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NOCTURNAL SLEEP DYNAMICS IDENTIFY NARCOLEPSY TYPE 1

Nocturnal Sleep Dynamics Identify Narcolepsy Type 1
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Study Objectives: To evaluate the reliability of nocturnal sleep dynamics in the differential diagnosis of central disorders of hypersomnolence.
Design: Cross-sectional.

Setting: Sleep laboratory.

Patients: One hundred seventy-five patients with hypocretin-deficient narcolepsy type 1 (NT1, n =79), narcolepsy type 2 (NT2, n = 22), idiopathic
hypersomnia (IH, n = 22), and “subjective” hypersomnolence (sHS, n = 52).

Interventions: None.

Methods: Polysomnographic (PSG) work-up included 48 h of continuous PSG recording. From nocturnal PSG conventional sleep macrostructure,
occurrence of sleep onset rapid eye movement period (SOREMP), sleep stages distribution, and sleep stage transitions were calculated. Patient
groups were compared, and receiver operating characteristic (ROC) curve analysis was used to test the diagnostic utility of nocturnal PSG data
to identify NT1.

Results: Sleep macrostructure was substantially stable in the 2 nights of each diagnostic group. NT1 and NT2 patients had lower latency to rapid
eye movement (REM) sleep, and NT1 patients showed the highest number of awakenings, sleep stage transitions, and more time spent in N1
sleep, as well as most SOREMPs at daytime PSG and at multiple sleep latency test (MSLT) than all other groups. ROC curve analysis showed that
nocturnal SOREMP (area under the curve of 0.724 + 0.041, P < 0.0001), percent of total sleep time spentin N1 (0.896 + 0.023, P < 0.0001), and
the wakefulness-sleep transition index (0.796 + 0.034, P < 0.0001) had a good sensitivity and specificity profile to identify NT1 sleep, especially
when used in combination (0.903 + 0.023, P < 0.0001), similarly to SOREMP number at continuous daytime PSG (0.899 + 0.026, P < 0.0001)
and at MSLT (0.956 + 0.015, P < 0.0001).

Conclusions: Sleep macrostructure (i.e. SOREMP, N1 timing) including stage transitions reliably identifies hypocretin-deficient narcolepsy type 1

among central disorders of hypersomnolence.
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INTRODUCTION

Central disorders of hypersomnolence (CDH) are chronic and
disabling disorders characterized by chronic sleepiness not ex-
plained by underlying breathing or motor disturbances during
sleep. Albeit this nosographic category includes hypersomnias
due to a medical disorder, to a medication or substance, associated
with a psychiatric disorder and the insufficient sleep syndrome,
the disorders of actual central origin (not due to comorbidities or
behavior) are those related to a complete or possibly partial neu-
rotransmission defect such as hypocretin deficiency (narcolepsy
type 1, NT1, or narcolepsy type 2, NT2, respectively) or are of
still unknown origin (idiopathic hypersomnia, IH).!

The diagnostic confirmation of clinically suspected CDH re-
quires the objective assessment of nocturnal sleep and of day-
time sleep propensity with the multiple sleep latency test (MSLT).
This serves to exclude underlying night-sleep alterations and doc-
ument diurnal high sleep propensity (short mean sleep latency)
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with or without increased tendency to rapidly enter into rapid eye
movement (REM) sleep, a finding typical of narcolepsy.'* The
aforementioned procedures are highly time and cost consuming,
requiring an equipped sleep laboratory and trained personnel
to consecutively monitor patients during nighttime and day-
time. Unfortunately, long waiting lists from clinical evaluation
to polysomnographic (PSG) recordings prevent many patients
from rapidly receiving proper diagnosis and treatment. Moreover,
Longstreth et al.,* upon reviewing epidemiological evidence on
narcolepsy, highlighted how most of the current knowledge on
narcolepsy prevalence is based on large questionnaire-based
studies or national registries, with few data confirmed by clinical
assessment and/or sleep studies, the latter performed only in a
subset of previously screened subjects.* Considering that the
clinical definition of cataplexy (pathognomonic for narcolepsy
with cataplexy, now NT1)'5 as a self-reported symptom remains
vulnerable to malingering and inadequate history collection
(especially by questionnaire assessment), it is possible that the
prevalence rates of narcolepsy with cataplexy falling between 25
and 50 per 100,000 people are only the top of a underdiagnosed
disease “iceberg” with variable severity levels.*

Several studies addressed nocturnal sleep in CDH and par-
ticularly in NT1 with the aim of describing sleep related comor-
bidities and also peculiarities in terms of sleep macrostructure
and microstructure, quantitative electroencephalographic
(EEG) analyses, as well as muscle tone or periodicity of leg
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movements detected by chin and bilateral leg electromyog-
raphy (EMG).® Conversely, few data addressed the diagnostic
value of conventional sleep macrostructure and showed that
the occurrence of REM sleep within the sleep onset period
(SOREMP) during nocturnal sleep distinguished narcolepsy.’
Indeed, nocturnal SOREMP has been now been reintroduced
in the actual diagnostic criteria for narcolepsy together with the
MSLT.! However, approximately 50% of NTI patients do not
show a nocturnal SOREMP, thus limiting the use of nocturnal
sleep as exclusive neurophysiological disease marker.” Other
studies addressed the sequential occurrence of sleep stages at
sleep onset either at the MSLT or at nocturnal PSG (nPSG) and
further showed that SOREMPs identify narcolepsy from other
CDH (namely IH and insufficient sleep syndrome),* '° and that
the direct transition from non REM sleep stage 1 or wakeful-
ness to SOREMP was more specific of NT1 and associated with
overall higher narcolepsy severity.’

