia, and an apnea-hypopnea index
>5. No subjects were taking any agents known to
affect the sympathetic system.
It was not possible to withdraw patients from their

Parkinson’s medication, but in order to rule out any
influence of these drugs, patients treated with intraspi-
nal medication, duodopa, or intercerebral stimulation
were excluded. For the patients who were included,
the total levodopa equivalent dose (LED) was calcu-
lated as described previously22 in order to check for
any correlations between the results and the medica-
tion. All PD patients were categorized based on
whether they had symptoms of RBD, as it was of
interest to know whether these 2 PD types expressed
differences in the HRR because this might indicate
different disease progression in the 2 groups. RBD
were diagnosed according to the criteria of the Inter-
national Classification of Sleep Disorders (ICSD-2).23

iRBD patients had no other disorders explaining the
RBD. All patients were further assessed with the
Hoehn and Yahr (HY) scale and the Unified Parkinson
Disease Rating Scale (UPDRS).
In total, 14 PD patients with RBD, 16 PD patients

without RBD, and 11 iRBD patients fulfilled the inclu-
sion criteria of the study. Seventeen healthy controls,
matched to the patient group by age, sex, and
body mass index (BMI), were also recruited to
the study. All included subjects gave their signed
informed consent. The study received ethical approval
(HA20070120).
Demographic data of the included subjects are given

in Table 1.

Polysomnographic Recordings

All subjects underwent 1 night of PSG recorded ei-
ther under ambulant conditions or at the Danish Cen-
ter for Sleep Medicine. All recordings included a
minimum of 6 electroencephalography (EEG) leads
(F3-A2, F4-A1, C3-A2, C4-A1, O1-A2, O2-A1), and
inpatient recordings included EEG electrodes accord-
ing to the 10-20 system, all in accordance with the
gold standard.24 Furthermore, surface electromyogra-
phy (EMG) of the left and right anterior tibialis
muscles and the submental muscle, electrocardio-
graphy (ECG), and vertical and horizontal electro-
oculography (EOG) were included in all recordings.
Impedances were kept below 10 kX. The amplifier
was different for the ambulant and inpatient record-
ings, although this only influenced frequencies above
60 Hz, which is irrelevant in the context of this study.
Sleep stages and arousals from sleep were manually

scored according to standard criteria.24,25 LM were
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quantified from the surface EMG in accordance with
standard criteria.24

Data Analysis

The HRR to arousals or LM was estimated by cal-
culating the change in RR intervals in the ECG signal
and determining the area under the curve (AUC) for
the HR change (HRC) from 10 beats before to 15
beats after onset of the events. Data were analyzed by
the following steps.

Detection of QRS Complexes and R Waves

For each sleep event (arousal or LM), QRS com-
plexes were automatically detected in the ECG signal
using the Pan-Tompkins QRS detector.26 In each
detected QRS complex, the R wave was determined as
the largest peak.

Validation of QRS Detector and
Calculation of RR Intervals

Arousals and LMs associated with noise-contami-
nated ECG signals were excluded from the calculation
of the HRR because detection of QRS complexes in
these ECG signal segments was impossible to validate.
RR intervals were calculated as the interbeat inter-

val between successive R waves by subtracting the
sample positions, Ri, of succeeding R waves and divid-
ing by the sample frequency, fs,:

RRi ¼ Riþ1 � Ri

fs
; i ¼ f�10;�9; . . . ; 14; 15gnf0g: (1)

where a negative i and a positive i denote RR intervals
before and after onset of the event, respectively

Calculation of HRR Curves

For every included sleep event, the HR was analyzed
from 10 heartbeats before to 15 heartbeats following
the onset of the event. The identified RR intervals
were converted to HR in beats/minute according to
the following equation:

HRi ¼ 1

RRi
� 60; i ¼ f�10;�9; . . . ; 14; 15gnf0g: (2)

Previous studies of HRR to arousal or motor activ-
ity had shown that the HR began to rise 2 heartbeats
before the event.13,27 Therefore, a baseline value of
HR was calculated by averaging the first 7 of the 10
beats before the event. To determine the HRC, this
baseline value was subtracted from all 25 HR values
(from 10 beats before to 15 beats after the event):

HRCi ¼ HRi �
X�4

j¼�10

HRj

7
; i

¼ f�10;�9; . . . ; 14; 15gnf0g: (3)

For each subject, the values of Equation (3) were
calculated for all events, and the average HRC was
calculated as the mean of the HRC related to all
events, calculated separately for arousal and LM. A
curve was created for each patient, displaying the av-
erage HRC for each of the 25 heartbeats. By averaging
individual curves, the HRC associated with arousals
and LM was obtained for each group. Such curves
were calculated for 2 cases: events from non–REM 2
sleep and events from REM sleep.

Calculation of HRR

The AUCs for the HRC curves were calculated for
each event type for each subject to obtain a measure
of the HRR. Student t tests were performed to com-
pare HRR/AUC between groups, and Pearson Product
moment correlations were calculated to evaluate the
relationship of HRR with age, BMI, LED, HY, and
UPDRS scores within groups.

PSG Variables

The following PSG variables were measured: sleep
latency (SL), total sleep time (TST), sleep efficiency
(SE), time from sleep onset to first epoch of REM
sleep (REM SL), percentage of stages 1, 2, 3 non-
REM and REM sleep, arousal index (AI; arousals per
hour of sleep), and mean duration of arousals. To
evaluate between-group differences, a log transforma-
tion was performed for each variable and 2-sided t
tests were calculated for each variable for each of the
3 patient groups compared with the control group. A
Bonferroni correction was performed to address the
problem of multiple comparisons.

Results

Polysomnographic Variables

Sleep parameters are presented in Table 2. Only
those of the PD patients without RBD were signifi-
cantly different from those of the control group. TST
and SL were both significantly lower (P < .05), but

TABLE 1. Demographic data of subjects included
in the study

Controls

PD with

RBD

PD

without

RBD iRBD

Total number 17 14 16 11
Female/male 7/8 3/11 8/8 2/9
Age (y) 62.4 6 9.7 63.4 6 6.7 62.0 6 7.3 60.2 6 7.8
BMI (kg/m2) 23.4 6 3.1 26.3 6 3.2 25.7 6 5.1 24.9 6 2.9
UPDRS score — 23 6 11 23 6 10 1 6 1
HY score — 1.6 6 0.8 1.8 6 0.8 0.0 6 0.0
LED score — 623 6 360 680 6 552 —

Age, BMI, LED, UPDRS, and HY scores are given as mean 6 standard
deviation (SD).
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there were no significant differences between any of
the other sleep parameters given in Table 2.

Heart Rate Response to Arousals

Figure 1 shows the HRC associated with arousals
from non–REM 2 sleep. The curves for the PD, iRBD,
and control groups all showed an acceleration of HR
after the onset of arousal. However, the HRRs for the
PD groups were significantly lower than both the con-
trol (P < .01) and iRBD (P < .02) groups. There was
no significant difference in the HRR of the iRBD
group compared with the control group or between
the 2 PD groups.
Figure 2 shows the HRC associated with arousals

from REM sleep. Two of 17 control subjects did not
have sufficient arousals during REM sleep to merit
inclusion in this study. Again, all groups showed an
acceleration of HR after the onset of arousal. The
HRRs for the PD groups were significantly lower than

those of the control (P < .01) and iRBD (P < .05)
groups. There was no significant difference in the
HRR of the iRBD group compared with that of the
control group or between the 2 PD groups.
No significant correlations were observed between

HRR to arousals and age, BMI, LED, HY, or UPDRS
within any of the groups. Baseline values were similar
for all groups in Figures 1 and 2. All HRR values are
given in Table 2.

Heart Rate Response to Leg Movements

Figure 3 shows the HRC associated with LM during
non–REM 2 sleep. As with arousals, there was an
increase in HR as a response to LM. The HRRs were
significantly lower for both PD groups (P < .02) and
for the iRBD group (P ¼ .03) relative to controls.
There was no significant difference in the HRR
between the iRBD group and the PD groups or
between the 2 PD groups.

TABLE 2. Sleep parameters and HRR values

Controls PD with RBD PD without RBD iRBD P valuea P valueb P valuec

TST (min) 418.0 6 48.3 372.9 6 74.1 348.5 6 59.9 449 6 79.9 NS <.05 NS
SL (min) 9.8 6 8.2 13.3 6 22.9 3.7 6 3.5 8.0 6 7.1 NS <.05 NS
REM SL (min) 100.4 6 50.6 139.9 6 87.4 124.4 6 85.8 109.3 6 53.4 NS NS NS
SE (%) 88.2 6 7.6 80.8 6 14.1 81.5 6 6.5 84.1 6 14.3 NS NS NS
Stage 1 sleep (%) 10.5 6 7.8 10.4 6 6.8 9.6 6 7.1 9.3 6 5.1 NS NS NS
Stage 2 sleep (%) 46.7 6 11.1 48.0 6 16.5 51.7 6 17.4 48.7 6 7.4 NS NS NS
Stage 3 sleep (%) 20.9 6 9.6 23.9 6 18.9 23.5 6 14.3 21.1 6 4.9 NS NS NS
REM sleep (%) 22.0 6 4.0 17.7 6 10.5 15.2 6 9.4 22.2 6 6.2 NS NS NS
AI (events/hour) 14.5 6 6.0 12.1 6 5.4 10.5 6 4.1 14.4 6 6.4 NS NS NS
Arousal duration (s) 9.8 6 2.4 10.0 6 1.7 10.9 6 3.2 9.1 6 2.0 NS NS NS
HRR to arousals in NREM 2 91.9 6 10.3 40.5 6 4.8 48.8 6 8.0 66.9 6 9.9 <.01 <.01 NS
HRR to arousals in REM 106.0 6 14.1 24.1 6 7.8 24.8 6 17.5 69.5 6 16.5 <.01 <.01 NS
HRR to LM in NREM 2 73.5 6 14.8 25.5 6 4.7 35.5 6 6.0 32.0 6 8.3 <.01 .01 .03
HRR to LM in REM 61.9 6 18.2 10.8 6 5.7 15.6 6 9.7 18.4 6 10.3 .02 .04 .05

Sleep parameters are expressed as mean 6 SD, and P values are calculated from 2-sided t tests after log transformation. HRR values are expressed as mean
6 SEM, and P values are calculated from 2-sided t tests.
aComparison of PD with RBD and control groups.
bComparison of PD without RBD and control groups.
cComparison of iRBD patients and control group. NS, not significant.

FIG. 1. HRC associated with arousals from non–REM 2 sleep stages.
Vertical lines indicate standard error of the mean (SEM).

