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Abstract
Background and Objectives
Narcolepsy type 1 (NT1) is still largely underdiagnosed or diagnosed too late in children.
Difficulties in obtaining rapid and reliable diagnostic evaluations of the condition in clinical
practice partially explain this problem. Predictors of NT1 include cataplexy and sleep-onset
REM periods (SOREMPs), documented during nocturnal polysomnography (N-PSG) or
through the multiple sleep latency test (MSLT), although low CSF hypocretin-1 (CSF hcrt-1)
is the definitive biological disease marker. Obtaining reliableMSLT results is not always feasible
in children; therefore, this study aimed to validate daytime continuous polysomnography (D-
PSG) as an alternative diagnostic tool.

Methods
Two hundred consecutive patients aged younger than 18 years (112 with NT1; 25 with other
hypersomnias, including narcolepsy type 2 and idiopathic hypersomnia; and 63 with subjective
excessive daytime sleepiness) were randomly split into 2 groups: group 1 (n = 133) for the
identification of diagnostic markers and group 2 (n = 67) for the validation of the detected
markers. The D-PSG data collected included the number of spontaneous naps, total sleep time,
and the number of daytime SOREMPs (d-SOREMP). D-PSG data were tested against CSF
hcrt-1 deficiency (NT1 diagnosis) as the gold standard using receiver operating characteristic
(ROC) curve analysis in group 1. ROC diagnostic performances of single and combined
D-PSG parameters were tested in group 1 and validated in group 2.

Results
In group 1, the areas under the ROC curve (AUCs) were 0.91 (95% CI 0.86–0.96) for
d-SOREMPs, 0.81 (95% CI 0.74–0.89) for the number of spontaneous naps, and 0.70 (95% CI
0.60–0.79) for total sleep time. A d-SOREMP count ≥1 (sensitivity of 95% and specificity of
72%), coupled with a diurnal total sleep time above 60 minutes (sensitivity of 89% and
specificity of 91%), identifiedNT1 in group 1 with high reliability (area under the ROC curve of
0.93, 95% CI 0.88–0.97). These results were confirmed in the validation group with an AUC of
0.88 (95% CI 0.79–0.97).

Discussion
D-PSG recording is an easily performed, cost-effective, and reliable tool for identifying NT1 in
children. Further studies should confirm its validity with home D-PSG monitoring. These
alternative procedures could be used to confirm NT1 diagnosis and curtail diagnostic delay.
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Introduction
Narcolepsy type 1 (NT1) is a chronic central disorder of
hypersomnolence that often arises during childhood. How-
ever, unfortunately it is frequently diagnosed many years after
the onset of symptoms,1 although diagnostic delay has been
reported to be shorter (i.e., a mean of 2 years) in recent case
series of children in our center.2,3 The 2 core symptoms of
NT1 are excessive daytime sleepiness (EDS) and cataplexy,
with the latter being pathognomonic for the disease and
characterized by episodes of muscle weakness during wake-
fulness, typically evoked by positive emotions.4 Confirmatory
diagnosis is currently based on objective polysomnographic
(PSG) criteria obtained through a widely accepted protocol
that includes nocturnal polysomnography (N-PSG), followed
by the multiple sleep latency test (MSLT), or on the evidence
of reduced or absent hypocretin-1 in the CSF (CSF hcrt-1).4

A positive MSLT typically includes multiple sleep-onset
REM periods (SOREMPs) and a reduced mean sleep latency
(i.e., <8 minutes).4

Childhood narcolepsy exhibits a peculiar phenotype com-
pared with the adult form. First, EDS in children can manifest
differently, with symptoms ranging from prolonged napping to
behavioral changes,5 the latter often mimicking psychiatric or
attention-deficit hyperactivity disorders.6 Second, cataplexy can
seem as a complex movement disorder with spontaneous facial
(cataplectic facies) and generalized hypotonia intermixed with
hyperactive movements, even in the absence of emotional
triggers.2,3 As the child grows, this phenotype evolves into the
classical picture of transient hypotonia triggered by emotions.5,7

The high disease burden of NT1 calls for disease awareness
campaigns among specialists to improve early referral of pa-
tients to specialized centers.8,9 Furthermore, it is necessary to
search for alternative diagnostic approaches that could com-
plement the invasive lumbar puncture procedure that must be
performed on children under analgesic procedures.10 Because
long-term EEG recording is frequently used in the diagnostic
work-up at many pediatric neurology centers in the study of
epilepsy, we simply added electro-oculogram (EOG) and chin
EMG channels to the continuous EEG monitoring and used
this recording procedure to identify objective daytime PSG (D-
PSG) diagnostic markers of narcolepsy by means of conven-
tional visual sleep scoring.