Although the qualitative analysis of the sleep onset period
can provide additional useful information, conventional sleep
parameters provide only a static picture of sleep, thus missing
its complex and dynamic unfolding over time. Indeed, sleep
is a nonlinear process with different representations of stages
from the beginning to the end of the night and is characterized
by significant fluctuations, as evidenced, for example, by the
analysis of the cyclic alternating pattern.' In addition to the
analysis of sleep microstructure, promising data arose from
the study of transitions between sleep stages (different states
of being), an approach that quantifies sleep continuity and has
the intriguing potential of inferring on the underlying neuronal
activity by using simple visual scoring data. A single study
addressed sleep stage transitions in patients with narcolepsy
and disclosed that higher nocturnal fluctuations between sleep
and wakefulness were associated with biochemical and clin-
ical evidence of hypocretin deficiency and cataplexy.'”> More
in-depth spectral EEG analysis with high temporal resolution
(state space technique) also proved that orexin knockout mice
have less distinct states and spend more time in transitional
conditions, thus definitively proving behavioral instability in
experimental NT1."

With this study we aimed at assessing the diagnostic utility of
parameters directly derived by the analysis of nocturnal sleep
macrostructure (including the sleep onset profile and state transi-
tions across nighttime) versus the benchmark of daytime PSG
markers (SOREMP occurrence at continuous recording and at
the gold standard MSLT) to identify hypocretin-deficient NT1.
To search for the best NT1 marker our study has the following
advantages compared to previous researches: (1) state transitions
were calculated also in a new way (considering non-rapid eye
movement (NREM) sleep stage 1 as a different state); (2) the
time continuously spent in each state across the night was consid-
ered as counterpart of state transitions; and (3) for the first time
the potential of all these measurements was evaluated in parallel
in the arena of the CDH differential diagnosis.

MATERIAL AND METHODS

Patients
Subjects were consecutive drug-naive patients evaluated for
complaints of chronic sleepiness (lasting at least 3 mo) from
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June 2006 to June 2012 at the Outpatient Clinic for Narcolepsy
of the Sleep Disorders Center of the Department of Biomed-
ical and Neuromotor Sciences (DIBINEM) of the University
of Bologna, and who received a final diagnosis of CDH ful-
filling current international diagnostic criteria." For the pur-
pose of the study we applied the following additional inclusion
criteria: (1) availability of hypocretin-1 measurement for NT1
diagnosis; (2) evidence of high sleep efficiency (supportive
criterion) in the second nocturnal recording for IH diagnosis;
(3) exclusion of familial, genetic (e.g., narcolepsy secondary
to methylopathies)," and secondary forms (e.g., brain malfor-
mations,” psychiatric or significant medical comorbidity) for
all CDH diagnoses. Finally, subjects whose sleepiness com-
plaint was not confirmed by pathological sleep propensity at
the MSLT and who had “normal” sleep (i.e., without breathing
or motor abnormalities such as sleep apneas or periodic limb
movements) were also included as reference group, and are
here named “subjective HS” (sHS).

Procedures

All patients underwent the following standardized proce-
dures: (1) clinical evaluation by the same expert in sleep medi-
cine (G.P); (2) subjective sleepiness assessments using the
Epworth Sleepiness Scale (ESS)'; (3) 48-h continuous PSG
followed by (4) a clinical MSLT with five nap opportunities®;
and (5) lumbar puncture and blood drawn whenever possible to
assess cerebrospinal hypocretin-1 levels and human leukocyte
antigen (HLA) typing. Our standardized diagnostic algorithm
has been previously detailed and included repeated clinical
evaluations coupled with extension of nocturnal sleep and
nocturnal cardiorespiratory monitoring to rule out psychiatric
comorbidity, sleep deprivation, and sleep disordered breathing,
respectively, while confirming sleepiness complaint before
hospitalization."”

The 48-h PSG performed with an ambulatory device in-
cluded conventional EEG, bilateral electrooculogram (EOG),
submentalis and bilateral anterior tibialis EMG, respiratory
parameters, and electrocardiogram.”® During daytime, patients
were allowed to sleep whenever they wanted in unscheduled
free-running conditions, and a sleep diary was used to sub-
jectively assess daytime napping behavior and lights off/on
during the night to identify the major nocturnal sleep period.
Reliability of diary reports were also checked by reviewing the
continuous video recording in patients’ room by the board-
certified polysomnographic technician (S.V.) before scoring
the PSG and the MSLT." The study was approved by the local
Institutional Review Board and all patients gave written in-
formed consent.

Data Classification and Sleep Macrostructure Analysis

Neurophysiological data recorded during the 48-h PSG
were first dichotomized in daytime versus nocturnal record-
ings using sleep diaries and verifying lights off/on timing from
the video recording in the patients’ room.

The following conventional sleep data were analyzed in noc-
turnal recordings: sleep latency from lights off (SL) and REM
sleep latency from the sleep onset (defined as the first epoch
of any sleep stage; REML), total sleep time (TST), sleep pe-
riod (time from sleep onset to lights on; SP), wakefulness after

1278 Nocturnal Sleep Dynamics Identify Narcolepsy Type 1—Pizza et al.



sleep onset (WASO), sleep efficiency (SE), number of awaken-
ings (Awk), shift stage index (defined as the number of shifts
between sleep stages per hour of sleep period; SSI), absolute
time spans and percentages of TST spent in NREM sleep stage
1 (N1), 2 (N2), slow wave sleep (N3), and in REM sleep (REM).

For the sleep onset period, absolute latencies from lights-off
to the occurrence of the first epoch of all sleep stages were
calculated to identify SOREMP (REM sleep occurring within
15 min from the sleep onset) and the sequential occurrence of
sleep stages up to the first REM sleep episode. The sleep stage
sequences were then classified according to the following cat-
egories: 1, N1 —N2 —N3 —REM; 2, N1 - N2 - REM; and 3, N1
or wakefulness (W) — REM.