FIG. 2. HRC associated with arousals from REM sleep stages. Verti-
cal lines indicate SEM.
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Figure 4 shows the HRC associated with LM from
REM sleep. Two of 17 control subjects and 2 of 16
PD patients without RBD did not have enough LM
during REM sleep to warrant inclusion. The HRR
was significantly lower in both PD groups (P < .05)
and in the iRBD group (P ¼ .05) compared with the
controls. There was no significant difference in the
HRR between the iRBD group and the PD groups or
between the 2 PD groups.
No significant correlations were observed between

HRR to LM and age, BMI, LED, HY, or UPDRS
within any of the groups. Baseline values were similar
for all groups in Figures 3 and 4. All HRR values are
given in Table 2.

Discussion

PD patients have an attenuated HRR to arousals
and LM compared with healthy controls. Because PD
patients are known to have autonomic dysfunction,
this attenuated HRR was expected. For the baseline
HR, calculated from the prearousal period, there was
no significant difference between any of the groups.
However, some of the graphs indicated that the
increase in HR started earlier for the control group,
indicating that the cardiac response to arousal or LM
is not only attenuated but also delayed in PD patients.
The HRR to LM for the iRBD patients was signifi-

cantly lower than in the control group. Furthermore,
the curves for the iRBD group were intermediate
between those of the control and PD groups.
The correlation of the HRR with LED verified that

the attenuated HRR was not caused by medication.
Furthermore, no iRBD patients took any parkinsonian
medication, and yet they showed an attenuated HRR
to LM.
Ferri et al28 suggested that sleep EEG, HR, and

motor activity appear to be modulated by a complex,
dynamically interacting system of cortical and subcort-

ical mechanisms, each of which influences the others.
It is therefore not surprising that PD patients have a
lower HRR to LM and arousals because PD patients
are known to undergo a degenerative process in the
cortical and subcortical areas.29

The attenuated HRR is consistent with the reduced
HRR associated with periodic LM (PLM) experienced
by RBD patients.27 Because RBD often precedes the
clinical manifestation of PD,21 the change in auto-
nomic function may represent an early manifestation
of a neurodegenerative process involving brain stem
areas, which is consistent with the Braak hypothesis.16

We suggest that the attenuated HRR worsens from
the onset of iRBD to the onset of PD. If the attenuated
HRR is an early manifestation of a neurodegenerative
process, this could be an early marker of the disease.
It remains unknown, however, which patients with
iRBD will develop PD or another synucleinopathy.
Although some studies suggest that combinations of
premotor symptoms like iRBD and anosmia predict
PD,3 it remains uncertain whether iRBD with dysauto-
nomia presents an increased risk of further neurodege-
nerative development.30 It will be necessary to follow
iRBD patients in a prospective study to answer these
questions. We have provided 2 scatter plots of the
results for the iRBD patients in the supplementary sec-
tion, which revealed that the iRBD patients could be
divided in 2 groups. One group has a normal HRR to
both arousal and LM, and the other group has an
attenuated HRR to arousal and LM, Following these
iRBD patients in a prospective study to see if these 2
groups predict who will develop a neurodegenerative
disease will answer some of our questions.
There were no differences in the HRR for PD with

RBD compared with PD without RBD. If this had
been the case, this would indicate that brain stem
areas were not involved to the same extent and thus
that disease progression was different in the 2 groups.
However, PSG variables showed that only the results

FIG. 3. HRC associated with LM from non–REM 2 sleep stages. Verti-
cal lines indicate SEM.

FIG. 4. HRC associated with LM from REM sleep stages. Vertical
lines indicate SEM.
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of the PD without RBD were different from controls,
which implies that sleep may be affected more in this
patient group.
Previous studies have established the involvement of

the autonomic system. In a study using 123I-MIBG
cardiac scintigraphy, a reduced heart/mediastinum (H/
M) ratio was found for iRBD, PD, and dementia of
Lewy bodies patients relative to controls. However,
normal values were found in multiple system atrophy
and progressive supranuclear palsy.31 R–R variabili-
ty32 and orthostatic testing33 during wakefulness were
affected in iRBD and PD with/without RBD compared
with controls, although the differences between the
groups were not significant. These data confirm our
findings that the presence of iRBD or PD with or
without RBD is the main predictor of autonomic
dysfunction.
Studies of the HRR to arousal in healthy subjects

have found that tachycardia starts approximately 2
beats before arousal onset and is followed by brady-
cardia before the HR returns to baseline.13 The brady-
cardia was not observed in our study. In the study by
Sforza et al,13 the bradycardia occurred approximately
10 beats after arousal onset and reached baseline at
15 beats after arousal onset. However, the mean age
of the subjects in this study was 28.8 years, and com-
pared with the mean age of 62.4 years of the control
group, tachycardia and bradycardia would be
expected to be of significantly lower amplitude, as
Gosselin et al demonstrated in middle-aged subjects.14

Furthermore, no constraints were placed on the maxi-
mum duration of arousals used in the analysis. For all
groups, the mean duration of arousal was around 10
seconds, with a minimum duration of 3 seconds, as
defined in the American Academy of Sleep Medicine
manual.24 Sforza et al13 included arousals down to a
minimum duration of 1.5 seconds. This could explain
why, in the latter study, the HRR reached baseline
values faster after arousal onset. The HRR for the
control subjects of this study reached the baseline
value between 20 and 30 heartbeats after arousal
onset. Because we wished to investigate the immediate
HRR to arousal, we displayed the graphs only up to
15 heartbeats after onset.
We chose to assess the HRR in association with LM

and not PLM, as Fantini et al27 had done, in order to
ensure that the HR was stable and unaffected by other
events before the onset of LM. The HR could be
slightly increased during PLM, which could give rise
to an elevated baseline and thus a reduced change in
HR.
The analysis of sleep parameters showed significant

differences in TST and SL for the PD group without
RBD compared with the control group. Other studies
have shown lower TST and a lower percentage of
stage 3 sleep in PD patients.1,23,34 The percentage of

stage 3 sleep was not significantly reduced in the PD
patients in this study. The AI index was not increased
for any of the diseased groups compared with the con-
trol group, although PD and iRBD patients are known
to have disrupted sleep with frequent arousals. How-
ever, all groups had a lower AI than had previously
been noted in groups of similar age.14,35

The time course analysis over 25 beats, unlike the
average values for 3 time periods presented by Freilich
et al,15 enabled the display of the whole postarousal/
post-LM period and provided a more detailed descrip-
tion of the shape of the HRR to arousal/LM. The
AUC provided a simple measure for the HRR and
made the comparison of various groups simple, unlike
the many comparisons necessary with a beat-by-beat
analysis. Furthermore, this study also assessed the
HRR to arousal and LM in REM sleep, rather than
only stage 2 non-REM sleep.
The attenuated HRR in patients with iRBD and PD

with/without RBD may be a manifestation of the au-
tonomic deficits experienced in these patients and
could indicate a rather significant impact on multiple
systems in the brain including the ARAS and the ANS.
The iRBD patients not only exhibited impaired motor
function with REM sleep without atonia but also in-
cipient autonomic dysfunction, revealed in the attenu-
ated HRR to LM. Further studies should seek to
validate the findings compared with other autonomic
tests, and it will be necessary to evaluate the predictive
value of autonomic (dys)function for predicting devel-
opment of a neurodegenerative disease in iRBD.
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INTRODUCTION
Narcolepsy is a neurologic disease affecting one in 2,000 

individuals. It is characterized by excessive daytime sleepi-
ness and early onset of rapid eye movement (REM) sleep. The 
disease is closely associated with low levels of hypocretin-1 
(hcrt-1) in the cerebrospinal fluid (CSF), especially in the two-
thirds of patients with cataplexy (muscle weakness triggered by 
emotions).1 The neuropeptides hcrt-1 and hcrt-2 are produced 
and co-released by neurons in the lateral posterior hypothala-
mus of the brain, which project widely within the central ner-
vous system (CNS).2 Animal studies have suggested that hcrt-1 
may affect neuronal circuits that control the cardiovascular sys-
tem,3-6 as exemplified by intrathecal hypocretin administration 
resulting in increased blood pressure (BP) and heart rate (HR) 
mediated by enhancement of the sympathetic output.4,6

Two smaller human studies of patients with hcrt-1-deficient 
narcolepsy with cataplexy (NC) found contradictory results of 
sympathetic tone during daytime wakefulness.7,8 However, dur-
ing sleep, reduced HR and sympathetic tone were found in NC 
patients of unknown hcrt-1 status,9,10 supporting the results of 
the animal studies.
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We speculated that hcrt-1 deficiency is the main predictor/
cause of autonomic dysfunction during sleep in patients with 
narcolepsy. We therefore measured the HR response at night 
in REM sleep and non-REM sleep in patients with narcolepsy 
+/- hcrt-1 deficiency and +/- cataplexy compared with healthy, 
age-matched controls.

METHOD

Subjects
Over a 10-year period (2001-2011), patients with narco-

lepsy seen at the Danish Center for Sleep Medicine, Glos-
trup University Hospital, were identified and consecutively 
included after ethical approval (KA03119) and written in-
formed consent had been obtained. All patients fulfilled the 
International Classification of Sleep Disorders (ICSD-2) 
criteria for narcolepsy11 and were evaluated by neurologic 
examination, determination of routine blood characteristics, 
polysomnography (PSG), the multiple sleep latency test, and 
determination of CSF hcrt-1. The hypocretin measurement 
protocol and definition of hcrt-1 deficiency used were as pre-
viously published.1 Exclusion criteria were: additional neuro-
logic, psychiatric, and cardiovascular disorders, and an apnea 
index > 5/h. All patients (except three with severe cataplexy) 
were free of antidepressants and stimulants 7-14 days before 
inclusion; 44 of 67 were completely drug-naïve (i.e., they had 
never taken medication).

In total, 81 patients fulfilled the inclusion criteria, although 
because HR response is known to be age-related,12 14 patients 
were excluded to enable accurate age-matching of the narcolepsy 
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groups. Of the excluded group, 12 of 14 had cataplexy and 10 of 
13 had hcrt-1 deficiency. Thus, 67 patients with narcolepsy were 
included in the study, along with 22 healthy controls matched 
for age, sex, and body mass index (BMI). The control subjects 
were recruited by advertising for normal volunteers. None of the 
control subjects had any history of neurologic or sleep disorders, 
and their PSGs were evaluated by a neurologist as being normal.

Cataplexy was present in 46 of 67 patients and hcrt-1 defi-
ciency was present in 38 of 61 patients. Six patients (five of six 
with cataplexy) refused lumbar puncture. Normal hcrt-1 levels 
were present in nine of 46 patients with cataplexy, and hcrt-1 
deficiency was present in five of 21 patients without cataplexy.

Demographic data of patient and control subjects are sum-
marized in Table 1.

