
Section III: The Orexin System in Sleep Pathology

Abstract
Since its description in the 19th century, narcolepsy type 1 (NT1) has been considered as a model sleep 

disorder, and after the discovery of rapid eye movement (REM) sleep onset in the disorder, a gateway 

to understanding REM sleep. The discovery that NT1 is caused by hypocretin/orexin deficiency, togeth-

er with neurochemical studies of this system, has helped to establish how this neuropeptide regulates 

the organization of sleep and wake in humans. Current analyses suggest that the main functions of the 

hypocretin/orexin system are (1) maintenance of wakefulness in the face of moderate sleep deprivation; 

(2) passive wake promotion, especially in the evening, driven by the circadian clock; (3) inhibition of 

REM sleep, with possible differential modulating effects on various subcomponents of the sleep-stage, 

explaining REM sleep dissociation events in NT1. Narcolepsy is also associated with an inability to con-

solidate sleep, a more complex phenotype that may result from secondary changes or be central to the 

role of hypocretin in coordinating the activity of other sleep- and wake-promoting systems. Novel tech-

nologies, such as the use of deep learning analysis of electroencephalographic signals, is revealing a 

complex pattern of sleep abnormalities in human narcolepsy that can be used diagnostically. The avail-

ability of novel devices measuring sleep 24 h per day also holds promise to provide new insights into 

how brain electrical activity and muscle tone are regulated by hypocretin.

© 2021 The Author(s)

Published by S. Karger AG, Basel

Steiner MA, Yanagisawa M, Clozel M (eds): The Orexin System. Basic Science and Role in Sleep Pathology. Front 
Neurol Neurosci. Basel, Karger, 2021, vol 45, pp 103–116 (DOI: 10.1159/000514959)

Sleep Problems in Narcolepsy and the  
Role of Hypocretin/Orexin Deficiency

Emmanuel Mignot 

a    Jamie Zeitzer 

a    Fabio Pizza 

b, c    
Giuseppe Plazzi 

c, d    
a

 Center for Narcolepsy, Stanford University, Palo Alto, CA, USA; b Department of Biomedical and Neuromotor 
Sciences, University of Bologna, Bologna, Italy; c IRCCS Istituto delle Scienze Neurologiche di Bologna,  
Bologna, Italy; d Department of Biomedical, Metabolic and Neural Sciences, University of Modena and  
Reggio-Emilia, Modena, Italy

Published online: May 28, 2021

This article is licensed under the Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License  
(CC BY-NC-ND) (http://www.karger.com/Services/OpenAccessLicense). Usage and distribution for commercial purposes as 
well as any distribution of modified material requires written permission.



104 Mignot/Zeitzer/Pizza/Plazzi

Introduction

The study of sleep abnormalities in narcolepsy is grounded in its initial historical descrip-
tions. Narcolepsy is a chronic neurological disorder that affects the ability to control sleep 
and wake states. It is characterized by excessive daytime sleepiness, cataplexy (sudden 
episodes of muscle weakness triggered by emotions), and other abnormal rapid eye move-
ment (REM) sleep events, such as sleep paralysis (being paralyzed but awake at the same 
time), and hypnagogic hallucinations (dream-like experiences that occur while still con-
scious at sleep onset) [1].

It was only in the late 1970s, following the discovery that gamma hydroxybutyric acid 
(sodium oxybate) – a strong slow-wave sleep-enhancing agent – was an effective therapy 
on most narcolepsy symptoms [2], that disturbed nocturnal sleep became recognized as 
another cardinal symptom of narcolepsy. This classic presentation is currently referred to 
as narcolepsy type 1 (NT1) [3]. It is strongly associated with the immune gene Human 
Leukocyte Antigen (HLA)-DQB1*06: 02 and, in most cases, is diagnosed in the presence 
of a positive Multiple Sleep Latency Test (MSLT) indicating rapid transitions to REM 
sleep. The cause of NT1 is an autoimmune-mediated loss of the cells producing the neu-
ropeptide hypocretin (orexin) [4].

Although the term narcolepsy came later to also include cases without cataplexy (nar-
colepsy type 2 or NT2) but with a positive MSLT, the present chapter primarily concerns 
NT1, as patients with NT2 are mostly without hypocretin deficiency. We will only briefly 
discuss issues pertinent to NT2 toward the end of this chapter.