Methods
The study followed recommendations of the STARD 2015
guidelines for reporting diagnostic accuracy studies.11 Con-
secutive patients, aged up to 18 years, and referred to the
narcolepsy center of the IRCCS Istituto delle Scienze Neu-
rologiche di Bologna between January 2014 and December
2019 for suspected narcolepsy were prospectively studied.
The diagnostic work-up included the following procedures:
(1) clinical evaluation conducted by neurologists specialized
in sleep disorders (G.P. and F.P.) with systematic assessment
of symptoms and anthropometric features, including the
calculation of body mass index (BMI) Z-score according to
our previous work12; (2) subjective sleepiness assessment
using an adapted version of the Epworth Sleepiness Scale2;
(3) 48-hour continuous PSG (type 2 comprehensive portable
polysomnography) under free-running conditions, followed
by a fixed 5-nap MSLT13; and (4) blood drawn to test for
HLA-DQB1*0602 allele positivity, and, whenever possible,
lumbar puncture to measure CSF hcrt-1 levels. The proce-
dures were performed in drug-free conditions (either drug-
naive or after at least 3 weeks of drug withdrawal).

As an index test, the D-PSG results were used as single and
combined parameters. As previously reported,13,14 our video-
PSG assessment included 48 hours of continuous recording
under “free-running” conditions with a wireless device. Each
patient was hospitalized in a single room, with an additional
bed available for the accompanying parent (as per Italian
regulations requiring the presence of a parent during all
medical procedures). During the recording, patients were
allowed to sleep “ad libitum” during both daytime and night-
time, according to their individual needs. Lunch and dinner
were served at 12:00 and 18:30, and breakfast was provided
upon awakening. Patients (and their accompanying parents)
were also requested to fill in a sleep diary to indicate the
timing of daytime naps, occurrence of symptoms, and lights-
off/lights-on time that defined the major nocturnal sleep
episode. Nocturnal sleep was analyzed separately from day-
time recording by merging the information from the diary
with the evidence from video-PSG.

To compare our assessment data with those obtained using
ambulatory PSG recording, we analyzed only the data
from the continuous PSG recording of the first night and

Glossary
AIC = Akaike information criterion; AUC = area under the ROC curve; BIC = Bayesian information criterion; BMI = body
mass index; CNS HS = central disorders of hypersomnolence; CSF hcrt-1 = CSF hypocretin-1 level; D-PSG = daytime
polysomnography; d-SOREMP = daytime SOREMP; EDS = excessive daytime sleepiness; EOG = electro-oculogram; IH =
idiopathic hypersomnia;MSLT = multiple sleep latency test; n = nocturnal; N1, N2, N3 = non-REM sleep stage 1, 2, 3; non-
NT1 = non-narcolepsy type 1; N-PSG = nocturnal polysomnography; NT1 = narcolepsy type 1; NT2 = narcolepsy type 2;
RBD = REM behavior disorder; REML = REM sleep latency; SE = sleep efficiency; sEDS = subjective EDS; SL = sleep latency;
SOREMP = sleep-onset REM period; ROC = receiver operating characteristic; SOREMP = sleep-onset REM period; TIB =
time in bed; TST = total sleep time.
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Table 1 Clinical and Polysomnographic Features in Different Diagnostic Groups