PSG Recordings
All subjects underwent 1 night of PSG recording consisting 

of electroencephalography (C3-A2, C4-A1), vertical and hori-
zontal electrooculography (EOG), surface electromyography 
(EMG) of the submentalis and anterior muscles, electrocardi-
ography (ECG), nasal air flow, thoracic respiratory effort, and 
oxygen saturation. Subjects were instructed not to consume any 
caffeinated or alcoholic drinks for at least 6 hours before the 
recordings were made.

Sleep stages, leg movements (LM), and arousals from sleep 
were manually scored according to standard criteria.13,14 The 
raw sleep data, hypnograms, and sleep events were extracted 
from Nervus® (V5.5, Cephalon DK, Nørresundby, Denmark) 
or Somnologica Studio® (V5.1, Embla, Broomfield, CO USA), 
using the built-in export data tool, and imported to the Mat-
lab® analysis program (R2009b, The MathWorks, Natick, MA, 
USA) for further processing.

Data Analysis
The HR response was estimated as the area under the curve 

(AUC) describing the HR change associated with arousals and 
the HR change associated with isolated LM (separated from 
arousals). For each sleep event (arousal or LM), a signal seg-
ment was extracted from the ECG signal and QRS complexes 
were automatically detected using a self-implemented version 
of the Pan-Tompkins QRS-detector15 in Matlab. The intervals 
between QRS complexes (RR intervals) were calculated as the 
interbeat interval between successive R waves.

Before the HR was calculated, a manual noise analysis ex-
cluded any ECG signal segments contaminated with too much 
noise, because the detection of QRS complexes (and R waves) 
in these signal segments was impossible to validate. Therefore, 

not all scored arousals and LMs were included in the calcula-
tion of the HR response.

For every selected sleep event, the HR was analyzed for 10 
heartbeats before and for 15 heartbeats after the onset of the 
event. Previous studies of HR response to arousal or motor ac-
tivity had shown that the HR started to rise two heartbeats before 
the event.16,17 Therefore, a baseline value of HR was calculated 
by averaging the first seven beats of the 10 before the event. To 
determine the change in HR, this baseline value was subtracted 
from every HR from 10 beats before to 15 beats after the event.

For each subject, the change in HR was calculated for every 
event (separately for arousals and LM), and the average HR 
change was calculated from the mean of the 25 heartbeats re-
lated to each event. Thus, a curve was created displaying the 
HR change for each beat before and after the onset of the event, 
and the HR response was calculated as the AUC. By averag-
ing individual HR responses, the HR response associated with 
arousals (HRRA) and the HR response associated with LM 
(HRRL) were obtained for each group. This was calculated 
both for events from all non-REM 2 sleep stages and events 
solely from REM sleep stages. Analysis of HR in non-REM 1 
and 3 sleep stages was not possible in most subjects due to the 
insufficient amount of arousals/LM, and these were therefore 
omitted from this study.

Statistical Analysis
To compare the baseline HR (the average HR of the first 

seven of the 10 beats before event onset) and the HR response 
between groups, t-tests were performed. Univariate and back-
ward stepwise multivariate linear regression were performed to 
determine the relationship between HR response and age, sex, 
BMI, disease-duration, disease-onset, +/- previous anticata-
plexy medication, +/- cataplexy, and +/- hcrt-1 status (Table 2). 
The +/- anticataplexy medication indicates whether patients 
were pausing with medication or had never been taking medi-
cation before inclusion (drug-naïve).

PSG variables were measured for each subject. These in-
cluded: sleep latency (SL), total sleep time (TST), sleep ef-
ficiency (SE), time from sleep onset to first epoch of REM 
sleep (REM SL), and percentage of stages 1, 2, and 3 non-
REM and REM sleep. To evaluate between-group differences, 
each variable was log-transformed and two-sided t-tests were 
calculated for each variable for each of the three patient groups 
compared with the control group (Table 3). A Bonferroni cor-
rection was performed to take into account the problem of 
multiple comparisons.

A significance level of 0.05 is used in all statistical tests.

Table 1—Demographic data of study patientsa 

 Controls NC NwC +hcrt-1 -hcrt-1
Number 22 46 21 23 38
Female/Male 16/6 20/26 9/12 10/13 22/16
Age (year) 32.2 ± 8.4 31.9 ± 7.9 32.2 ± 8.9 31.4 ± 9.3 32.5 ± 7.9
BMI (kg/m2) 24.2 ± 4.3 26.3 ± 6.0 25.4 ± 4.1 25.4 ± 5.0 24.9 ± 4.0

aAge and BMI are given as the mean ± the standard deviation (SD). BMI, body mass index; +hcrt-1 = narcolepsy patients with normal hcrt-1. -hcrt-1 = 
narcolepsy patients with hcrt-1 deficiency; NC, narcolepsy with cataplexy; NwC, narcolepsy without cataplexy.
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RESULTS

PSG Variables
The sleep parameters are presented in Table 3. All narcolep-

sy groups had a lower percentage stage 2 non-REM sleep com-
pared with the control group. NC and narcolepsy with hcrt-1 
deficiency groups had a higher percentage stage 1 sleep com-
pared with the control group, patients with narcolepsy without 
cataplexy (NwC), and those with normal hcrt-1. Furthermore, 
the REM SL was significantly lower for all patients with narco-
lepsy than for the controls, except for narcolepsy with normal 
hcrt-1. SL was only significantly lower for the narcolepsy pa-
tients with hcrt-1 deficiency.

Heart Rate Response to Arousals
Figures 1 and 2 show the mean HRRA from non-REM sleep 

stage 2 and REM sleep, respectively. The vertical lines indicate 
the standard error of the mean (SEM). The HR after arousal 
onset was accelerated in a similar way for patients with nar-
colepsy and controls, although to a lesser degree for the nar-
colepsy groups. The HRRA was significantly reduced for NC 
(P < 0.02) and for patients with narcolepsy with hcrt-1 defi-
ciency (P < 0.01) compared with the controls in both REM and 
non-REM 2 sleep. Furthermore, in REM and non-REM 2 sleep, 
patients with cataplexy and patients with hcrt-1 deficiency had 
significantly lower HRRA than did those with NwC (P < 0.04) 
and narcolepsy with normal hcrt-1 (P < 0.04). Likewise, the 

Table 3—Comparison of PSG variablesa 

Controls NC NwC +hcrt-1 -hcrt-1 P value
TST (min) 429.9 ± 52.1 392.8 ± 77.7 427.0 ± 48.7 415.1 ± 69.9 399.5 ± 77.4 NS
SL (min) 26.2 ± 33.2 9.6 ± 19.0 7.4 ± 10.9 10.9 ± 14.0 8.4 ± 19.4 < 0.05e

REM SL (min) 123.8 ± 98.0 81.1 ± 153.4 57.8 ± 34.2 102.8 ± 204.0 53.5 ± 54.0 < 0.05b,c,e

SE (%) 87.0 ± 16.5 86.6 ± 11.7 92.6 ± 5.0 87.2 ± 15.6 88.6 ± 7.5 NS
Stage 1 sleep (%) 5.3 ± 3.2 8.9 ± 6.4 4.9 ± 4.5 4.1 ± 3.1 9.6 ± 6.7 < 0.05b,e-g

Stage 2 sleep (%) 50.3 ± 7.0 39.4 ± 13.3 43.2 ± 10.7 39.3 ± 13.3 39.9 ± 11.9 < 0.05b-e

Stage 3 sleep (%) 23.0 ± 8.0 29.7 ± 14.3 29.2 ± 9.4 34.4 ± 13.1 26.6 ± 11.9 NS
REM sleep (%) 22.2 ± 4.1 22.8 ± 5.9 23.4 ± 5.5 22.0 ± 5.4 23.7 ± 5.5 NS
Arousal per hr 8.8 ± 5.2 9.6 ± 6.8 5.8 ± 2.9 6.3 ± 2.8 9.7 ± 7.2 NS
LM per hr 9.7 ± 9.7 22.2 ± 21.3 13.3 ± 9.8 14.1 ± 13.3 23.6 ± 21.5 <0.05b,e

aData are expressed as mean ± SD and the P values are calculated from two-sided t-tests after log-transformation. bNC vs. controls. cNwC vs. controls. 
d+hcrt-1 vs. controls. e-hcrt-1 vs. controls. fNC vs. NwC. g+hcrt-1 vs. -hcrt-1. +hcrt-1, narcolepsy patients with normal hcrt-1; -hcrt-1, narcolepsy patients with 
hcrt-1 deficiency; LM, leg movement; NC, narcolepsy with cataplexy; NwC, narcolepsy without cataplexy; NS, not significant; REM, rapid eye movement; SE, 
sleep efficiency; SL, sleep latency; TST, total sleep time.

Table 2—Univariate and multivariate linear regression analysis of HR response and demographic variables

Univariate analysis Multivariate analysis
Coefficient (95% CI) P value Coefficient (95% CI) P value

HR response to arousal from NREM 2 sleep
Age, per year -0.989 (-2.313 – 0.335) 0.14
Sex, male -6.269 (-28.41 – 15.87) 0.57
BMI (kg/m2) -0.325 (-2.297 – 1.646) 0.74
Disease duration, per year -0.924 (-2.130 – 0.281) 0.13
Disease onset, per year 0.205 (-1.115 – 1.525) 0.75
Previous anticataplexy medication -1.345 (-21.81 – 19.12) 0.89
Cataplexy, yes -13.846 (-37.58 – 9.891) 0.28
Low HCRT-1, yes 0.071 (0.013 – 0.129) 0.01 0.072 (0.011 – 0.132) 0.02

HR response to arousal from REM sleep
Age, per year -0.351 (-1.937 – 1.234) 0.65
Sex, male -2.425 (-28.54 – 23.69) 0.85
BMI (kg/m2) -1.837 (-4.101 – 0.427) 0.11
Disease duration, per year -1.109 (-2.545 – 0.328) 0.12 -1.590 (-2.928 – -0.253) 0.02
Disease onset, per year 0.910 (-0.599 – 2.419) 0.23
Previous anticataplexy medication -14.782 (-37.78 – 8.217) 0.20
Cataplexy, yes -45.543 (-71.23 – -19.85) < 0.01 -35.65 (-63.90 – -7.405 0.01
Low HCRT-1, yes 0.071 (0.0134 – 0.130) < 0.001 0.091 (0.025 – 0.157) < 0.01

BMI, body mass index; CI, confidence interval; HCRT, hypocretin; HR, heart rate; NREM, nonrapid eye movement; REM, rapid eye movement.
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Figure 1—Heart rate response associated with arousals from non-rapid eye movement 2 sleep stages. +hcrt-1, patients with narcolepsy with normal hcrt-1; 
-hcrt-1, patients with narcolepsy with hcrt-1 deficiency; NC, narcolepsy with cataplexy; NwC, narcolepsy without cataplexy; RR-intervals, intervals between 
successive QRS complexes.