The Effect of Acute Hypocretin/Orexin Cell Loss in Human Narcolepsy

The acute effect of hypocretin/orexin cell loss is best assessed in NT1 children where the 
onset of symptoms is often extremely abrupt as it occurs within weeks. Pizza et al. [5] 
showed that narcolepsy first presents as a genuine hypersomnia with increased total daily 
sleep time over the 24-h day, occurrence of disturbing awakenings and dreaming, and 
prolonged daytime naps (sometimes lasting hours) (Fig. 1a). It is also associated with a 
generalized hypotonia with prominent facial involvement (mouth opening and tongue 
protrusion), a global floppy aspect, and gait disturbance in which falls to the ground can 
occur without apparent relation to emotions.

This phenotype suggests that the primary effect of hypocretin is promotion of wakeful-
ness, inhibition of REM sleep occurrence, and regulation of muscle tone. Weight gain 
typically follows, abruptly in children [6], a phenotype likely to be complex and at least 
partially due to decreased activity and metabolism in the face of increased or similar ap-
petite. Premature puberty may also ensue. Following this, children typically evolve toward 
the most well-known phenotype of adult narcolepsy, characterized by brief, refreshing 
sleep attacks, and episodes of muscle weakness evoked by strong emotions. Sleep becomes 
progressively more disrupted by wake transitions (Fig. 1b). Patients often report their 
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sleep to be restless, a symptom improved by sodium oxybate, a drug that restores the pro-
portion of deeper stages of sleep at night [7] and improves the entire phenotype. Cataplexy 
may also decrease with age, although this is now difficult to ascertain given the increase 
in the number of patients in whom cataplexy is adequately treated.

This is also in agreement with the effects of orexin antagonists, which promote sleep 
but also reduce REM sleep latency [8]. As orexin agonists are becoming available, a criti-
cal question of the field is whether these drugs will not only promote wakefulness and 
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Fig. 1. Long-term (24-h) sleep recordings (split into wake, rapid eye movement [REM] sleep, and the 
three non-REM sleep phases, N1, N2, N3) in a patient suffering from narcolepsy type 1 (NT1) close to 
onset of disease (a), 6 months later (b), and in a control subject (c). After one day of acclimation, patients 
were allowed to sleep in free-running conditions, recorded by an ambulatory, wireless, device. Note 
fragmentation of sleep, wake, and REM sleep onset periods from wake all through the 24-h day in NT1, 
contrasting with normal wake during the day and sleep at night (black bar on top of the hypnogram) 
in the control. There is also increased total 24-h sleep time close to disease onset (a) and normal sleep 
time 3 months later (b) in patients with narcolepsy. A significant decrease in 24-h total sleep time is 
observed in these patients after a mean 3-year follow-up (d); for details, see Pizza et al. [5]. d Repro-
duced from Pizza et al. [5] with permission under the Creative Commons Attribution Non-Commercial 
3.0 License (http://creativecommons.org/licenses/by-nc/3.0/).
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reduce cataplexy, which is preliminarily supported by pilot studies using the orexin recep-
tor 2 agonist TAK925 (as presented at World Sleep 2019 in September 20–25, 2019, in 
Vancouver, Canada [9], and at the virtual European Sleep Research Society congress in 
September 22–24, 2020 [10]), but also normalize disrupted nocturnal sleep. Data to date 
suggest there are patients with narcolepsy who are hypersensitive to TAK925, with 2–3 
times lower doses than in controls being wake-promoting (with dopaminergic stimulants, 
similar doses are generally needed to promote wakefulness in controls and narcoleptic 
patients [11, 12]). Pharmacokinetic issues set aside, it remains to be seen if disturbed noc-
turnal sleep will resolve upon chronic administration of orexin receptor 2 agonists, or/and 
if dual orexin receptor agonism will be needed for full control of all narcolepsy symptoms.