Variable

sEDS (n = 63) CNS HS (n = 25) NT1 (n = 112)

p Value% n % n % n

Sex, male 68.3 43 40.0 10 56.3 63 0.045a

HLA-DQB1*0602 10.0 4 16.0 4 94.5 104 <0.001a

23 missing 2 missing

Cataplexy 0 0 0 0 98.2 108 <0.001a

2 missing

Sleep paralyses 13.0 7 16.0 4 30.0 33 0.034a

2 missing

Hallucinations 7.4 4 16.0 4 46.4 51 <0.001a

2 missing

Disturbed
nocturnal sleep

17.0 9 12.0 3 47.7 51 <0.001a

5 missing

Mean SD Mean SD Mean SD Post hocc

Age 11.8 4.1 14.88 2.45 11.75 3.38 0.003b 1: <0.001
2: 1.00
3: <0.001

CSF hcrt-1 346.4 51.8 336.97 40.25 30.02 53.89 <0.001b 1: 1.00
2: <0.001
3: <0.001

Disease onset age 10.2 4.6 12.74 3.85 9.22 3.00 <0.001b 1: 0.011
2: 0.084
3: <0.001

Disease duration 2.0 3 2.14 2.5 2.5 2.9 0.610b

aESS 10.0 4.8 12.7 5.7 14.6 3.4 0.003b 1: 0.104
2: <0.001
3: 0.111

BMI Z-score 0.61 1.05 0.31 1.29 1.24 1.02 <0.001b 1: 0.76
2: 0.001
3: 0.001

N-PSG Mean SD Mean SD Mean SD

n-SL (min) 17.3 16.7 10.0 15.1 5.5 7.3 <0.001 1: 0.152
2: <0.001
3: 0.002

n-REML (min) 84.9 35.9 73.2 32.7 26.1 48.0 <0.001 1: 0.469
2: <0.001
3: <0.001

n-TST (min) 479.4 64.0 434.1 123.3 471.5 75.0 0.099

n-TIB (min) 520.1 68.5 467.6 125.6 528.7 76.5 0.067

SE (%) 92.5 4.7 91.8 12.5 89.7 7.7 0.012 1: 0.790
2: 0.044
3: 0.039

N1% (% of TST) 5.5 3.5 7.6 6.6 10.7 4.7 0.000 1: 0.221
2: <0.001
3: <0.001

N2% (% of TST) 41.0 10.6 41.1 10.8 39.5 8.3 0.116

N3% (% of TST) 29.3 10.2 29.2 10.8 26.1 9.2 0.553

REM% (% of TST) 23.9 4.3 22.2 6.6 23.5 5.7 0.564

Continued
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of the following daytime hours (D-PSG), those preceding
the second night. The following measures were obtained
from N-PSG: nocturnal sleep latency (n-SL), latency to REM
sleep (n-REML), total sleep time (n-TST), time in bed
(n-TIB), sleep efficiency (SE), percentage of TST spent in
non-REM sleep stages 1, 2, and 3 (N1%, N2%, andN3%), and
in REM sleep (R%). The following measures were obtained
from the D-PSG recordings (i.e., period from morning
awakening until 18:30): the number of naps (dn-NAP),
daytime TST (d-TST), and number of SOREMPs
(d-SOREMPs). In addition, from the MSLT, we collected the
mean sleep latency to the first epoch of sleep (MSLT SL) and
the number of SOREMPs (MSLT SOREMPs) according to
conventional protocol. Sleep stages were assessed daily by a
board-certified sleep technician (S.V.) using current scoring
criteria. The sleep technician was blinded to clinical features
and final diagnoses.13

Patients were ultimately diagnosed according to the current
International Classification of Sleep Disorders, third edition,4

as having NT1, narcolepsy type 2 (NT2), idiopathic hyper-
somnia (IH), or another sleep disorder, based on clinical,
N-PSG, MSLT, and biological findings (reference standard).
Individuals with a subjective complaint of EDS who had
normal N-PSG sleep features, a normal sleep latency on the
MSLT, and a total sleep time in the 24 hours lower than 11
hours were labeled “subjective EDS (sEDS).” The final di-
agnosis was established by 2 sleep experts (G.P., F.P.) who
were blinded to index test results.