Figure 2—Heart rate response associated with arousals from rapid eye movement (REM) sleep stages. +hcrt-1, patients with narcolepsy with normal hcrt-1; 
-hcrt-1, patients with narcolepsy with hcrt-1 deficiency; NC, narcolepsy with cataplexy; NwC, narcolepsy without cataplexy; RR-intervals, intervals between 
successive QRS complexes.
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HRRA for the NwC patients and the patients with narcolepsy 
with normal hcrt-1 had a lower, although non-significant HRRA 
compared with controls (P = 0.10 and P = 0.09, respectively), 
placing them between the control group and NC and narcolepsy 
with hcrt-1 deficiency groups. The baseline HR was significant-
ly (P < 0.05) elevated for all narcolepsy groups except NwC 
patients compared with the controls. There was no difference in 
the baseline HR within the narcolepsy group.

Table 2 shows the results for the univariate and multivariate 
backward stepwise linear regression analysis. In the univari-
ate model, hcrt-1 deficiency was the only predictor of HRRA 
in non-REM 2 sleep stages (P = 0.01), whereas both cataplexy 
(P < 0.01) and hcrt-1 deficiency (P < 0.001) were predictors of 
the HRRA in REM sleep stages. In the multivariate analysis, 
the HRRA in REM sleep was predicted by disease duration 
(P = 0.02), hcrt-1 deficiency (P < 0.01), and cataplexy status 
(P = 0.01), but only by hcrt-1 deficiency in non-REM 2 sleep 
(P = 0.02).

Heart Rate Response to LM
Figures 3 and 4 show the HRRL during non-REM 2 sleep 

and REM sleep, respectively. The vertical lines indicate the 
SEM. Four of 67 patients with narcolepsy (three of four with 
cataplexy and two of three with hcrt-1 deficiency; CSF not 
available in one of four) were excluded from further analysis 
due to noisy EMG signals. Furthermore, eight of 22 controls 
and 10 of 63 patients (seven with and three without cataplexy) 
with narcolepsy were excluded from the REM analysis due to 
insufficient numbers of LM during REM sleep.

With respect to HRRA, patients with narcolepsy and con-
trols both had an increased HRRL, but to a significantly lesser 
degree in the narcolepsy groups (P < 0.05). However, unlike the 
HRRA, the HRRL did not differ within the narcolepsy groups, 
when the cataplexy and hcrt-1 groups were analyzed separately. 
This was confirmed by the univariate and multivariate linear 
regression analysis, in which none of the parameters was sig-
nificant (data not shown). The baseline HR was significantly 
(P < 0.05) elevated for all narcolepsy groups, except the NwC 
group, compared with the controls. There was no difference in 
baseline HR within the narcolepsy groups.

DISCUSSION
This study shows for the first time that a reduced autonom-

ic response to arousals in patients with narcolepsy is primar-
ily predicted by hcrt-1 deficiency in both REM and non-REM 
sleep, independent of cataplexy and other factors. The data con-
firm that hcrt-1 deficiency has a great effect on the autonomic 
nervous system of patients with narcolepsy and that the hypo-
cretin system is important for proper HR modulation at rest.

Cataplexy and hcrt-1 status both significantly predicted 
HRRA in REM sleep, although only hcrt-1 status remained 
significant in non-REM 2 sleep. None of the possible biasing 
factors (age, sex, BMI, disease duration, disease onset, anti-cata-
plexy medication) predicted HRRA in both non-REM and REM.

Our results are in accordance with the findings of reduced 
HR response associated with periodic limb movement (PLM) 
with and without arousals during non-REM 2 sleep in 14 HLA-
DQB1*0602-positive (and presumed hcrt-1-deficient) NC pa-

Figure 3—Heart rate response associated with leg movement (LM) from nonrapid eye movement (non-REM) 2 sleep stages. +hcrt-1, patients with narcolepsy 
with normal hcrt-1; -hcrt-1, patients with narcolepsy with hcrt-1 deficiency; NC, narcolepsy with cataplexy; NwC, narcolepsy without cataplexy; RR-intervals, 
intervals between successive QRS complexes.



SLEEP, Vol. 36, No. 1, 2013 96 Heart Rate Response in Narcolepsy—Sorensen et al

tients.9 The Dauvilliers study design, which is comparable to 
ours, analyzed the HR response beat by beat only for PLM 
with and without arousals during non-REM 2 sleep, and found 
a significantly lower amplitude of tachycardia and bradycardia 
after onset of PLM, although the hcrt-1 level of the patients 
was not known, but they were presumed hcrt-1 deficient.9 In 
our study we used LM instead of PLM to ensure that the HR 
was stable and unaffected by other events before the onset of 
LM. Furthermore, in 18/22 control subjects, not enough (or 
even none) PLM were available for a valid statistical analysais. 
In addition, in some of the patients with narcolepsy not enough 
PLM were available.

Although the HRRL did not differ within the narcolepsy 
groups, the HRRL was significantly reduced compared with the 
control group both in REM and non-REM 2 sleep. A previous 
study has found hypocretin deficiency to be independently associ-
ated with the prevalence of REM sleep behavior disorder (RBD) 
during REM sleep in narcolepsy.18 Therefore, the LM in REM 
sleep may reflect underlying RBD in the narcolepsy patients.

Three studies have investigated the heart rate variability 
(HRV) in patients with narcolepsy using power spectrum anal-
ysis (PSA) and obtained very different results.7,8,10 Fronczek et 
al.7 found a higher power in all frequency bands in 15 hcrt-de-
ficient NC patients. In contrast, normal cardiovascular changes 
during head-up tilt tests, the Valsalva manoeuvre, deep breath-
ing, isometric handgrip, and cold face tests, but an increased 
sympathetic drive on HR at supine rest was found in 10 NC 
patients (nine of 10 with hcrt-1 deficiency),8 and an increase 
in HRV and sympathetic activity using PSA was found in NC 

patients of unknown hcrt-1 status,10 indicating normal and in-
creased sympathetic tones, respectively. The latter study also 
reported an increased low/high frequency ratio during wakeful-
ness before sleep, suggesting an altered circadian autonomic 
function in patients with narcolepsy patients. Although the 
study by Ferini-Strambi et al.10 was performed with sleeping 
patients with NC, the results are difficult to compare with ours 
because of the different study designs.

The great variability of these results may be due to the differ-
ent study designs (day/night and measurement methods), small 
populations, and inadequate knowledge of the hcrt-1 level. 
Furthermore, as hypothesized by Grimaldi et al.,8 patients with 
narcolepsy may be highly vigilant during the daytime, when 
they are continuously fighting against sleepiness, which might 
imply stronger daytime sympathetic activation and thereby ex-
plain the different results obtained in previous studies. A single 
autonomic test during wakefulness may be insufficient in pa-
tients with narcolepsy.

Our results of intermediate low HRRA in narcolepsy with 
normal hcrt-1 indicate that this group could resemble a partially 
hcrt-1-deficient phenotype, as found in a postmortem study.19

Hypocretin neurons and receptors have been proposed as 
providing a link between central mechanisms that regulate 
arousal and sleep–wakefulness states and central control of au-
tonomic functions,20 including parasympathetic cardiac activ-
ity.21 Hypocretin fibers have been found in nuclei that are well 
known to be involved in cardiovascular regulation, and it has 
been shown that hcrt-1 diminishes parasympathetic cardiac ac-
tivity and thereby contributes to HR acceleration.21 Also, hypo-

Figure 4—Heart rate response associated with leg movement (LM) from rapid eye movement sleep stages. +hcrt-1, patients with narcolepsy with normal 
hcrt-1; -hcrt-1, patients with narcolepsy with hcrt-1 deficiency; NC, narcolepsy with cataplexy; NwC, narcolepsy without cataplexy; RR-intervals, intervals 
between successive QRS complexes.
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cretin acting on neurons in the hypothalamic paraventricular 
nucleus is known to increase cardiovascular response.22

Chronic lack of hypocretin signalling may have consequenc-
es for cardiovascular function, which may be revealed in the HR 
and BP.23 However, hcrt-1-deficient patients with narcolepsy in 
our study not only had an elevated baseline HR but also failed 
to increase their HR in response to arousals or LM. This may be 
explained by two separate mechanisms: patients with hypocre-
tin deficiency had increased arousability, sleep stage shift and 
daytime somnolence, which may affect autonomic activity; and 
the hypocretin system may directly influence autonomic activi-
ty on its own. The attenuated HR response may be explained by 
the already elevated HR in these patients, their impaired hypo-
cretin signalling, or by both factors. Hcrt-1 fibers have been 
found in the lateral paragigantocellular nucleus, which elicits 
an inhibitory pathway to preganglionic cardiac vagal neurons.21 
The hcrt-1 deficiency may cause this pathway to be impaired 
and parasympathetic activity would explain the attenuated HR 
response. This further supports the hypothesis that the normal 
hcrt-1 group could be a partially hcrt-1-deficient phenotype. 
These patients therefore also show an attenuated HR response 
due to impaired hypocretin signalling. To date, there have been 
few post-mortem studies of hypocretin-deficient patients,19,24 
and currently there is no evidence of neurodegeneration of sys-
tems other than the hypocretin neurons.

Consequently, we believe that the changes in autonomic 
function observed here reflect stage-dependent dynamic chang-
es in autonomic activity, which could explain the differences 
between the findings of our study and those of others evaluating 
autonomic activity during wakefulness. This is in contrast to the 
abnormalities observed in Parkinson’s Disease (PD) patients 
who also show attenuated HRRA/HRRL,25 but this is probably 
due to the destruction of neurons and nuclei in multiple brain 
areas involving the autonomic systems.26

The limitation of the study is that the autonomic test used 
herein has not previously been validated by comparison with 
other autonomic tests. HR in wakefulness and sleep is con-
trolled by sympathetic and parasympathetic activity in mutual 
balance. The autonomic function is primarily tested with the 
head-up tilt test, the Valsalva maneuver, deep breathing, etc. 
During arousal there is likely an activation of the sympathetic 
system due to HR increase. Our study was performed during 
sleep, ensuring that natural conditions were present for studying 
neural modulation of the cardiovascular system. Future studies 
imply comparison of arousal and LM HR activation with other 
autonomic tests.

The AUC used in the current study is a simple, robust mea-
sure of HR response that allows a straightforward comparison 
of various groups instead of a beat-by-beat analysis with many 
comparisons. The AUC also allowed us to do univariate and 
multivariate regression analyses that took into account the in-
fluence of several confounder variables.

Future analysis could include comparisons of HR response 
from patients with narcolepsy with hcrt-1 deficiency and with-
out cataplexy with that of patients with narcolepsy with normal 
hcrt-1 and with cataplexy.