The raw scoring of each night was then exported in an
Excel file in order to obtain further dynamic information from
sleep macrostructure. First, the absolute number of transi-
tions between and within all stages were counted (W, NI,
N2, N3, REM). Second, the time continuously spent in each
condition was calculated, defined as the number of epochs
of each stage that were followed by analogous condition, and
then converted in minutes. Third, the transition counts were
recoded according to the following conceptual frameworks:
1, wakefulness and sleep (N1, N2, N3, and REM together);
2, wakefulness, NREM (N1, N2, N3), and REM sleep; and 3,
wakefulness, N1, NREM (N2 and N3), and REM sleep. Finally,
these counts of transitions between “states” were divided by
the time in bed (in hours) leading to the following transition
indexes: 1, transition index between wakefulness and sleep
(tW-Si); 2, transition index between wakefulness, NREM and
REM sleep (tW-NR-Ri); and 3, transition index between wake-
fulness, NREM sleep stage 1 (N1), NREM sleep (N2, N3), and
REM sleep (tN1-NR-Ri).

From daytime PSG (of the second recording day) we ex-
tracted the following parameters for each spontaneous nap:
TST, absolute time in each sleep stage, as well as in REM sleep
and NREM sleep, and the occurrence of SOREMP (defined as
previously stated). We then calculated the number of naps, TST,
time spent in each sleep stage, and the number of SOREMPs
for the entire daytime period.

MSLT recordings were scored and interpreted (mean sleep
latency, number of SOREMPs) as recommended.?

Statistical Analysis

Continuous and categorical data have been explored using
descriptive statistics, i.e., mean + standard deviation (SD) and
frequency, respectively.

Sleep data pertaining to the first night have been contrasted
with those of the second night in each diagnostic category by
means of Mann-Whitney and chi-square tests to assess inter-
night variability of each parameter.

The sleep data of the second night were selected for the
subsequent analyses aimed at comparing the four diagnostic
groups among them including overall (Kruskall-Wallis and
chi-square tests, followed by multiple comparison correction)
and post hoc analyses (Mann-Whitney U and chi-square tests).

Finally, the potential diagnostic value of the nocturnal sleep
parameters best differentiating NT1 from all other groups
(P < 0.0005 at overall comparison and significant P values at
post hoc analyses versus NTI) and showing low internight
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variability was gathered using receiver operating characteristics
(ROC) curves analysis in comparison with the best neurophysi-
ological diagnostic markers, namely the number of SOREMPs
at the MSLT (diagnostic gold standard)' and at daytime PSG."”
Finally, we combined the nocturnal markers with the best sen-
sitivity and specificity cutoffs to identify NT1 by converting
them in positive items (0—1) and summing them into a nPSG
score to be further tested with ROC curves analysis.
A value of P < 0.05 was considered statistically significant.

RESULTS

Patients

The clinical data of the studied population are reported in
Table 1. It included 79 NT1, 22 NT2, 22 IH, and 52 sHS pa-
tients. Patient subgroups showed comparable sex distribution
and age at both observation and at onset of the first symptom
(the latter after correction for multiple comparisons).

Per inclusion criteria all patients complained chronic sleepi-
ness. Although subjective sleepiness at the ESS was comparable
among groups, they differed for objective sleep propensity and
number of SOREMPs at the MSLT as for diagnostic criteria.

Cataplexy was mostly represented in NTI1, ranging from
facial weakness with jaw opening to falls to the ground trig-
gered by strong emotions. Of interest, although only two NT1
patients did not report cataplexy, several cases belonging to
the other patient groups reported sudden weakness phenomena
reminiscent of cataplexy. Sleep paralyses and hallucinations
were also more prevalent in NT1 patients, who complained
more frequent and disabling symptomatology.

NT1 patients most frequently carried the HLA-DQB1*06:02
allele, with two patients who were HLA negative."” As for
inclusion criteria, all the 79 NT1 patients had cerebrospinal
hypocretin-1 below 110 pg/mL, with 23 undetectable, 36 below
40 pg/mL, and 20 above 40 pg/mL.

Nocturnal Sleep Data

Internight variability

The PSG data of the two nocturnal recordings in each di-
agnostic group are reported in Table SI (supplemental mate-
rial) together with internight statistical comparisons. Overall,
the parameters explored showed low internight variability in
each nosographic category, with only mild differences for SP
and SOREMP occurrence in sHS, and for TST, SP, and abso-
lute time spent in N2 in NT1 patients. Accordingly, all sleep
parameters were explored, but SOREMP, TST, SP, and time
spent in N2 appeared to be reliable objective disease markers
for subsequent ROC curve analyses.

Macrostuctural and Dynamic Differences of Nocturnal Sleep
Among Patients’ Groups

The PSG data of the second nocturnal recording in each
diagnostic group are reported in Table 2 together with statis-
tical comparisons among groups followed by correction for
multiple testing (39 variables * 4 groups = 156) and post hoc
comparisons.

Conventional sleep macrostructure showed the following
differences among groups: (1) NT1 patients had the shortest
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Table 1—Clinical data of the different patient groups.
sHS (n=52) IH (n=22) NT2 (n=22) NT1 (n=79) Corrected
Mean SD Mean SD Mean SD Mean SD P P
Clinical Data
Age (y) 3837 1514 39.36 1246 3032 1119 3277 1534 0.0219 n.s.
Male sex (%) 55.80 63.60 63.60 57.00 n.s. n.s.
Body mass index (kg/m?) 23.98 3.83 24.50 3.68 25.20 3.49 27.16 5.62 0.0050 n.s.
Cerebrospinal hypocretin-1 (pg/mL)  304.11  109.33 304.33  82.00 343.94 205.19 2477  28.65 <0.0001 <0.0001
(n=43) (n=16) (n=17) (n=78)
Positive HLA-DQB1*06:02 (%) 11.80 40.00 40.00 97.30 <0.0001 <0.0001
Diagnostic delay (y) 16.58  16.77 17.24 1553 8.95 7.78 11.87  13.08 n.s. n.s.
Age at first symptom onset (y) 2352 14.02 2458  11.20 2026 1147 2043  11.04 n.s. n.s.
Hypersomnolence prevalence (%)  100.00 100.00 100.00 100.00 n.s. n.s.
Age at hypersomnolence onset (y) 2534 1475 2415 10.80 20.84 1147 2056 1099 n.s. n.s.
Cataplexy prevalence (%) 21.30 18.20 13.60 97.40 <0.0001 <0.0001
Sleep paralyses prevalence (%) 34.00 18.20 40.90 70.10 <0.0001  0.0001
Sleep hallucinations prevalence (%)  10.60 18.20 45.50 64.50 <0.0001 <0.0001
Sleepiness Data
Epworth Sleepiness Scale score 14.91 4.24 15.33 4.44 16.25 4.49 16.75 3.16 n.s. n.s.
MSLT - mean sleep latency (min) 14.46 3.33 6.03 0.96 6.36 1.56 3.23 2.27 <0.0001 <0.0001
MSLT - sleep onset REM periods (n) ~ 0.08 0.27 0.09 0.29 2.36 1.26 3.91 1.28 <0.0001 <0.0001
IH, idiopathic hypersomnia; MLST, multiple sleep latency test; NT1, narcolepsy type 1; NT2, narcolepsy type 2; REM, rapid eye movement; SD, standard
deviation; sHS, subjective hypersomnolence.