Statistical Analyses
For descriptive purposes, 3 groups were analyzed based on
their final diagnosis: NT1, other central disorders of hyper-
somnolence (CNS HS), and sEDS. Data in the different pa-
tient groups were described as mean and SDs for continuous
variables and as absolute numbers (n) and percentages (%)
for categorical variables. Clinical, polysomnographic, and bi-
ological data were compared between the different groups
using the Kruskal-Wallis test, followed by Dunns post hoc test
with Bonferroni adjustment, or Mann-Whitney tests for
continuous variables and χ2 test for frequencies.

The whole population was randomly divided into 2 groups
(2/3 development data set, group 1, n = 133; 1/3 validation
data set and group 2, n = 67), and patients were further
categorized into 2 diagnostic groups for the purposes of the
study (NT1 and non-NT1). Receiver operating characteristic
(ROC) curve analysis was used to establish the best D-PSG
diagnostic markers in group 1, and the Youden index was
applied to extract the best diagnostic cut-off for each param-
eter. Diagnostic performance of each parameter was explored
in group 1 by estimating sensitivity, specificity (with 95% CI),
positive likelihood ratio, and negative likelihood ratios. Posi-
tive and negative likelihood ratios express the probability that
a person testing positive or negative is truly affected or not.
The De Long test was used to compare ROC curves, with a
significant level shown by a p value of <0.05. Akaike in-
formation criterion (AIC) and Bayesian information criterion
(BIC), in addition to the information regarding “correctly

Table 1 Clinical and Polysomnographic Features in Different Diagnostic Groups (continued)

Variable

sEDS (n = 63) CNS HS (n = 25) NT1 (n = 112)

p Value% n % n % n

MSLT

MSLT SL (min) 16.5 2.5 10.6 4.2 3.6 2.9 <0.001 1: 0.005
2: <0.001
3: <0.001

SOREMP (n) 0.08 0.28 1.00 1.26 4.25 0.99 <0.001 1: 0.094
2: <0.001
3: <0.001

D-PSG

dn-Nap (n) 1.06 0.97 1.56 1.29 2.81 1.82 <0.001 1: 0.128
2: <0.001
3: 0.001

d-TST (min) 78.5 76.0 98.0 88.3 137.2 73.2 0.003 1: 0.613
2: <0.001
3: 0.017

d-SOREMPs (n) 0.06 0.25 0.44 0.77 2.00 1.48 <0.001 1: 0.151
2: <0.001
3: <0.001

Abbreviations: CNS HS = central disorders of hypersomnolence; d = daytime; dn-NAP = number of daytime naps; MSLT = multiple sleep latency test; n =
nocturnal; N1, N2, and N3 = non-REM sleep stage 1, 2, and 3; NT1 = narcolepsy type 1; REML = REM sleep latency; SE = sleep efficiency; sEDS = subjective
excessive daytime sleepiness; SL = sleep latency; SOREMP = sleep-onset REM period; TIB = time in bed; TST = total sleep time.
a χ2 test.
b Kruskal-Wallis test.
c Post hoc: 1 = sEDS vs CNS HS; 2 = sEDS vs NT1; 3 = CNS HS vs NT1.
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classification patients (%)” and area under the ROC curve
(AUC), were calculated to choose the best predictive logistic
model using the D-PSG markers as independent variables
(individually and in combination) and the reference standard
as a dependent variable. Eventually, a ROC curve analysis
combining the different D-PSG markers was applied to group
1 to describe which combination of multiple parameters can
improve sensibility and specificity. This analysis was then
replicated in group 2 for validation. Statistical analysis was
performed using Stata SE 14.2 and SPSS 23.

Standard Protocol Approvals, Registrations,
and Patient Consents
The study was approved by our local ethics committee
(Comitato Etico Interaziendale Bologna-Imola, CE-BI, pro-
tocol number 17009). Written informed consent was signed
by patients’ parents, and assent was provided by patients.

Data Availability
Anonymized data not published within this article will be
made available upon request from any qualified investigator.

Results
Clinical and Neurophysiologic Description in
Patient Subgroups
The sample consisted of 200 participants who were pro-
spectively evaluated after excluding 5 subjects for technical
reasons (3 because of a failure of the daytime recording
procedure) or refusal to participate (n = 2). The final di-
agnoses were sEDS (n = 63), NT1 (n = 112), and other CNS
HS (n = 25; more in detail: 12 IH, and 13 NT2).