We conclude that patients with narcolepsy present autonom-
ic deficits from arousals and locomotor activity during REM 
and non-REM 2 sleep, which indicates that there is a stage-

dependent effect on the autonomic system. The attenuated HR 
response was greatest for patients with narcolepsy with hcrt-1 
deficiency, which suggests that the hypocretinergic system plays 
an important role in the autonomic tone and modulation at rest.
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INTRODUCTION
Narcolepsy with cataplexy (NC) or narcolepsy without cata-

plexy (NwC) is a neurological sleep disorder found in one in 
2,000 individuals. It is characterized by instability of sleep-wake 
regulation (daytime sleepiness, short sleep latency, disrupted 
nocturnal sleep with awakenings) and instability of rapid eye 
movement (REM) sleep regulation and motor tonus regulation, 
causing hypnagogic hallucinations, sleep paralysis, cataplexy, 
and REM sleep behavior disorder.1,2 The major pathophysiol-
ogy is loss of the sleep-wake pattern and motor tonus regulat-
ing hypocretinergic neurons in the hypothalamus,3,4 resulting in 
low or undetectable levels of cerebrospinal fluid hypocretin-1 
(hcrt-1) in most patients with NC, but in only a small proportion 
of patients with NwC.5,6 The cause of hypocretin neuron loss is 
most probably autoimmunological, mainly based on a very tight 
association with specific HLA-types,7,8 whereas the cause of 
NC/NwC in patients with normal hcrt-1 levels remains unclear.

Wakefulness and arousals are believed to be regulated mainly 
by two ascending neuron networks in the brain, referred to as 
the ascending reticular activation system (ARAS).9 The first ac-
tivating neuron network consists of the pedunculopontine and 
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laterodorsal tegmental nuclei in the brainstem, which are active 
during wakefulness and REM sleep.10 The second activating 
neuron network consists of the locus coeruleus, dorsal end me-
dian raphe nuclei, ventral periaqueductal gray matter, and tu-
beromammillary nucleus, which are active during wakefulness, 
slightly active during nonrapid eye movement (NREM) sleep, 
and inactive during REM sleep.10 Sleep is promoted by activa-
tion of the ventrolateral preoptic nucleus in the basal forebrain, 
which acts by inhibiting hypocretin neurons and the neurons in 
ARAS.10 The currently prevailing theory is that transition from 
sleep to wakefulness and vice versa is regulated by a sleep-wake 
flip-flop switch, involving the mutual inhibition of the sleep pro-
moting nuclei and the wakefulness-promoting nuclei.11

The REM-NREM flip-flop switch works through another mu-
tually inhibitory system, in which gamma-aminobutyric acidergic 
(GABAergic) neurons in the sublaterodorsal region fire during 
REM sleep and inhibit GABAergic neurons in the ventrolateral 
periaqueductal gray matter and the adjacent lateral pontine teg-
mentum that in turn fire during NREM states to inhibit REM 
sleep.10 The hypocretin neurons play a central role in the coordi-
nation and stabilization of the sleep-wake and REM-NREM flip-
flop switches.11 Consequently, hypocretin deficiency may be the 
cause of the observed instability of the sleep-wake pattern of the 
human narcoleptic phenotype. We therefore propose that instabil-
ity in these systems due to hypocretin loss may lead to sleep-wake 
and NREM-REM transition instabilities. For this reason, narco-
lepsy may serve as a human model for the flip-flop switches.

METHODS

Patients
Over a 10-y period (2001-2011), patients with narcolepsy 

seen at the Danish Center for Sleep Medicine, Glostrup Univer-
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sity Hospital, were identified and consecutively included after 
ethical approval (KA03119) and written informed consent had 
been obtained. All patients fulfilled the International Classifica-
tion of Sleep Disorders (ICSD-2) criteria for narcolepsy,12 and 
were evaluated by neurological examination, determination of 
routine blood characteristics, polysomnography (PSG), the mul-
tiple sleep latency test (MSLT), and determination of hcrt-1 in 
the cerebrospinal fluid (CSF). The hypocretin measurement pro-
tocol and definition of hcrt-1 deficiency used were as previously 
published.6 Exclusion criteria were: additional neurological and 
psychiatric disorders, an apnea index > 5/h, and a periodic leg 
movements during sleep index > 4/h. All patients (except three 
with severe cataplexy) were free of antidepressants and stimu-
lants 7 to 14 days before inclusion; 44 of 63 were completely 
drug-naïve (i.e., they had never taken medication).

A total of 63 patients fulfilled the inclusion criteria. Cata-
plexy was diagnosed as previously described2 and was present 
in 43 of 63 patients, and hcrt-1 deficiency was present in 37 
patients. Six patients (five of six with cataplexy) refused lum-
bar puncture. Normal hcrt-1 levels were present in eight of 43 
patients with cataplexy, and hcrt-1 deficiency was present in 
seven of 20 patients without cataplexy. All patients have been 
included in a previous publication by Sorensen et al.13 and 34 
of 63 patients have been previously featured in publications by 
Knudsen et al.2,6 Demographic data of the patients are summa-
rized in Table 1. Table 2 gives an overview of the cataplexy and 
hcrt-1 status for the patients in the different groups.

PSG Recordings
All patients underwent 1 night of PSG recording consisting 

of electroencephalography (C3-A2, C4-A1), vertical and hori-
zontal electrooculography (EOG), surface electromyography 
(EMG) of the submentalis and anterior muscles, electrocardi-
ography (ECG), nasal airflow, thoracic respiratory effort, and 
oxygen saturation. Patients were instructed not to consume any 
caffeinated or alcoholic drinks for at least 6 h before the re-
cordings were made. Sleep stages and events were manually 

scored for epochs of 30 sec according to standard criteria by 
experienced PSG technicians supervised by PJ14,15 and without 
knowledge of the final diagnosis. The hypnograms and sleep 
events were extracted from Nervus® (V5.5, Cephalon DK, 
Nørresundby, Denmark) or Somnologica Studio® (V5.1, Em-
bla, Broomfield, CO, USA), using the built-in export data tool, 
and imported into the Matlab® analysis program (R2009b, The 
MathWorks, Natick, MA, USA) for further processing.

Analysis of Transitions
The frequency of transitions in the hypnograms for each pa-

tient was measured as the number of transitions per h of sleep of 
the investigated sleep stage. Analyzed transitions included were 
transitions between wake and sleep, transitions to/from REM 
sleep (hereafter noted as REM-NREM transitions), transitions to/
from NREM stage 1, 2, and 3, and transitions between all sleep 
stages. Wilcoxon rank-sum tests were performed to compare the 
frequencies of transitions between different narcolepsy groups.

 A backward-stepwise multivariate linear regression was per-
formed to determine the relationship between transitions and 
age, sex, body mass index, disease duration, disease onset, +/- 
previous anticataplexy medication, +/- cataplexy, and +/- hcrt-1 
status. The +/- anticataplexy medication indicates whether 
patients were pausing with previous medication or had never 
taken medication before inclusion (drug-naïve).

PSG variables, including sleep latency (SL), total sleep time 
(TST), sleep efficiency (SE), time from sleep onset to first ep-
och of REM sleep (REM SL), and percentage of stages 1, 2, and 
3 NREM and REM sleep, were also measured. Wilcoxon rank-
sum tests were performed to evaluate between-group differenc-
es (results shown in Table 3). A significance level of P < 0.05 
was chosen for all statistical tests.

RESULTS
The frequencies of sleep-wake transitions are illustrated in 

the box plots in Figure 1 and means and standard deviations 
(SDs) of each narcolepsy group are given in Table 4. Patients 

Table 1—Demographic data of patients

 NC NwC Normal hcrt-1 Low hcrt-1
Number 43 20 20 37
Female/male 20/23 12/8 14/6 16/21
Age (y) 35.3 ± 12.8 35.4 ± 10.6 33.9 ± 9.9 36.2 ± 12.8
BMI (kg/m2) 26.8 ± 6.2 26.0 ± 5.0 25.2 ± 5.2 26.4 ± 4.3

Age and BMI are given as the mean ± standard deviation. BMI, body mass index; hcrt, hypocretin-1; NC, narcolepsy with cataplexy; NwC, narcolepsy without 
cataplexy.

Table 2—Overview of cataplexy and hcrt-1 status for the included patients

Normal hcrt-1 Low hcrt-1 Unknown hcrt-1 level Total
NC 8 30 5 43
NwC 12 7 1 20
Total 20 37 6 63

hcrt, hypocretin-1; NC, narcolepsy with cataplexy; NwC, narcolepsy without cataplexy.
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with narcolepsy and low hcrt-1 level had a signifi cantly higher 
frequency of sleep-wake transitions than patients with narco-
lepsy and normal hcrt-1 level (P = 0.014). Patients with NC also 
had a signifi cantly higher frequency of sleep-wake transitions 
than those with NwC (P = 0.002).

The frequencies of REM-NREM transitions are illustrated 
in the box plots in Figure 2 and the means and SDs are given 

in Table 4. Patients with narcolepsy and low hcrt-1 level had a 
signifi cantly higher frequency of REM-NREM transitions than 
patients with narcolepsy and normal hcrt-1 level (P = 0.044). 
Patients with NC also had a trend for more REM-NREM tran-
sitions than those with NwC, although this difference was not 
statistically signifi cant.

Table 3—Comparison of PSG variables

NC NwC Normal hcrt-1 Low hcrt-1 P
TST (min) 393.0 ± 78.0 418.2 ± 60.5 417.5 ± 54.2 399.8 ± 76.9 NS
SL (min) 9.8 ± 19.0 5.2 ± 4.0 10.0 ± 12.2 8.0 ± 19.7 NS
REM SL (min) 79.6 ± 157.4 62.2 ± 38.0 118.4 ± 216.5 49.0 ± 55.2 < 0.04b

SE (%) 86.4 ± 12.1 92.3 ± 8.1 88.8 ± 15.8 89.1 ± 7.7 NS
Stage 1 sleep (%) 9.3 ± 6.6 4.8 ± 4.4 3.5 ± 2.0 9.9 ± 6.7 < 0.01a,b

Stage 2 sleep (%) 39.6 ± 12.5 44.3 ± 10.6 41.7 ± 12.0 40.1 ± 11.9 NS
Stage 3 sleep (%) 28.1 ± 13.2 28.8 ± 9.9 32.9 ± 12.5 25.2 ± 11.3 NS
REM sleep (%) 23.8 ± 5.8 22.9 ± 4.3 21.8 ± 4.3 24.5 ± 5.5 NS

Data are expressed as mean ± standard deviation and P values are those corresponding to Wilcoxon rank-sum tests. aNC versus NwC. bNormal hcrt-1 versus 
low hcrt-1. hcrt, hypocretin-1; NC, narcolepsy with cataplexy; NS, not signifi cant; NwC, narcolepsy without cataplexy; PSG, polysomnography; REM, rapid 
eye movement; SE, sleep effi ciency; SL, sleep latency; TST, total sleep time.