sleep latency; (2) REM latency was shorter in NT1 and NT2
than in sHS and IH, without significant differences between
IH and NT2, whereas SOREMP occurrence was increasingly
more frequent in sHS, IH, NT2 and NT1; (3) WASO and Awk
were higher in NT1 than in the other groups, whereas SE was
lower in NT1 versus the other groups and higher in IH versus
sHS (per inclusion criteria); (4) the SSI and the percentage of
TST spent in N1 were highest in NT1 (Figure 1), and 5) NT1
spent most absolute time in N1 and in wakefulness than all
other groups.

The sleep onset period disclosed the following differences
among groups: (1) NT1 had shortest absolute latencies to N1;
(2) NT1 had shorter absolute latencies to REM than sHS and
IH, and NT2 had shorter absolute latency to REM than sHS,
without any significant difference between NT1 and NT2; and
(3) the sleep stage sequence N1 or W-REM was more repre-
sented in NT1, without differing from NT2.

The sleep parameters expressing the dynamic fluctuations
among states were the time spans spent continuously in each
stage and the transitional rates. In terms of time continuously
spent in each sleep stage, NT1 patients showed more N1 than
all other groups. In parallel, all the transitional indexes were
highest in NT1 (Figure 1).

The evaluation of daytime PSG data showed that: (1) NT1
had more naps than sHS and NT2; (2) the number of SOREMPs
was highest in NT1, intermediate in NT2, and comparable be-
tween sHS and IH; and (3) TST, time spent in REM, N1, and
N3 were highest in NT1.

Integrated PSG Marker for NT1: ROC Curve Analyses
ROC curve analyses were performed separately for noc-
turnal and daytime PSG data in order to compare the diagnostic
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reliability of nocturnal sleep parameters that showed low in-
ternight variability and best discriminated among groups
versus well-established daytime PSG markers (i.e., SOREMPs
at MSLT — gold standard, and daytime continuous PSG) to
identify NT1. Nocturnal SOREMP occurrence was included
despite its variability in sHS given previous evidences and
current diagnostic criteria'’; SE, WASO, and Awk were not
included for the potential type 1 error (high SE for IH inclu-
sion criteria).

ROC curve analysis on nPSG data included the occurrence
of SOREMP (absence or presence, coded as 0 or 1, respec-
tively), the percentage of TST spent in N1, the time spent in
N1, the time continuously spent in N1, the SSI, and the transi-
tional indexes (Table 3, top). All parameters showed significant
areas under the ROC curves with the following progressive
order: SOREMP, SSI, tW-NR-R index, tW-N1-NR-R index,
tW-S index, Stable N1 (min), N1 (min), N1 % (of TST) (Table 3,
Figure S1, supplemental material).

ROC curve analysis on daytime continuous PSG data in-
cluded number of SOREMPs, TST (min), time spent in REM,
in N1, in N3 (min) and number of SOREMPs at the MSLT
(Table 3, bottom). As expected,'” the total number of SOREMPs
at daytime continuous PSG recording (area of 0.899) and at the
MSLT (area of 0.956) showed the best sensitivity/specificity
profile to identify NT1 (Table 3, Figure S1).