The clinical features of the different groups are reported in
Table 1. Patient groups differed in gender (fewer males in
CNSHS), age (younger in NT1 and sEDS), and age at disease
onset (younger in NT1 and sEDS) but had comparable dis-
ease duration from the onset of the first symptom to assess-
ment. As expected, core narcolepsy symptoms, including a
complaint of disturbed nocturnal sleep, were represented in
greater measure in NT1. Patients with NT1 showed higher
levels of subjective sleepiness than sEDS subjects, and the
highest BMI Z-score. Patients with NT1 most frequently
carried theHLADQB1*06:02 allele, and all had lowCSF hcrt-
1 levels when tested.

Nocturnal and daytime sleep features (including MSLT) are
reported in Table 1. Patients with NT1 had lower nSL, nREML,
and SE, whereas nTST and nTIB did not differ between groups.
In addition, patients with NT1 spent more time in N1, with no
difference in the distribution of the other sleep stages. As
expected according to the diagnostic criteria, the 3 groups dif-
fered in MSLT SL (sEDS > CNS HS > NT1) and in MSLT
SOREMPs (NT1 > CNS HS > sEDS). Daytime sleep features
also showed significant differences between groups. Specifically,
patients with NT1 took more naps, slept longer, and displayed
more d-SOREMPs than both CNS HS and sEDS.

Search and Validation of Optimal D-PSG
Markers for NT1 Diagnosis
Clinical and neurophysiologic data of NT1 and all subjects
without NT1 are reported in Table 2. Patients with NT1
presented the same pattern of differences described above,
except for gender distribution and age, that were comparable
with subjects without NT1.

The 2 randomly generated groups (Figure 1) did not differ in
age (12.1 ± 3.8 vs 12.3 ± 3.5, p = 0.7), sex (61% vs 52% of
males, p = 0.2), HLADQB*0602 positivity (65.3% vs 61.4%,
p = 0.6), or final NT1 diagnosis (59.4% vs 49.3%, p = 0.1).

ROC curve analysis in group 1 (Figure 2) showed the fol-
lowing AUCs in percentages: d-SOREMPs (91%, 95% CI
86%–96%), dn-NAP (81%, 95% CI 74%–89%), and d-TST
(70% 95% CI 60%–79%). The Youden index identified the
following optimal cut-offs to differentiate NT1 from other
conditions: at least 1 for d-SOREMP, at least 2 for dn-NAPs,
and more than 60 minutes for d-TST.

Table 3 reports the diagnostic performances of the different
parameters in group 1. At least 1 d-SOREMP showed the best
profile of positive and negative likelihood ratios, followed by
at least 2 dn-NAPs, and by more than 60 minutes of d-TST.
When further considering the possibility of at least 2
d-SOREMPs, there was a dramatic increase in specificity but
decreased sensitivity. We also compared the ROC curves of
d-SOREMP ≥1 with current MSLT criteria (i.e., a mean sleep
latency of below 8 minutes coupled with at least 2 SOREMP
in the test), and with recently proposed criteria for children
(having a mean sleep latency of below 8.2 minutes or at least 2
SOREMPs in the test)15; no statistically significant differences
were noted (p = 0.08 vs current MSLT criteria, and p = 0.85 vs
recently proposed criteria).

Table 4 presents the diagnostic performances of D-PSG
markers (individually and in combination) and of the ref-
erence standard to identify NT1 in logistic regression
models. The most efficient model included only the variable
“d-SOREMP ≥1” that correctly classified 89% of subjects,
with AUC = 88% (95% CI = 83%–92%), AIC = 96.7, and
BIC = 102.5. The addition of dn-NAP ≥2 and d-TST >60
minutes, both individually and in combination, showed no
significant differences for any of the considered parameters
(maximization for “correctly classification” and “AUC”;
minimization for AIC and BIC). For comparison we pro-
vided, again, in Table 4, information regarding the recently
proposed and current MSLT criteria, with the latter
resulting as the best predictive parameters because they
correctly classified 93% of subjects, with AUC = 93%, AIC =
67.2, and BIC = 72.9.