The Rise and Fall of the MSLT

The MSLT was originally designed by Carskadon et al. [13] to measure sleep latency in 
relation to sleep deprivation. Mitler et al. [14] adapted the test to study narcolepsy by al-
lowing longer naps to permit the observation of REM sleep onsets, defining a sleep onset 
REM period (SOREMP) as REM sleep latency ≤15 min, and mean sleep latency ≤5 min 
and ≥2 SOREMPs as diagnostic for the condition [13]. Indeed, authors had already shown 
that a SOREMP at night was highly characteristic of narcolepsy, but only occurred in half 
of cases (a SOREMP at night is very specific with only 0.8% false positive rate) [15, 16]. 
Although the MSLT rapidly became the standard diagnostic test in the United States and 
World for narcolepsy, it was first characterized in very few controls. Only in the late 1990s 
were large numbers of patients without narcolepsy studied and it was discovered that 
there was a 4% false positive rate [17]. In the 2000s, studies were also performed in the 
general population showing a similar false positive rate [18], notably in association with 
shift work. This last finding is not surprising considering the strong gating of REM sleep 
by the circadian clock, with maximal propensity shortly after the trough of body temper-
ature (e.g., 4–5 a.m.) [19]. Additional false positives were found in association with insuf-
ficient sleep [18]. To increase sensitivity, the threshold for sleep onset was later adjusted 
to a mean sleep latency ≤8 min, maintaining the ≥2 SOREMPs requirement. The diag-
nostic criteria were finally adjusted to include nocturnal sleep as valid for the ≥2 SOREMPs 
required, although this change had minimal impact on the specificity or sensitivity of the 
MSLT in the determination of NT1. 

The MSLT is a good test for diagnosing NT1, which is caused by hypocretin deficiency, 
with roughly 92% sensitivity and 96% specificity [16]. However, the potential overuse of 
the MSLT in patients with subjective sleepiness and no cataplexy has potentially created 
a large group of individuals misdiagnosed as having NT2; in these individuals, MSLT find-
ings are non-repeatable in most cases, suggesting false positives. Further, a 4% false posi-
tive rate in 4–8% of the population (the rate of excessive daytime sleepiness in the gen-
eral population) is 0.16–0.32%, manyfold greater than the prevalence of NT1 with cata-
plexy (0.03%) [20].
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One issue with the MSLT may be the non-exclusion of chronic sleep deprivation, 
which is very difficult to demonstrate [21], even more so as actigraphy or sleep logs are 
not mandated prior to an MSLT, an addition that most experts believe should be manda-
tory. The non-reproducibility of the MSLT in NT2 [22] suggests that NT2 and idiopathic 
hypersomnia, now defined in the international classification as MSLT mean sleep latency 
< 8 min and 0 or 1 SOREMP, should be merged [23]. This, however, could turn out to be 
problematic for many patients who rely on a NT2 diagnosis for drug coverage (idiopath-
ic hypersomnia is often not covered by insurance), as it is clear that many of these patients, 
whether classified as idiopathic hypersomnia or NT2, can benefit from therapy. What the 
merged entity will be called will be the object of fierce debate, as the decision, which should 
be based on science alone, has serious consequences for patients, as insurance coverage 
leaves less and less room for patient-centered medicine. Future research needs to demon-
strate that hypersomnolence syndromes without cataplexy are formally responsive to 
therapy.

The Fall and Return of 24- to 48-h Continuous Sleep Recording Studies

Prior to the MSLT, 24- or 48-h in-laboratory sleep recordings were conducted in narco-
lepsy patients to study the sleep patterns of these patients. These showed that established 
(i.e., long after onset of initial symptoms) NT1 was not a true hypersomnia. Indeed, these 
recordings revealed that most patients do not have increased 24-h total sleep time (unlike 
children close to onset, see above) but rather fragmented sleep and wake all through the 
24 h, with rapid transitions to REM sleep anytime during the 24-h day, a strong diagnos-
tic feature [24]. Circadian rhythms of temperature and melatonin are intact, however. 
These results mirrored data by Carskadon and Dement [25], which asked control and 
narcolepsy subjects to live on a 90-min sleep/wake schedule (1 h of wake and 30 min of 
sleep opportunity) and found that during the 30-min sleep opportunities, individuals with 
narcolepsy had REM transitions at all times during the day and night, while this occurred 
only in the early morning hours in controls (this remarkable study was the precursor of 
the MSLT [13]). These results, paralleling studies in animal models [26], showed that 
hypocretin activity inhibits REM sleep occurrence and that REM sleep propensity is at its 
highest when hypocretin levels are the lowest.