Among nocturnal parameters we then selected the most sig-
nificant in terms of timing spent in N1 (N1 % of TST) and of
transitional indexes (tW-Si) to avoid redundant predictors of
NT1, and we applied different cutoffs to increase the sensi-
tivity/specificity profile of a combined nPSG score inclusive
of SOREMP occurrence with ROC curve analyses. The com-
bined score was obtained by adding a point for the following
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Table 2—Polysomnographic data of second nocturnal recording of each diagnostic group and statistical comparisons.
1-sHS 2-H 3-NT2 4-NT1 All Bonferroni Post hoc
Mean sD Mean SD Mean sD Mean sD 1-2-3-4 All*Group 1vs2 1vs3 1vs4 2vs3 2vs4 3vs4
Sleep Macrostructure
Sleep latency (min) 12.20 12.30 7.39 5.83 10.14 10.50 5.19 5.47 0.00017 0.02600 ns. ns. 0.00004 ns. 0.02277  0.00984
REM sleep latency (min) 66.79  23.08 59.02  20.39 4852 3536 47.96  81.84 0.00024 0.03780 n.s. 0.03332  0.00004 ns. 0.01888 ns.
Total sleep time (min) 40565  63.77 430.55  58.64 41832  80.39 40819  75.61 0.71655 n.s. n.s. ns. ns. n.s. n.s. ns.
Sleep efficiency (%) 88.55 5.96 92.30 341 90.01 7.44 83.17 1194 0.00004 0.00685 0.01815 ns. 0.00859 ns. 0.00005  0.00340
Sleep period (min) 44578  66.68 45968  66.45 46046  98.22 49413 112.16 0.01674 ns. ns. ns. 0.00183 ns. ns. ns.
Wakefulness after sleep onset (min) 3964 2625 2864 17.73 3598  38.16 84.05 9431 <0.00001 0.00002 ns. ns. 0.00003 n.s. 0.00001  0.00007
Number of awakenings 20.27 8.45 18.09 9.41 18.36 8.50 33.51 15.08 <0.00001 <0.00001 ns. ns.  <0.00001 ns. 0.00001 <0.00001
Shift stage index 14.06 297 13.84 348 14.07 3.24 17.52 4.56 0.00001 0.00111 ns. ns. 0.00001 n.s. 0.00085 0.00146
N1 % of TST (%) 7.96 342 6.41 213 7.04 3.19 15.19 5.77 <0.00001 <0.00001 ns. ns.  <0.00001 ns.  <0.00001 <0.00001
N2 % of TST (%) 45.98 7.90 46.60 8.25 47.32 6.77 4143 9.02 0.00334 ns. ns. ns. 0.00637 ns. 0.01394  0.00659
N3 % of TST (%) 21.57 6.76 20.19 781 20.35 6.06 18.67 7.86 0.06869 ns. ns. ns. 0.00953 ns. ns. ns.
REM % of TST (%) 2449 5.34 26.43 4.20 25.28 4.86 2472 7.34 0.39688 ns. ns. n.s. n.s. ns. ns. n.s.
Sleep Onset Period
N1 latency from lights off (min) 1254 1220 6.77 5.14 10.18  10.54 5.22 549 0.00004 0.00565 ns. n.s. 0.00001 ns. 0.03351  0.01015
N2 latency from lights off (min) 2077 18.09 11.64 6.45 2120 2159 2344  36.63 0.14700 ns. 0.03169 ns. ns. ns. 0.03666 ns.
N3 latency from lights off (min) 4161 29.37 31.02 2160 4148 2253 5432 8338 0.01347 ns. ns. ns. ns. 0.01714  0.00097 ns.
First REM latency from lights off (min) 80.28  30.15 7043 2861 58.68  37.14 5146  84.93 <0.00001 0.00053 ns. 0.02613 <0.00001 ns. 0.00353 n.s.
Sleep onset REM period (%) 0.00 4.55 18.18 50.00 <0.00001 <0.00001 <0.00001 <0.00001 <0.00001 <0.00001 <0.00001 <0.00001
Sequence N1, N2, N3, REM 88.50 95.50 63.64 38.46 <0.00001 <0.00001 ns. 0.02261 <0.00001  0.02921  0.00001 ns.
Sequence N1, N2, REM 7.70 0.00 13.64 16.67
Sequence N1 or W, REM 3.80 4.50 22.73 44.87
Absolute Times
N1 (min) 3205 1478 28.36 9.50 2982 1419 63.62  26.63 <0.00001 <0.00001 ns. ns.  <0.00001 ns.  <0.00001 <0.00001
N2 (min) 18552  47.03 20573 5546 198.80  48.29 17056 44.34 0.00628 n.s. n.s. ns. 0.03935 ns. 0.00722  0.01266
N3 (min) 8486  27.95 88.39 2698 83.95  23.85 7851  37.67 0.21412 n.s. n.s. ns. ns. n.s. n.s. ns.
Wakefulness (min) 5413 27.80 4414 3266 4814 4248 85.55  61.00 0.00007 0.01076 ns. ns. 0.00483 ns. 0.00053  0.00075
REM sleep (min) 99.97  31.37 11420 20.15 106.77  32.05 10297  36.19 0.27188 ns. ns. ns. ns. n.s. ns. ns.
Stable N1 (min) 1546 10.50 11.70 5.83 12.91 9.00 36.83  19.71 <0.00001 <0.00001 ns. ns.  <0.00001 ns.  <0.00001 <0.00001
Stable N2 (min) 17213 4575 190.95  53.54 183.84  46.46 15434 42.50 0.00294 ns. ns. ns. 0.01926 ns. 0.00442  0.00899
Stable N3 (min) 8180  27.41 8484  26.71 80.41 2348 7565  36.80 0.24947 ns. ns. ns. ns. n.s. ns. ns.
Stable wakefulness (min) 4335  26.37 3398  30.27 3827  40.00 68.01 57.73 0.00090 ns. ns. ns. 0.03249 n.s. 0.00240  0.00293
Stable REM sleep (min) 9350  29.98 107.64  20.29 100.14 3143 93.92 34.05 0.14451 ns. ns. ns. ns. ns. 0.01882 ns.
Transition Indexes
tW-S index 543 2.04 4.75 227 4.83 213 8.12 3.06 <0.00001 <0.00001 ns. ns.  <0.00001 ns.  <0.00001 <0.00001
tW-NR-R index 8.13 2.26 745 244 747 1.96 11.08 3.39 <0.00001 <0.00001 ns. ns.  <0.00001 ns. 0.00001 <0.00001
tW-N1-NR-R index 11.84 2.96 11.31 3.23 11.48 2.80 16.03 4.40 <0.00001 <0.00001 ns. ns.  <0.00001 ns. 0.00001  0.00001
Daytime Sleep
Nap number (n) 2.32 1.64 3.1 2.32 215 1.68 441 212 0.00013 0.02030 ns. n.s. 0.00011 ns. ns. 0.00152
SOREMPs (n) 0.24 0.47 0.24 0.54 0.75 0.91 2.82 1.83 <0.00001 <0.00001 ns. 0.00938 <0.00001 0.03314 <0.00001 <0.00001
Total sleep time (min) 102.14  99.89 911 7140 9020  79.94 165.94  86.03 <0.00001 0.00048 ns. ns. 0.00001 ns. 0.00034  0.00101
REM sleep time (min) 1363 23.13 1086  16.86 1710 17.31 40.76  31.59 <0.00001 <0.00001 ns. ns.  <0.00001 ns.  <0.00001 0.00033
Non-REM sleep time (min) 8168 7470 7380  56.21 7213 66.87 116.18  66.04 0.00081 ns. ns. n.s. 0.00093 ns. 0.00498  0.01085
N1 sleep time (min) 17.84  13.09 1864 1213 2018 2563 3738 2745 <0.00001 0.00008 n.s. ns.  <0.00001 ns. 0.00042  0.00057
N2 sleep time (min) 5565  52.32 4982 4418 4435 4382 58.38  39.16 0.32221 n.s. n.s. ns. ns. n.s. n.s. ns.
N3 sleep time (min) 15.02 2544 11.80 13.79 8.58 11.26 2942 2253 <0.00001 0.00002 ns. ns.  <0.00001 ns. 0.00032  0.00002
IH, idiopathic hypersomnia; MLST, multiple sleep latency test; NT1, narcolepsy type 1; NT2, narcolepsy type 2; REM, rapid eye movement; REM, rapid
eye movement; SD, standard deviation; sHS, subjective hypersomnolence; SOREMPs, sleep onset rapid eye movement period; TST, total sleep time; tW-
NR-R, transition between wakefulness, nonrapid eye movement, and rapid eye movement sleep.