Table 4—Frequency of sleep transitions (mean ± standard deviation)

 NC NwC Normal hcrt-1 Low hcrt-1
Sleep-wake transitions 6.3 ± 2.5 4.1 ± 1.8 4.4 ± 2.0 6.0 ± 2.2

P 0.002 0.014

REM-NREM transitions 9.0 ± 3.3 7.9 ± 2.4 7.3 ± 1.7 9.2 ± 3.2
P 0.289 0.044

P values are given for comparisons between NC and NwC and between narcolepsy with normal hcrt-1 level and narcolepsy with low hcrt-1 level using 
Wilcoxon rank-sum tests. hcrt, hypocretin-1; NC, narcolepsy with cataplexy; NREM, nonrapid eye movement; NwC, narcolepsy without cataplexy; REM, 
rapid eye movement.

Figure 1—Frequency of sleep-wake transitions illustrated in box plots 
for each patient group. Each box plot shows the fi fth, 25th, 50th, 75th, and 
95th percentile. Signifi cant P values are shown. Hcrt, hypocretin-1; NC, 
narcolepsy with cataplexy; NwC, narcolepsy without cataplexy.

P = 0.002 P = 0.014

Figure 2—Frequency of rapid eye movement-nonrapid eye movement 
transitions illustrated in box plots for each patient group. Each box plot 
shows the fi fth, 25th, 50th, 75th, and 95th percentile. Signifi cant P values 
are shown. Hcrt, hypocretin-1; NC, narcolepsy with cataplexy; NwC, 
narcolepsy without cataplexy.

P = 0.044
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For the other analyzed transitions (to/from NREM stage 1, 
2, and 3, and transitions between all sleep stages), there was 
no significance between any of the groups (results not shown).

In the multivariate analysis, the number of REM-NREM 
transitions were predicted only by hcrt-1 deficiency (P = 0.011), 
whereas the number of sleep-wake transitions were predicted 
only by cataplexy (P = 0.001).

The values for the PSG variables are displayed in Table 3. 
For patients with narcolepsy and hcrt-1 deficiency, the REM 
SL was significantly lower (P < 0.04), and the percentage of 
NREM 1 sleep was significantly higher (P < 0.01) than in pa-
tients with narcolepsy without hcrt-1 deficiency. The percent-
age of NREM 1 sleep was significantly higher in patients with 
NC than in those with NwC (P < 0.01).

DISCUSSION
This is the first study to show that the frequency of sleep-

wake transitions and REM-NREM transitions are associated 
with cataplexy and hypocretin deficiency in patients with 
narcolepsy. The study documents that sleep-wake and REM-
NREM transitions are more frequent in patients with NC and 
hypocretin-deficient narcolepsy. These results are consistent 
with the flip-flop model of transitions proposed by Saper et al.,11 
and are consistent with a human model in which hypocretin 
enforces general state stability.

Hypocretin neurons in the lateral hypothalamus reinforce the 
activity in the wake-promoting projections arising from neurons 
in the upper brainstem, whereas sleep is promoted by activa-
tion of the ventrolateral preoptic nucleus in the basal forebrain, 
which acts by inhibiting hypocretin neurons and the neurons in 
ARAS.10 The hypocretin neurons are therefore believed to play 
an important role in sustaining wakefulness and in stabilizing 
the flip-flop switch. However, other important arousal-produc-
ing neurons are present in the posterior lateral hypothalamus, 
which helps maintain wakefulness when hypocretin neurons 
are deficient. The hypocretin neurons may help to sustain ac-
tivity in aminergic and cholinergic arousal regions, and in the 
absence of hypocretin, these arousal regions may have reduced 
activity, resulting in inappropriately low thresholds to transition 
into NREM sleep.16 In patients with narcolepsy and hypocretin 
deficiency, one of the most important components in the flip-
flop switch is absent, making the switch unstable and entailing 
frequent sleep/wake switches, as seen in this study.

Hypocretin neurons are also known to suppress REM sleep 
by reinforcing the activity of the monoaminergic neurons in 
the locus coeruleus and dorsal raphe nucleus,17,18 which in turn 
activate REM sleep-suppressing neurons and inhibit REM on 
neurons. It can be hypothesized that loss of hypocretin neurons 
therefore also enables more frequent transitions into REM sleep 
and makes the REM-NREM switch unstable. In our study we 
detected that patients with narcolepsy and hcrt-1 deficiency had 
more REM-NREM transitions than those without hcrt-1 defi-
ciency, and this higher frequency of REM-NREM transitions 
was primarily predicted by hcrt-1 deficiency, independent of 
cataplexy and other factors, supporting the theory that hypocre-
tin destabilizes the sleep stage switch.

Quantitative electroencephalographic studies suggest chang-
es in frequencies in NREM 2 sleep19 as well as sleep onset20 
in patients with NC. Another study has shown that the occur-

rence of multiple spontaneous daytime sleep onset REM peri-
ods clearly identified patients with narcolepsy.21 Animal studies 
support that sleep-wake transition is under control by the hypo-
cretinergic system, which facilitates wakefulness and REM-
NREM cyclicity. Studies with hypocretin-deficient knockout 
mice and animals with narcolepsy have shown sleep stage 
dysregulations22 and considerably more transitions between 
all stages.16,23-25 As hypocretin is believed to stabilize wake and 
sleep, the hypocretin deficiency in patients with narcolepsy may 
cause a low threshold to transition between stages, causing the 
fragmented sleep pattern seen in patients with narcolepsy. This 
supports our study, showing that hypocretin-deficient patients 
with narcolepsy may present sleep stage instability as com-
pared with non-hypocretin-deficient patients with narcolepsy.

One limitation of this study is that sleep-wake regulation as 
determined by simple macro-sleep scoring may be too simplistic 
a model to allow the evaluation of the sleep-wake/REM-NREM 
transition, because this may occur much faster and not in the 30-
sec epochs used in traditional scoring. This may in part explain 
why we did not find a significant association with NREM tran-
sitions. However, to date, no reliable or validated sleep scoring 
model has been developed for scoring epochs shorter than 30 
sec. Alternative methods may include a quantitative measure 
using a sliding window with a shorter time interval including 
not only the conventional sleep stages, but also transition zones 
between stages. One attempt using a state space analysis tech-
nique has been performed in orexin knockout mice,25 where the 
variations in the depth of sleep and the intensity of wakefulness 
were measured by electroencephalographic power in the delta 
and theta bands. The orexin knockout mice had an overlap be-
tween wake and REM sleep and spent more time in transition 
regions causing the altered quality of sleep and wake. Varia-
tions within states and changes in transition zones may be a 
reason for the more frequent changes in orexin knockout mice 
and hypocretin-deficient patients with narcolepsy. We suggest 
that future evaluation of sleep transition and its relation to the 
hypocretinergic system should include analysis of transition 
states and shorter windows used in the sleep scoring.

Another limitation is that interscorer variability was not consid-
ered and sleep scoring may have been subject to individual scor-
ing. Furthermore, only nocturnal PSGs are considered, whereas 
daytime monitoring could be at least as interesting, because pa-
tients with narcolepsy have sleep episodes during daytime.

In conclusion, the current study shows that patients with 
narcolepsy and hypocretin deficiency or cataplexy have more 
frequent sleep-wake and REM-NREM transitions, which is 
consistent with the destabilization of the flip-flop switches that 
regulate sleep-wake and REM-NREM transitions due to the 
loss of hypocretin neurons. The elevated frequency of REM-
NREM transitions is primarily predicted by hcrt-1 deficiency, 
independent of cataplexy and other factors.
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Background: More than 50% of patients with idiopathic REM sleep behavior disorder (iRBD) will develop
Parkinson's disease or Lewy body dementia. In a previous study, we found attenuated heart rate responses in
iRBD and Parkinson's disease patients during sleep. The current study aimed to evaluate heart rate variability fur-
ther in order to identify possible changes in these components during wakefulness and sleep in patients with
iRBD and Parkinson's disease.
Methods: We evaluated heart rate variability in 5-minute electrocardiography segments from wakefulness, and
non-REM and REM sleep in 11 iRBD patients and 23 Parkinson's disease patients, and compared these with 10
control subjects.
Results and conclusions: Patients with iRBD had attenuated sympathetic nervous system activity compared with
controls and this was more pronounced in patients with Parkinson's disease. The cardiac parasympathetic ner-

vous system seems to be relativelywell preserved in patients with iRBD and Parkinson's disease. The progressive
reduction of sympathetic nervous activity is in line with the postganglionic sympathetic nervous dysfunction
seen in early Parkinson's disease.
© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Lewy bodies are found in Parkinson's disease (PD), in dementias with
Lewy bodies, in multiple system atrophy, and in REM sleep-associated
behavior disorder (RBD) (Boeve et al., 2007; Jellinger, 2004; Uchiyama
et al., 1995). These conditions are considered to be different phenotypes
of the same family of disorders and often showaffection of the autonomic
nervous system. Lewy bodies may also be found in the sinoatrial nodal
ganglion, myocardium, and paravertebral sympathetic ganglia, and
these inclusions are considered by some to precede the affection of the
central nervous system. It has been shown that patients with idiopathic
RBD (iRBD) are at a high risk of later development. It is likely – but not
yet proven – that comorbid conditions, e.g., autonomic dysfunction,
may add to this risk.

In 1996, a task force composed of members of the European Society
of Cardiology and the North American Society of Pacing and Electro-
physiology drew up the guidelines necessary for comparing different
restricted grant from the Center
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assessment models of heart rate variability (HRV) (Task Force, 1996).
These guidelines have proved to be the most valuable non-invasive
test for assessing autonomic nervous system function (Xhyheri et al.,
2012). However, due to great intra-individual variance the tests do
not work individually and are recommended only for describing groups
of patients. In a previous study, we found attenuated heart rate re-
sponses in iRBD and PD patients during sleep (Sorensen et al., 2012).
However, it is not clear whether this expresses suppression of sympa-
thetic or parasympathetic activities or combinations of the two. The
aim of the current study was therefore to evaluate HRV further in
order to identify possible changes in these components during both
wakefulness and sleep in patientswith iRBD and PD, especially address-
ing whether the observed changes are mainly due to sympathetic and/
or parasympathetic abnormalities.