Considering the problems of the MSLT as currently performed, a return to long-term 
(24–72 h) sleep recordings has been advocated as a better option for diagnosing narco-
lepsy. Although by no means perfect to exclude the effect of poor sleep on a long-term 
basis, one advantage would be the ability to witness sleep rebound during the period of 
recording, should sleep deprivation be a major factor in a positive MSLT. Together with 
actigraphy, it is also likely to better exclude circadian disturbances, which can increase the 
likelihood of observing daytime SOREMPs in MSLTs [18]. Although less well character-
ized than the MSLT, selectivity and sensitivity of 24–72 h recordings are as high, or high-
er, for detecting NT1 [5, 24] (see Fig. 1a, b vs. c).
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The main issue regarding long-term sleep recordings is the difficulty and cost of imple-
menting this in clinical practice, not to mention that measuring and detecting low levels 
of cerebrospinal fluid hypocretin-1 (orexin-A) is more definitive for diagnosing NT1 but 
more frequently used in Europe than in the US. For this reason, we recently advocated 
waiting for the advent of wearable polysomnographic (PSG)/EEG technology as these are 
likely to be developed in a few years [27]. These could be worn at home for multiple days 
and used to diagnose NT1 and validate sleep during self-reported sleep attacks or hyper-
somnia behavior. This approach, which was used as early as in 1988 in NT1 [28], would 
allow more objective differentiation with fatigue or clinophilia (the tendency of a patient 
to remain in bed in a reclined position without sleeping for prolonged periods) in depres-
sion, an important differential diagnosis in hypersomnia [29]. Such protocols would have 
more face validity and be more practical to conduct than 24- to 48-h in-laboratory studies. 
Although most experts agree this is the direction that needs to be taken, and there is no 
technical obstacle to creating the needed device, this is likely to take time because there is 
no business incentive to drive this agenda forward at the present time.

Hypocretin/Orexin Release, Cell Activity, Sleep Function, and the Phenotype of 
Narcolepsy

Another way to explore how hypocretin regulates sleep and wake is to study cell activity 
and hypocretin release across sleep-wake and various behaviors. Clearly, the function of 
hypocretin/orexin is unlikely to be solely the regulation of sleep; rather it is the only func-
tion that cannot be compensated when complete loss of the peptide occurs [30]. Nonethe-
less, as illustrated in Figure 2, numerous studies have shown that across species, extracel-
lular hypocretin levels or release peak at the end of the active cycle (evening in humans) 
and decrease during sleep, to be minimal in the early morning hours in humans, not un-
like core body temperature. This behavior is governed primarily by the circadian clock but 
also influenced by homeostatic pressure such that sleep deprivation increases hypocretin 
levels, while reducing sleep debt decreases levels [31–33].