variables and cutoffs: N1 > 10.1 % of TST, sensitivity of §1%
and specificity of 80%; tW-Si > 3.92, sensitivity of 96% and
specificity of 31%; and SOREMP occurrence, sensitivity of
50% and specificity of 95%. The combined score thus ranged
from 0 to 3, and showed improved diagnostic reliability com-
pared to each single nocturnal sleep parameter and obtained
an area under the curve of 0.903 (Figure 2). According to ROC
curve analysis the combined nPSG score would have a sen-
sitivity of 92% with a specificity of 80% with a cutoff > 2 to
identify NT1.

Finally, the combined score was also tested for the differen-
tial diagnosis between NT2 and NT1 and showed an area under
the ROC curve of 0.894 (standard error of the mean = 0.039,
P <0.0001) and the cutoff > 2 had a sensitivity of 92% with a
specificity of 77% to identify NT1 versus NT2.

We additionally performed exploratory ROC curve analyses
on the data of the first nPSG, and we confirmed that the combi-
nation of a transitional index (tW-Si, area of 0.809; tW-NR-Ri,
area of 0.796; or tW-N1-NR-Ri, area of 0.780) with a measure
of the time spent in N1 (N1 min, area of 0.880; stable N1 min,
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area of 0.875; or N1 % of TST, area of 0.546) and with the oc-
currence of SOREMP (area of 0.656) could lead to results over-
lapping those obtained from the second nocturnal recording.

DISCUSSION

We analyzed nocturnal sleep macrostructure together with
parameters directly derived from conventional visual sleep
scoring that express the dynamic fluctuations among behav-
ioral states in our mixed CDH population and we obtained the
following main results: (1) most of the sleep macrostructure
and dynamics parameters were stable across the 2 nights in the
different diagnostic groups; (2) NT1 was most strikingly dis-
tinguished by macrostuctural descriptors, especially SOREMP
occurrence, and higher representation of NI; (3) the transi-
tional rates among sleep states further differentiated CDH; and
(4) we also found that the combined use of SOREMP occur-
rence, of the time spent in N1, and of a high transitional index
between wakefulness and sleep is a reliable screening tool
to identify NT1 with a diagnostic sensitivity/specificity pro-
file close to SOREMPs count at the MSLT or at daytime PSG.
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Figure 1—Boxplot of the percentage of total sleep time spent in N1
sleep (upper panel) and of the transitional index between wakefulness
and sleep (tWSi, lower panel) in the different diagnostic groups. The
bottom and top of the box represent the first and third quartiles, the band
inside the box is the median, ends of the whiskers are the minimum
and maximum, and the vertical line the cutoff used for the nocturnal
polysomnographic score. IH, idiopathic hypersomnia; NT1, narcolepsy
type 1; NT2, narcolepsy type 2; sHS, subjective hypersomnolence; tWSi,
transitional index between wakefulness and sleep.

Compared to previous studies, we evaluated sleep stage transi-
tions and sleep onset profile in different groups of patients with
CDH and implemented this approach by considering also the
time spent continuously in each sleep stage.

We found a small night-to-night variability in most groups of
patients with CDH. The first night effect is a well-established
phenomenon reflecting the need for an adaptation to sleep in
the laboratory setting leading to lower TST and SE in the first
night, and is especially prominent in normal subjects and pa-
tients with insomnia.? Scarce data are available in the field
of CDH. Indeed, this finding allowed the subsequent use of
sleep parameters not affected by internight variability and best
identifying NT1 as potential diagnostic markers (ROC curve
analysis). While confirming previous data on the reliability of
nocturnal SOREMP occurrence as a good screening tool for
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Figure 2—Receiving operating characteristic curves of the nocturnal
polysomnographic (nPSG) score and sleep onset rapid eye movement
periods (SOREMPs) at daytime polysomnography and at the multiple
sleep latency test (MSLT) to identify narcolepsy type 1.

Table 3—Receiver operating curve analysis results.

Area SEM P
Nocturnal Data
Shift Stage Index 0.728 0.039 <0.0001
N1 % of total sleep time 0.896 0.023 <0.0001
Nocturnal SOREM (0-1) 0.724 0.041 <0.0001
N1 (min) 0.882 0.026 <0.0001
Stable N1 (min) 0.879 0.025 <0.0001
tW-S index 0.796 0.034 <0.0001
tW-NR-R index 0.789 0.035 <0.0001
tW-N1-NR-R index 0.794 0.034 <0.0001
Daytime Data
SOREMP (n) 0.899 0.026 <0.0001
Total sleep time (min) 0.733 0.038 <0.0001
REM sleep time (min) 0.810 0.033 <0.0001
N1 (min) 0.752 0.037 <0.0001
N3 (min) 0.752 0.038 <0.0001
MSLT SOREMP (n) 0.956 0.015 <0.0001

MSLT, multiple sleep latency test; REM, rapid eye movement;
SEM, standard error of the mean; SOREM, sleep onset rapid eye
movement; SOREMP, sleep onset rapid eye movement period.