2. Materials & methods

2.1. Subjects

This studywas carried out as a secondary analysis based on data from
a previous study that evaluated the heart rate response during sleep
(Sorensen et al., 2012). Subjects included were patients with PD and
iRBD who had undergone a polysomnograph (PSG) recording at the
Danish Center for SleepMedicine (Glostrup, Denmark). Exclusion criteria
were additional neurological, psychiatric or cardiovascular disorders,
alcohol abuse, head trauma, dementia, and an apnoea–hypopnoea

http://dx.doi.org/10.1016/j.autneu.2013.08.067
mailto:poul.joergen.jennum@regionh.dk
http://dx.doi.org/10.1016/j.autneu.2013.08.067
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index ≥5. None of the subjects were taking agents known to affect the
autonomic system such as antihypertensive drugs. It was not possible
to withdraw the patients from their Parkinson medication, but in order
to reduce influence of these drugs, the patients treated with intraspinal
medication, duodopa or intercerebral stimulation were excluded. RBD
patients were diagnosed according to the criteria of the International
Classification of Sleep Disorders (American Academy of Sleep Medicine,
2005). iRBDpatients had no other disorders to explain their RBD. Disease
severitywas assessed for all patientswith theHoehn and Yahr (HY) scale
and the Unified Parkinson Disease Rating Scale (UPDRS).

In the initial study, 14 PD patients with RBD, 16 PD patients without
RBD and 11 iRBD patients fulfilled the inclusion criteria. Seventeen
healthy controls, matched to the patient group by age, gender and
body mass index (BMI), were also included. The study was ethically
approved (HA20070120) and all included subjects gave their signed in-
formed consent. However, 4 PD patients with RBD and 3 PD patients
without RBDhad toomany nocturnal events to permit the identification
of stationary signals, as described below, and so these patients were ex-
cluded from the study. Furthermore, 7 control subjects were excluded
due to insufficient sampling frequency. Demographic data of the includ-
ed subjects are summarized in Table 1.

2.2. Methods

All subjects underwent one night of PSG recording consisting of
electroencephalography (C3–A2, C4–A1), vertical and horizontal elec-
trooculography (EOG), and surface electromyography (EMG) of the
submentalis and tibialis anterior muscles and electrocardiography
(ECG). Subjects were instructed not to consume any caffeinated or
alcoholic drinks for at least 6 h before the recordings were made.

Sleep stages and events weremanually scored for 30-second epochs
according to standard criteria (Iber et al., 2007) by experienced poly-
somnographic technicians supervised by PJ, without knowledge of the
final diagnosis. The hypnograms and sleep events were extracted from
Nervus® (V5.5, Cephalon DK, Nørresundby, Denmark), using the built-
in export data tool, and imported into theMATLAB® analytical program
(R2009b, The MathWorks, Natick, MA, USA) for further processing.

Autonomic activity was analyzed using different quantitative mea-
sures of HRV according to the guidelines given by the European Society
of Cardiology and the North American Society of Pacing and Electro-
physiology (Task Force, 1996).

Five-minute continuous ECG segments were selected fromwakeful-
ness, stage 2NREMand REM sleep during the night. The 5-minutewake
was selected from the pre-sleep period and the 5-minute NREM 2 was
selected from the beginning of the night. Where possible, the 5-minute
REM sleep was selected from the last REM period, as this tended to be
the longest period of REM in most subjects.

The segments included stationary signals (without microarousals,
leg movements, complex movements during REM sleep, or apnoeas)
recorded with a lead II derivation using torso electrode placement
(Iber et al., 2007) with a sampling frequency of 512 Hz. HRV was ana-
lyzed with respect to time domain, frequency domain, and nonlinear
methods using Kubios HRV version 2.1 software. Time domain variables
included the mean value of normal RR intervals (NN), the standard de-
viation of normal RR intervals (SDNN), the root mean square of succes-
sive RR interval differences (RMSSDs), the number of successive
Table 1
Demographic data of subjects included in the study expressed as means (and standard
deviations).

Controls PD with RBD PD without RBD iRBD

Total number 10 10 13 11
Female/male 5/5 3/7 6/7 2/9
Age (years) 59.0 (9.7) 62.5 (6.9) 60.8 (6.7) 60.2 (7.7)
UPDRS – 18.8 (7.1) 20.6 (5.1) 0.8 (1.0)
HY – 1.4 (0.7) 0.9 (1.6) 0.0 (0)
intervals differing by more than 50 ms (NN50) and the corresponding
relative amount (pNN50).

The frequency domain variables were calculated by autoregressive
modeling (Marple, 1987) and included absolute powers of very low fre-
quency (VLF, 0–0.04 Hz), low frequency (LF, 0.04–0.15 Hz) and high
frequency (HF, 0.15–0.4 Hz) bands, LF and HF band powers in normal-
ized units (LFnu and HFnu) and the LF/HF power ratio.

The nonlinear properties of HRV were analyzed by Poincaré plots,
the Shannon entropy index and detrended fluctuation analysis (DFA).
An ellipse was fitted to the Poincaré plots, and the standard deviation
of the points perpendicular to the line-of-identity (SD1) and the stan-
dard deviation along the line-of-identity (SD2) were calculated. In the
DFA, two correlation measures (α1 and α2) were calculated as de-
scribed in theKubios HRVUser's Guide (Tarvainen andNiskanen, 2012).

The time domain, frequency domain and nonlinear parameters were
calculated as described in the Kubios HRV User's Guide (Tarvainen and
Niskanen, 2012), which are equivalent to the descriptions given by the
Task Force of 1996 (Task Force, 1996). All HRV variables were calculated
individually and, subsequently, between-group differences were evalu-
ated with Wilcoxon rank-sum tests. A Bonferroni correction was ap-
plied to take into account the problem of multiple comparisons,
however in order not to be too conservative with the Bonferroni correc-
tion and allow false negative results, the variableswere grouped in eight
independent groups, which resulted in a significance level of 0.05/8 =
0.00625 for all statistical tests.

3. Results

All HRV variables are shown in Table 2 for the control group and
iRBD, PD with RBD and PD without RBD patients for the three stages
(wakefulness, NREM, REM). Comparisons are made for each patient
group with the control group.

For the control group the values from the time domain analysis were
comparable duringwakefulness and REM,while they tended to be larger
during NREM. In the frequency domain analysis using normalized units,
LF and HFwere similar during wakefulness and REM, whereas LF tended
to be lower and HF higher during NREM. Short-term variation reflecting
parasympathetic activity tended to be more pronounced during NREM
than in wakefulness and REM, with higher levels of NN, RMSSD, NN50,
HFnu, and SD1. The pattern for long-term variationwas less clear in com-
parisons of the wakefulness, NREM and REM stages.

For the iRBD patients, only the VLF component in the wakefulness
stage was significantly different from the control group. None of the
variables differed significantly between these groups during REM and
NREM sleep.

For the PD patients, SDNN, VLF, LF and SD2 were significantly
different from the control group in the wakefulness stage. None of the
variables differed significantly in the REM and NREM stages for the PD
patients without RBD compared with the control group. For the PD pa-
tients with RBD, only SD2 differed significantly from the control group
in the REM stage, while none of the HRV variables were significantly dif-
ferent in the NREM stage.

Across the spectrum of clinical presentation there was a pattern of
progressive reduction in VLF during wakefulness from controls
(158 ms2), through iRBD (47 ms2) and PD without RBD (30 ms2), to
PD with RBD (27 ms2). A similar pattern was noted for the long-term
variation expressed by LF and SD2.

4. Discussion

In this study, we have examinedmeasures of autonomic nervous ac-
tivity during various sleep stages in patients at risk of developing PD and
those with clinically overt PD. The salient finding is that of a pattern of
progressive reduction in HRV parameters associated with sympathetic
nervous activity in linewith the notion that postganglionic sympathetic
nervous dysfunction is an early component in the development of PD.



Table 2
Measures of heart rate variability in A) wake, B) NREM 2 and C) REM sleep for control
subjects, iRBD patients, PD with RBD patients and PD without RBD patients.

Controls iRBD PD without RBD PD with RBD

A)
Wake

NN (ms) 872 (126) 936 (161) 881 (121) 1005 (150)
SDNN (ms) 28 (6) 20 (8) 14.9 (4.5)⁎ 17.8 (7.4)⁎

RMSSD (ms) 19.5 (6.9) 15.7 (6.9) 15.7 (7.3) 18.8 (8.9)
NN50 (count) 8.7 (8.2) 2.36 (3.32) 2.8 (4.6) 7.2 (9.5)
pNN50 2.9 (3.3) 0.79 (1.06) 0.9 (1.6) 3.1 (4.1)
VLF (ms2) 158 (90) 47 (34)⁎ 30 (28)⁎ 27 (26)⁎

LF (ms2) 492 (235) 293 (251) 101 (86)⁎ 146 (130)⁎

HF (ms2) 150 (105) 88 (63) 88 (66) 117 (98)
LF (nu) 76 (14) 76 (15) 55 (23) 56 (14)
HF (nu) 24 (14) 24 (15) 45 (23) 43 (14)
LF/HF 5.3 (4.9) 5.4 (5.0) 2.0 (1.9) 1.5 (0.7)
SD1 (ms) 13.8 (4.9) 11.1 (4.9) 11.1 (5.1) 13.4 (6.3)
SD2 (ms2) 37.3 (8.7) 26.4 (10.2) 17.7 (4.8)⁎ 21.0 (8.7)⁎

Shannon Entropy 3.15 (0.44) 3.02 (0.21) 2.87 (0.19) 2.7 (0.3)
DFA, alpha1 1.34 (0.29) 1.36 (0.27) 0.98 (0.25) 1.00 (0.21)
DFA, alpha2 0.57 (0.17) 0.47 (0.26) 0.49 (0.11) 0.39 (0.15)

B)
NREM 2

NN (ms) 979 (160) 1066 (164) 981 (135) 1114 (199)
SDNN (ms) 29.3 (8.5) 28 (8) 22.0 (6.0) 23.4 (9.3)
RMSSD (ms) 23.5 (8.4) 25.1 (5.9) 21.5 (8.2) 21.4 (5.9)
NN50 (count) 18.4 (17.2) 15.6 (15.3) 10.9 (13.5) 8.4 (6.4)
pNN50 6.6 (6.6) 5.5 (5.1) 4.0 (5.1) 3.4 (2.6)
VLF (ms2) 148 (144) 122 (193) 96 (92) 85 (66)
LF (ms2) 550 (432) 454 (420) 259 (213) 409 (416)
HF (ms2) 240 (163) 266 (179) 174 (89) 114 (55)
LF (nu) 67 (18) 54 (28) 56 (21) 68 (21)
HF (nu) 33 (18) 46 (28) 44 (21) 32 (21)
LF/HF 3.9 (4.8) 2.7 (3.3) 1.96 (1.67) 4.2 (4.3)
SD1 (ms) 16.6 (5.9) 17.8 (4.2) 15.2 (5.8) 15.1 (4.2)
SD2 (ms2) 37.5 (11.6) 34.7 (12.6) 26.7 (8.0) 29.2 (13.2)
Shannon Entropy 2.94 (0.27) 2.96 (0.23) 2.87 (0.27) 2.80 (0.08)
DFA, alpha1 1.19 (0.23) 1.03 (0.34) 1.01 (0.28) 1.08 (0.24)
DFA, alpha2 0.43 (0.10) 0.33 (0.15) 0.43 (0.16) 0.38 (0.16)