This duality may be helpful in explaining some aspects of the phenotype of narcolepsy. 
For example, most (but not all) narcolepsy patients have no difficulties in falling asleep in 
the evening during the so-called “forbidden zone” (circadian time when temperature 
peaks, around 6–7 p.m.), suggesting that hypocretin is an important component of the 
suprachiasmatic nucleus-regulated wakefulness drive [25]. This is also supported by the 
observation that the hypocretin/orexin antagonist suvorexant increases total sleep time 
by more than 2 h in shift workers trying to sleep during the daytime [34]. Similarly, as 
hypocretin levels increase with sleep deprivation or sleep debt, it suggests that hypocretin 
may be an important system that must be recruited to counteract sleep deprivation, pos-
sibly in the context of motivated behaviors or emotions. This last function could explain 
why a major phenotype of narcolepsy is the inability to stay awake for long periods of 
times, with the need for naps every few hours to stay awake.
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In contrast to this picture, studies of neuronal activity, which are difficult to conduct 
as identification of the neuronal phenotype for each recorded cell is needed, have not been 
as enlightening, showing (in rodents) increased sudden bursts of activity during wakeful-
ness, notably during goal directed behaviors [30]. This contrasts with a very high basal 
activity in brain slices when these neurons are deafferented, suggesting an important role 
of active inhibition in the regulation of hypocretin/orexin activity. How neuronal activity 
translates into hypocretin release at the level of the terminal area is however somewhat 
unclear. One study examined human hypocretin release in the hypothalamus and the 
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Fig. 2. Hypocretin-1 (orexin-A) peptide (a–f), preprohypocretin mRNA (g), and c-fos expression in hypo-
cretin neurons, a marker of neuronal activity, (h) exhibit a robust daily variation across different species. 
Data have been normalized to the 24-h average and aligned according to time of activity onset (hour 
12, dotted line). Note the various sources and techniques used for assay. The dashed line in panel b 
represents data from rats with lesioned suprachiasmatic nucleus. All data were collected while animals 
lived in a 12-h light:dark cycle. Data in a–f were obtained in our laboratory, and g and h were derived 
from graphically published data. Note the long delay and much reduced amplitude of hypocretin-1 
fluctuations in human lumbar cerebrospinal fluid (CSF), reflecting an 8-h delay in CSF migration from 
the cisterna magna to the human lumbar sac; this allows measurement of CSF hypocretin-1 for the di-
agnosis of narcolepsy to be relatively insensitive to time of CSF draw. Reproduced from Zeitzer and 
Mignot [36] with permission of the Licensor through PLSclear. 
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amygdala and found it to be absent in sleep and increased in wakefulness, notably in the 
context of social interactions [35].

Hypocretin (hypocretin-1 and -2) content in the brain is very high, not only in the pos-
terior hypothalamus where cell bodies are, but across a wide range of brain areas, indicat-
ing large storage of hypocretin-rich granules in terminal branches where release is pos-
sibly locally regulated [36]. This is also supported by the fact that hypocretin content in 
various brain areas, reflecting terminal stores, do not have the same phase as hypocretin 
levels when measured extracellularly (Fig. 2). Because of this and other findings, many of 
the effects of hypocretin/orexin have been suggested to be exerted by volume transmission 
(extracellular diffusion with release outside of synapses) [30]. This would explain why 
studies of hypocretin release versus cell activity do not match well.

Why a loss of hypocretin/orexin is associated with REM sleep abnormalities is also 
starting to be understood. Hypocretin release studies during REM sleep have not been 
performed and may be impossible to perform in specific brain areas. Nonetheless, hypo-
cretin cells have complex projections from the hypothalamus to core brainstem sleep 
regulatory regions known to participate in muscle atonia regulation [30, 37, 38]. It is pos-
sible that hypocretin does not simply inhibit REM sleep, but has differential effects on 
specific REM sleep behaviors, such as atonia and dreaming, known to be regulated by 
slightly different brainstem nuclei.

Interestingly, REM sleep-specific deprivation induces sleepiness or rebound REM 
sleep (including sleep paralysis) but is unable to produce cataplexy. The genesis of cata-
plexy may therefore be more complex than that of other symptoms. One possibility is 
that cataplexy is a non-specific type of muscle weakness triggered by emotions that is 
normally compensated by hypocretin tone. Some authors have shown that even indi-
viduals without narcolepsy have subclinical atonia when laughing [39]. It may be that an 
additional challenge to muscle tone induced by emotion cannot be compensated in the 
face of a chronic absence of hypocretin. This would explain why, at the onset of narco-
lepsy, cataplexy manifests more as a generalized muscle weakness that occurs indepen-
dent of emotions [5], and that it is only later in the course of the disease that the symptom 
evolves as typical cataplexy, with brief periods of muscle weakness triggered by emotions 
such as laughing. The general atonia would be compensated except for breakthrough 
episodes when emotionally challenged. Circuitry involving the amygdala is likely in-
volved based on old studies in narcoleptic hypocretin receptor (HCRTR) 2 mutant ca-
nines [40] and more recent mouse orexin knockout work [41]. In support of this hypoth-
esis, “cataplexy” triggered by laughing also occurs in other neurological disorders with 
central nervous system-mediated atonia but no hypocretin/orexin deficiency, such as 
Niemann Pick type C, Prader Willi [42], and, interestingly, Norrie’s disease, a disease 
characterized by a loss of X-linked monoamine oxidase (MAO) genes (almost always as-
sociated with blindness) [43].
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Role of HCRTR1 and HCRTR2 Receptors in the Phenotype of Narcolepsy