NTI1,” we highlight that it also appeared stable across 2 nights in
narcoleptic patients. We also confirm the previous observation
on the most frequently represented direct transition from N1 or
W to SOREMP in NT1 nocturnal sleep,'® a piece of evidence
that, however, did not seem to add significant diagnostic con-
fidence in the CDH populations we explored. Previous studies
on sleep stage sequence analysis highlighted that the N1/W to
REM sleep transition on the MSLT distinguished narcolepsy
from insufficient sleep syndrome,®’ a patient population that
was not explored in our study, however. Acknowledging that
in clinical practice most laboratories do not have the liberty of
collecting 2 consecutive nights and with the aim of searching
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for a less time- and resource-intense protocol as screening tool
compared to the standard PSG + MSLT approach, we also veri-
fied that data from the first (adaptation) night could provide
comparable results.

We found increased transitional rates among states in NT1.
Our findings are in line with the previous study that showed
increased transitions among patients with narcolepsy in those
with hypocretin-deficiency and/or cataplexy,'? and further ex-
tend the validity of this approach to CDH differential diagnosis
out of the narcolepsy disease spectrum.” High transitional
rates of sleep instability have been also associated with “rest-
less and light sleep” complaints in the general population.?
The high transitional rates of NT1 patients also support the
frequent complaint of disturbed nocturnal sleep® as a result of
the disruption of hypocretin neurons. Current models of sleep
regulation, indeed, suggest that hypocretin neurotransmission
not only promotes wakefulness and suppresses REM sleep, but
also stabilizes wakefulness or sleep after one of these states
has been reached through a flip-flop switch.>* Previous studies
showed an increased transitional rate also in patients with
sleep disordered breathing,?¢ or with fibromyalgia indepen-
dently from coexistent chronic fatigue syndrome.?” Albeit in
our study significant sleep disordered breathing was ruled out
thus not potentially affecting results, the parallel finding in fi-
bromyalgia is of interest. Indeed, it has recently been shown
that one third of NT1 patients versus 18% of controls suffer
from chronic pain,”® and a common underlying pathophysi-
ology may in part explain the similar high transitional rates
found in both NT1 and fibromyalgia patients.

We also explored for the first time the stability of each state
during the night, and NT1 patients showed more time continu-
ously spent in N1. We believe that the high representation of
stable N1 across the night fits with the conceptual framework
of inefficient sleep switch in hypocretin-deficient patients,*
thus leading to longer periods spent in a condition between
definite sleep and wakefulness.?

Finally, combining three highly discriminating PSG param-
eters (SOREMP occurrence, high tW-Si, and high percentage
of TST spent in NI) into a single score further increased the
potential of nPSG to identify NT1 to a level closer to daytime
SOREMP counts at the MSLT and daytime continuous PSG
monitoring.'*"” The use of a score including state transitions
and a measure of time spent in N1 together with SOREMP oc-
currence can be of help in the field of sleep medicine to confirm
NT1 that is clinically suspected, especially when a history of
doubtful cataplexy is reported and cerebrospinal hypocretin-1
measurements are not available. Indeed, cataplexy mimicry
has been documented also in NT1 and NT2 patients,*** and
can become a diagnostic challenge when the clinical assess-
ment yields ambiguous responses (such as in our clinical prac-
tice) or in cases of malingering.

Further studies on larger case series also including other
sleep disorders are warranted to confirm the potential diagnostic
value of this score and optimize its cutoffs. While acknowl-
edging the poor test-retest reliability of the MSLT on several
CDH diagnoses (IH, NT2, and sHS, the latter also showing
higher inter-night SOREMP variability),*? we emphasize that it
could not influence the goal of identifying hypocretin-deficient
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NT1 in our study design. In addition, in rare cases the change
over time of MSLT features may reflect disease progression.*