C)
REM

NN (ms) 887 (132) 954 (155) 934 (112) 1006 (128)
SDNN (ms) 27.5 (7.2) 21 (8) 21.7 (4.2) 17.5 (5.6)
RMSSD (ms) 20.8 (4.8) 15.5 (4.5) 20.5 (6.6) 16.1 (6.9)
NN50 (count) 10.1 (8.2) 2.5 (5.3) 8.0 (11.3) 3.3 (8.7)
pNN50 3.0 (2.4) 0.9 (1.8) 2.7 (3.7) 1.4 (3.7)
VLF (ms2) 131 (83) 131 (123) 76 (52) 67 (72)
LF (ms2) 527 (334) 250 (190) 217 (141) 191 (144)
HF (ms2) 126 (51) 79 (38) 158 (106) 78 (74)
LF (nu) 76 (15) 70 (16) 57 (17) 71 (12)
HF (nu) 24 (15) 30 (16) 43 (17) 29 (11)
LF/HF 4.7 (3.3) 3.4 (2.6) 1.76 (1.43) 3.2 (2.2)
SD1 (ms) 14.7 (3.4) 11.0 (3.2) 14.5 (4.6) 11.4 (4.9)
SD2 (ms2) 35.8 (10.0) 27.2 (11.5) 26.7 (5.5) 21.7 (7.0)⁎

Shannon Entropy 3.2 (0.3) 2.91 (0.16) 2.84 (0.27) 2.87 (0.28)
DFA, alpha1 1.30 (0.21) 1.27 (0.27) 1.09 (0.25) 1.15 (0.20)
DFA, alpha2 0.48 (0.12) 0.51 (0.14) 0.44 (0.13) 0.44 (0.17)

Values are presented asmean (and standard deviation). SDNN = standard deviation of all
RR-intervals; VLF = very low frequency; LF = low frequency; HF = high frequency;
SD1 = instantaneous beat-to-beat RR-interval variability; SD2 = long-term continuous
RR-interval variability.
⁎ Values that are significant (p b 0.00625) different from the control group.
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TheHRV values found in our control groupwere similar to the values
reported by others for similar age groups (Valappil et al., 2010; Voss
et al., 2012). Looking at the various sleep stages in the control subjects,
we found that the HRV patterns were comparable during wakefulness
and REM sleep, whereas there was a pattern of increased parasympa-
thetic relative to sympathetic activity during NREM sleep. These find-
ings are in accordance with those of other studies analyzing sleep
stage differenceswith respect to spectral and time domain variables de-
scribing theHRV (Baharav et al., 1995; Bonnet andArand, 1997; Vaughn
et al., 1995). Vaughn et al. found clear sleep stage differences in the HRV
from spectral analysis that were consistent with increased parasympa-
thetic nervous system activity during NREM stage 2, decreased
parasympathetic and sympathetic nervous system activities during
the NREM stage 3 and increased sympathetic activity during the REM
sleep stage (Vaughn et al., 1995).

In our limited group of patients, we were only able to demonstrate
significant differences with respect to the control subjects duringwake-
fulness, while no significant differences were seen in NREM sleep, and
only the PD patients with RBD had a significant difference for a single
variable in REM. The sympathetic nervous system is more active during
wakefulness than during the NREM and REM sleep stages, making it
more likely thatwe could demonstrate a reduction in sympathetic activ-
ity during the wakefulness stage.

The iRBD patients only differed significantly from the control group
with respect to the VLF component. As this component reflects slow
regulatorymechanisms (Busek et al., 2005) and is related to sympathet-
ic activity (Ergun et al., 2008), this indicates that the sympathetic ner-
vous system activity of iRBD patients was attenuated. The finding of
reduced activity in the slow components of HRV is in line with the fact
that in diseases associated with Lewy bodies, the vulnerable neurons
are those that are long, thin and unmyelinated and therefore slow-
conducting (Braak et al., 2006). Lanfranchi et al. investigated the HRV
in NREM and REM sleep and found that cardiac and respiratory re-
sponses were absent from subjects with iRBD (Lanfranchi et al., 2007).
This implies that iRBD patients lack the possibility of activating the sym-
pathetic nervous system, which explains why, in this study, we found a
significant difference in the VLF component in the wakefulness stage.
We found no significant differences for the HF component, which is
known to reflect parasympathetic activity (Xhyheri et al., 2012), and
the attenuated heart rate response identified in our earlier study
(Sorensen et al., 2012) is therefore mainly due to involvement of the
sympathetic nervous system, but does not exclude the possibility that
the parasympathetic nervous system is involved. In this context, it is im-
portant to differentiate between “slow” parasympathetic activity medi-
ated through thin unmyelinated fibers originating from neurons in the
dorsal vagal motor nucleus and terminating primarily in organs below
the diaphragm, and “fast” parasympathetic activity mediated through
large myelinated nerve fibers originating in the nucleus ambiguus and
terminating primarily in the heart. In the post-mortem PD cases studied
to date, it is the unmyelinated vagal preganglionic projecting neurons
connecting the central nervous system to the enteric nervous system
that contain α-synuclein immunoreactive inclusions (Braak and Del
Tredici, 2008). In terms of HRV, the fast components (RMSSD, HF, SD1)
are commonly ascribed to parasympathetic activity without stressing
the fact that this only holds true for the myelinated fibers terminating
in the heart. The importance of distinguishing between the parasympa-
thetic activitymediated through thin unmyelinatedfibers and thickmy-
elinatedfibers is reflected in the study byOka et al. (2011), who showed
that early-stage PD patients feature changes in HRV that are compatible
with sympathetic but not parasympathetic nervous system dysfunction
in spite of the well known disturbances in intestinal motility and blad-
der function associated with early PD.

For the PD patients, the LF component was found to be significantly
lower than for the control subjects. The LF component is generally
thought to reflect both sympathetic and parasympathetic activities
(Ergun et al., 2008) and the difference between the PD and control sub-
jects is probably due to a more pronounced dysfunction of the sympa-
thetic nervous system than in the iRBD patients.

The SDNNwas significantly lower in the PD groups than in the con-
trol group. SDNN is amarker of the total variance of HRV and reflects all
long-term components responsible for variability and correlates with
VLF (Xhyheri et al., 2012), and therefore this result corresponds with
the results for LF and VLF and is indicative of a dysfunction of the sym-
pathetic nervous system.

Of the nonlinear variables, only SD2 was significantly lower for the
PD patients than the control subjects, which is also consistent with the
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other results, since SD2 is believed to describe long-term variability and
is related to the time domain measure SDNN (Brennan et al., 2001).

NREM sleep is characterized by relative autonomic stability, a dom-
inance of parasympathetic influences to the heart, and a reduction in
sympathetic efferent vasomotor tone (Lanfranchi et al., 2007), while
REM sleep is a state of autonomic instability, dominated by remarkable
fluctuations between parasympathetic and sympathetic influences
(Lanfranchi et al., 2007) and, probably, activation of both nervous sys-
tems (Busek et al., 2005). Therefore, if mainly the sympathetic nervous
system is affected in iRBD and PD and unmyelinated parasympathetic
nerve fibers in PD, this would explain why the HRV variables reflecting
the sympathetic nervous system differ in PD and iRBD compared with
the control subjects during wakefulness, rather than in NREM and
REM sleep. Valappil et al. (2010) foundno differences in theVLF compo-
nent in the wake but in both the LF and HF components when compar-
ing iRBD patients with controls. Only 11 iRBD patients were included in
the Valappil study, which is also the case in our study. Studies with larg-
er patient groups are recommended to clarify autonomic findings in the
HRV measures.

According to the Braak staging study (Braak et al., 2003) the progres-
sion of PD starts in the medulla oblongata, which includes the cardiac
center and controls autonomic functions. Braak et al. found that both
parasympathetic structures (dorsal motor nucleus of vagus) and sympa-
thetic structures (postganglionic neurons) demonstrate deposition of
synuclein at early stages of PD pathology (Braak and Del Tredici, 2008).
This is supported by the progressive reduction in VLF and the long-
term variations expressed by LF and SD2 from controls to iRBD and to
PD found in our study. Furthermore, other studies have shown that the
baroreceptor reflex in early-stage PD without orthostatic hypotension
is not severely impaired (Camerlingo et al., 1987; Haensch et al., 2009;
Ludin et al., 1987), implying that the cardiac parasympathetic nervous
system emanating from the nucleus ambiguus may be relatively pre-
served in patients with PD.

From the medulla oblongata, the Braak staging system gradually as-
cends to the more rostral structures implicating dysfunction in the
sublaterodorsal nucleus and pre-locus coeruleus structures, which
could lead to RBD (Boeve, 2010). This temporal sequence could indicate
that sympathetic nervous system dysfunction precedes iRBD, which is
followed by PD or other diseases associated with Lewy body patholo-
gies. However, we cannot conclude that iRBD with dysautonomia pre-
sents an increased risk of further neurodegenerative development;
furthermore, even if we could, we would not be able to predict the
type of neurodegenerative disease an iRBD patient would develop.

Postuma et al. (2011) found no evidence that baseline cardiac auto-
nomic dysfunction can predict the risk of neurodegenerative disease
and that autonomic dysfunction is linked with RBD independent of as-
sociated PD or Lewy body dementia. Larger prospective studies are
needed to clarify the exact connection between dysautonomia in iRBD
and the risk and type of neurodegenerative development. Furthermore,
measurements of HRV based on the spontaneous variability in heart
rate are known to vary greatly within individuals, which could blur
the outcome of small cohort studies. Future studies could include forced
variations in heart rate by deep breathing at 0.1 Hz, theValsalvamaneu-
ver and heart rate change during active standing, since these parame-
ters reflect the capacity of the autonomic system rather than the
activity and are subject to smaller intra-individual variation.

In conclusion, we found that the sympathetic nervous system activity
of iRBD patients was attenuated, especially when the disease progressed
to PD. No differences were seen in the HRV variables ascribed to
parasympathetic activity, indicating that the cardiac parasympathetic
nervous system, emanating from the nucleus ambiguus, may be rela-
tively well preserved in patients with PD. The progressive reduction of
sympathetic nervous activity is in line with the postganglionic sympa-
thetic nervous dysfunction seen in early PD.
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