The hypocretin/orexin system mediates its action through two receptors, HCRT1 (OX1R) 
and HCRT2 (OX2R), which have complementary distributions in mammals [44]. HCRTR1 
reacts to hypocretin-1 (orexin-A), and HCRTR2 reacts to both hypocretin-1 and 2 (orex-
in-B). Of notable interest is that these receptors are highly concentrated in monoaminer-
gic neurons (among other locations), with HCRTR1 primarily located in the adrenergic 
locus coeruleus and HCRTR2 primarily located on histamine-producing neurons [30]. 
This is of interest considering the role of monoamines in wake and sleep regulation. Both 
receptors are primarily activating and primarily coupled to Gq. HCRTR2 is the more an-
cient family member, with HCRTR1 only appearing in mammals [45]. It is also the dom-
inant receptor functionally, as HCRTR2 mutant animals display all the clinical hallmarks 
of narcolepsy in dogs and rodents (cataplexy and the inability to consolidate long wake 
bouts), while HCRTR1 knockout animals have only a mild sleep phenotype with increased 
REM sleep propensity [46]. Double HCRTR1/HCRTR2 knockout animals recapitulate 
the more severe phenotype of HCRT knockout animals, suggesting that HCRTR1 has 
compensatory effects in the presence of loss of HCRTR2 in addition to other functions 
[47]. Interestingly, although the phenotype of HCRTR1 or HCRTR2 loss-of-function mu-
tations has not yet been described in humans, polymorphisms with an anticipated de-
creased function in both genes have significant effects on sleep symptoms, as reported in 
the UK Biobank [48, 49]. Such polymorphisms include rs2653349-A (I308V), in trans-
membrane domain 6 of HCRTR2 close to the binding site, which is associated with in-
creased napping and morning preference, and rs2271933 (I408V, N terminal cytoplasmic 
tail) in HCRTR1 which is associated with increased napping [48, 49]. These effects are 
consistent with the function of hypocretin/orexin proposed above.

The Phenotype of Disturbed Nocturnal Sleep in Narcolepsy and Novel Methods of 
Evaluations

As discussed above, the phenotype of narcolepsy, especially in established (non-recent 
onset) cases, includes disturbed nocturnal sleep. Disturbed nocturnal sleep in NT1 is a 
complex but disabling symptom that often deserves treatment on its own. Patients with 
narcolepsy typically have no problem falling asleep in the evening but will often awaken 
after 1–2 h and be unable to return to sleep. They often describe their sleep as restless and 
never deep, and although they feel refreshed after sleeping, sleep has felt very disrupted. 
Symptoms of abnormal REM sleep, such as hypnagogic hallucinations, half-conscious 
dream-like activity, sleep paralysis, sleep-talking, nightmares, and REM sleep behavior 
disorder may also manifest as intrinsic features [50, 51] and are reported as exhausting. 
Nocturnal PSG in established NT1 cases reveals a SOREMP in 40% of cases [16], increased 
stage N1 (which, as described below, is likely a mixed state) [52], sleep fragmentation [53] 
with numerous awakenings lasting more than 2 min and often associated with direct REM 
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sleep transitions [54]. Interestingly, narcolepsy is also associated with increased periodic 
leg movements during sleep, and this forms part of the phenotype, as it is also associated 
with HLA-DQB1*06: 02, a genetic marker of hypocretin deficiency in combined NT1/
NT2 samples [55].

Of notable importance, changes in macro-sleep architecture, such as a short REM sleep 
latency and abnormal numbers of sleep stage transitions, do not constitute the whole pic-
ture of sleep abnormalities in narcolepsy [53]. This is best exemplified by a study in our 
group that used deep learning to evaluate sleep stage characteristics of nocturnal sleep in 
untreated narcolepsy patients [56]. In this work, we used supervised deep learning to teach 
a neural network to score sleep stages every 30 s in controls, and in doing so, demonstrat-
ed that such an approach can be more accurate than human scoring. This neural network 
approach also allowed for the determination of the probability of each sleep stage during 
a 30-s epoch. That is, for a given 30-s epoch, what was the likelihood that the epoch was 
N1, N2, N3, or REM, with increasing probabilities being associated with a greater likeli-
hood that the epoch is truly representative of that stage of sleep (“hypodensity plots,” see 
Fig. 3). One reason that we used probabilities for each stage rather than just the categori-
cal stage was the finding that sleep scoring accuracy did not deviate much among techni-
cians across any sleep pathology except for narcolepsy, suggesting that characteristics of 
sleep stages in narcolepsy might be non-standard [56]. We therefore next used a second 
machine learning model, based on Gaussian process classifier that established a multipa-