CONCLUSIONS

nPSG contains a number of information of different com-
plexity, ranging from sleep macrostructure and dynamics
to sleep microstructure (e.g., cyclic alternating pattern), leg
movement periodicity (e.g., periodicity index), and quantita-
tive EEG and chin EMG features (e.g., spectral EEG analyses,
atonia index). We showed that the combined use of parameters
directly derived from sleep macrostructure and also assessing
sleep dynamics showed good performance in identifying
NTI1. The combination of other more complex data may not
only increase our disease knowledge, but could also improve
diagnostic ability, leading to new perspectives useful in the
epidemiological setting.*?' This course of action will allow
sleep medicine specialists and researchers to reach a higher
number of data at the clinical and epidemiological levels, ap-
plying relatively simple measures commonly used in routine
practice worldwide.
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Figure S1—Receiving operating characteristic curves of the nocturnal
(upper panel) and daytime (lower panel) polysomnographic parameters
to identify narcolepsy type 1 (NT1). MSLT, multiple sleep latency test;
REM, rapid eye movement; SOREMPs, sleep onset rapid eye movement
periods; TST, total sleep time; tW-NR-Ri, transition index between
wakefulness, nonrapid eye movement, and rapid eye movement sleep.
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Table $1—Polysomnographic data of the two nocturnal recordings of each diagnostic group and statistical comparison.
sHS H NT2 NT1
First Night Second Night First Night Second Night First Night Second Night First Night Second Night
Mean SD Mean SD P Mean SD Mean SD P Mean SD Mean SD P Mean SD Mean SD P
Sleep Macrostructure
Sleep latency (min) 9.95 8.95 1220 12.30 ns. 8.66 8.63 7.39 5.83 ns. 1218 13.94 1014 10.50 ns. 451 465 5.19 547 ns.
REM sleep latency (min) 59.08 2539 66.79  23.08 ns. 55.73  20.40 59.02  20.39 ns. 3620 29.68 4852 3536 ns. 5111 59.82 47.96  81.84 ns.
Total sleep time (min) 43433  79.52 40565 63.77 ns. 43123 108.57 430.55 58.64 n.s. 40035 7261 41832 80.39 ns. 43757  92.50 408.19 7561 0.018
Sleep efficiency (%) 87.33 8.49 88.55 5.96 ns. 89.60 5.77 92.30 3.41 n.s. 87.711  10.70 90.01 744 ns. 8269 11.52 83.17  11.94 ns.
Sleep period (min) 487.74 7851 44578 66.68 0.012 47468 117.37 45968 6645  ns. 456.20 104.56 46046 9822  ns. 538.48 104.11 49413 11216 0.002
Wakefulness after sleep onset (min) ~ 50.69  42.07 3964 26.25 ns. 4298 3197 2864 1773 n.s. 48.98 7263 3598 38.16 ns. 8741 6127 8405 94.31 ns.
Number of awakenings 2143 8.08 20.27 8.45 ns. 2273 11.36 18.09 9.41 n.s. 17.05 8.37 18.36 8.50 ns. 37.34 1776 3351 15.08 ns.
Shift stage index 13.98 3.37 14.06 297 ns. 15.33 3.86 13.84 3.48 n.s. 13.96 3.57 14.07 3.24 ns. 17.80 5.59 17.52 4.56 ns.
N1 % of TST (%) 8.05 3.94 7.96 342 ns. 1185 19.85 6.41 213 n.s. 7.66 4.59 7.04 3.19 ns. 16.42 8.15 15.19 577 ns.
N2 % of TST (%) 4699 748 4598 790 ns. 4568 12.54 4660 825 ns. 4628 753 4732 677 ns. 4330  10.09 4143 902 ns.
N3 % of TST (%) 19.14 6.08 2157 6.76 ns. 18.26 773 20.19 7.81 ns. 19.78 533 20.35 6.06 ns. 16.80 7.08 18.67 7.86 ns.
REM % of TST (%) 25.82 511 24.49 5.34 ns. 24.22 715 26.43 4.20 ns. 26.28 4.54 25.28 4.86 ns. 23.49 8.72 24.72 7.34 ns.
Sleep Onset Period
Latency to N1 (min) 10.18 8.85 1254 1220 ns. 8.82 8.70 6.77 5.14 n.s. 1223  14.04 1018 10.54 ns. 4.74 472 5.22 549 ns.
Latency to N2 (min) 1927 1379 20.77  18.09 ns. 13.09 948 11.64 6.45 n.s. 2278 17.03 2120 2159 ns. 17.97  14.09 2344  36.63 ns.
Latency to N3 (min) 4168  28.60 4161 2937  ns. 2814 1225 3102 2160 ns. 4493 18.94 4148 2253  ns. 46.70 4592 5432 8338 ns.
Latency to REM (min) 68.36  26.80 80.28  30.15 ns. 6411 2257 7043 2861 n.s. 5485 37.01 5868 37.14 ns. 5751 6249 5146  84.93 n.s.
Sleep onset REM period (%) 9.62 0.00 0.022 450 455 ns. 30.00 18.18 ns. 43.60 50.00 ns.
Sequence N1, N2, N3, REM 78.80 88.50 ns. 95.50 95.50 ns. 55.00 63.64 ns. 51.28 38.46 ns.
Sequence N1, N2, REM 11.50 7.70 4.50 0.00 25.00 13.64 15.38 16.67
Sequence N1 or W, REM 9.60 3.80 0.00 4.50 20.00 2273 33.33 44,87
Absolute Times
N1 (min) 3467 1726 3205 1478  ns. 3389 1297 2836 950 ns. 3113 19.65 2982 1419  ns. 7118 39.27 6362 2663 ns.
N2 (min) 20129 58.18 18552  47.03 ns. 21755  40.62 20573 5546 ns. 184.65 4747 198.80  48.29 ns. 190.18  63.64 170.56  44.34  0.020
N3 (min) 80.56  27.30 84.86 27.95 ns. 88.89 3153 88.39 26.98 ns. 7810 21.76 8395 23.85 ns. 7406 3559 7851 3767 ns.
Wakefulness min) 59.90  42.56 5413 27.80 ns. 5323 3377 4414 32.66 ns. 61.93 7270 4814 4248 ns. 9259  62.38 85.55  61.00 ns.
REM sleep min) 11143 3567 99.97  31.37 ns. 114.64  25.08 11420 2015 ns. 105.53  27.84 106.77  32.05 ns. 10331 4791 10297 36.19 ns.
Stable N1 (min) 1677 12.92 1546 1050  ns. 1402 864 1170 583  ns. 1383 1353 1291 900 ns. 4122 28.02 3683  19.71 ns.
Stable N2 (min) 186.71  56.10 17213 4575 ns. 20111 4067 190.95 5354 ns. 170.30  46.25 183.84  46.46 ns. 17239 60.65 154.34 4250 0.028
Stable N3 (min) 7740  26.64 8180 27.41 ns. 84.89  30.92 84.84 26.71 ns. 7480 21.34 8041 2348 ns. 71.05 3449 7565  36.80 ns.
Stable wakefulness (min) 48.78 4175 4335 26.37 ns. 4095  31.56 3398 30.27 ns. 53.05 69.55 38.27  40.00 ns. 73.30 58.84 68.01 57.73 ns.
Stable REM sleep (min) 10469  34.56 93.50 29.98 ns. 10745 23.25 107.64  20.29 n.s. 9835 27.16 100.14 3143 ns. 94.58  46.30 93.92  34.05 ns.
Transition Indexes
t W-S index 520 207 543 204 ns. 546 232 475 227  ns. 436 188 483 213  ns. 848 367 812 306 ns.
tW-NR-R index 7.81 252 8.13 226 ns. 8.16 262 745 244 ns. 752 221 747 1.96 ns. 127 3.76 11.08 3.39 n.s.
tW-N1-NR-R index 1.75 3.54 11.84 2.96 ns. 12.49 3.63 1.31 323 ns. 11.68 3.09 11.48 2.80 ns. 16.59 5.31 16.03 4.40 ns.
IH, idiopathic hypersomnia; MLST, multiple sleep latency test; n.s., not significant; NT1, narcolepsy type 1; NT2, narcolepsy type 2; REM, rapid eye movement; SD, standard deviation; sHS, subjective hypersomnolence.
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