ROC curve (area =0.96)
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Fig. 3. a Abnormal sleep stage probabilities in narcolepsy type 1 (NT1) as determined using deep learn-
ing-based scoring of nocturnal polysomnography recordings. P(y/x) represents probabilities of being 
in a specific sleep stage. Note short rapid eye movement (REM) sleep latency, sleep fragmentation, and 
sleep stage dissociation in narcolepsy, where periods of the hypnogram have equal probability of wake, 
REM sleep, and stage N1 (as often experienced by narcolepsy; may be sleep paralysis, hypnagogic hal-
lucinations, etc.). b Features from the deep learning sleep scoring models were used to predict narco-
lepsy in a sample of untouched NT1 patients using a receiver operating curve (ROC) analysis, offering 
high diagnostic value. Modified from Stephansen et al. [56] with permission under the Creative Com-
mons Attribution 4.0 International (CC BY 4.0) License (https://creativecommons.org/licenses/by/4.0/).
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rameter value that was studied by receiver operating curve analysis (Fig. 3). This allowed 
for the selection of a threshold that could be used to diagnose NT1, a value that was inde-
pendently validated in a separate group of NT1 patients. Using this methodology, we were 
able to show that PSG analysis of untreated narcolepsy patients was almost as predictive 
as the MSLT to diagnose narcolepsy. Not surprisingly, parameters selected as predictive 
included short REM sleep latency, increased number of sleep stage transitions, as well as 
presence of mixed probability sleep states, possibly representing sleep state dissociations, 
exemplar of the narcolepsy phenotype. Although our approach was successful, it only rep-
resents a first attempt at understanding sleep abnormalities in narcolepsy or in relation to 
decreased hypocretin tone. Indeed, narcolepsy predictions were estimated using a 30 s 
model of sleep scoring (a vestige of paper-based scoring rules) and did not take advantage 
of multiple EEG electrode locations (sleep-wake dissociation may also be regional, as re-
ported for parasomnias, for example). Further, the machine learning model used was a 
simple long short-term memory recurrent neural network, and other models may im-
prove our ability to differentiate this phenotype from other hypersomnias. We however 
also strongly believe these would be better tested when analyzing sleep and wake continu-
ously for 24–48 h rather than during one night of sleep, and both at narcolepsy onset and 
in established cases. This would likely not only benefit NT1 diagnosis but also establish a 
better, data driven, classification for hypersomnia disorders.

Key Take-Home Points

•	 Hypocretin/orexin deficiency in NT1 is associated with complex sleep-wake abnormalities that 
change from onset to established cases.

•	 Hypocretin/orexin deficiency is best defined by a decreased wake drive and a disinhibition of 
REM sleep occurrence, which can occur as normal REM sleep or as wake-REM sleep dissoci-
ated events (sleep paralysis hallucinations, and maybe cataplexy). These disrupt both sleep and 
wake.

•	 Once established, disturbed nocturnal sleep in narcolepsy is best described as an inability to stay 
asleep for a long period of time accompanied by dissociated sleep stages such as vivid dreams 
with partial remembrance and consciousness, REM sleep behavior disorder and sleep paralysis.

•	 The peak of circadian alertness in the evening is likely blunted in NT1.
•	 The standard diagnostic test, the MSLT, although specific and sensitive for NT1, is now over-

used. It has lost its ability to diagnose hypocretin deficiency when cataplexy is not present. Bet-
ter sleep recording techniques, such as continuous PSG recordings during 24–48 h need to bet-
ter differentiate the cause of disorders of hypersomnolence. Novel sleep analytics, such as deep 
learning-based technology, are likely to play a critical role in the diagnosis of narcolepsy and 
other disorders with a centrally mediated hypersomnolence.
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