To describe which combination of the above-mentioned pa-
rameters could increase sensibility and specificity, positivities
for these parameters were grouped and ROC curve analysis
was performed. The AUC was 93% (95% CI 88%–97%), with
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sensitivity/specificity profiles of the different combinations as
reported inTable 5. The combination (n≥ 4) of both dn-NAP and
d-TST showed a high sensitivity (with lower specificity). Con-
versely, the presence of at least 1 d-SOREMP combined with
d-TST exhibited a good sensitivity/specificity profile. The other
combinations (with both d-TST and dn-NAPorwith d-SOREMPs
≥2) optimized specificity but provided low sensitivity.

The best cut-offs obtained from sample 1 were further tested
for validation in sample 2 (Table 3). The d-SOREMP ≥1
showed a sensitivity of 82% (95% CI 65%–93%) and a
specificity of 85% (95% CI 69%–95%). In contrast, the
d-SOREMP ≥2 presented a sensitivity of 77% (95% CI
67–88) and a specificity of 97% (95% CI 85%–100%). In the
combination analysis, the AUC was 88% (95% CI 79%–97%;
Table 5). The combination of parameters that maximized
sensitivity (d-SOREMP ≥1 or d-SOREMP = 0, but with
d-TST >60 minutes and dn-NAP ≥2) showed a sensitivity of
88% (95% CI 77%–96%) and a specificity of 62% (95% CI
51%–71%). The combination of parameters that maximized
the specificity (d-SOREMP ≥1 and at least one of d-TST >60
minutes or dn-NAP ≥2) showed a sensitivity of 84% (95% CI
67%–94%) and a specificity of 88% (95% CI 76%–95%).

Discussion
Our study indicates that D-PSG can be used to identify NT1 in
the differential diagnosis of suspected narcolepsy among chil-
dren and adolescents. We found that the occurrence of at least
1 d-SOREMP, with or without more than 60 minutes of
d-TST, is an appropriate threshold with accuracy that is not
significantly different from the gold standard MSLT. Although
no statistically significant differences were noted in the com-
parison of this potential diagnostic modality and the current
PSG-MSLT standard, our approach offers the benefit of
expanding diagnostic prospects with a simplified procedure
that is applicable outside the sleep laboratory and that could be
added to the current diagnostic standard. In clinical settings
with high pretest probability, these parameters confirm the
presence of NT1, whereas in clinical settings with low pretest
probability, they can rule out NT1. This indicates that the
procedure could be valuable for cases of patients who are not
willing or able to comply with in-laboratory evaluation.
Moreover, considering the increased miniaturization of hard-
ware, at home D-PSG recordings, with or without night-time
recordings, are likely to be increasingly adopted instead of the
MSLTs because they provide a more naturalistic assessment of
daytime sleepiness, the major symptom of hypersomnia.

The onset of NT1 at a young age has a tremendous impact on
the well-being, social interactions, and school achievements. It
is also associated with severe behavioral disturbances that
have detrimental effects on the quality of life.8,16 The overall
impact of the disease on academic achievements cannot be
explained by lower cognitive abilities because patients with

Table 2 Clinical and Polysomnographic Data in NT1 and
Non-NT1 Subjects

Variable Non-NT1 (n = 88) NT1 (n = 112)

p ValueClinical data % n % n

Male sex 60.2 53 56.3 63 0.572a

HLA-DQB1*0602 12.3 94.5 <0.001a

Cataplexy 0 0 98.2 108 <0.001a

Sleep paralyses 13.9 11 30.0 33 0.010a

Hallucinations 10.1 8 46.4 51 <0.001a

Disturbed nocturnal sleep 15.4 12 47.7 51 <0.001a

Mean SD Mean SD

Age 12.6 4.0 11.8 3.4 0.052b

CSF hcrt-1 (pg/mL) 342.6 47.2 30.0 53.9 <0.001b

Disease onset age 11.0 4.5 9.2 3.0 <0.001b

Disease duration 2.0 2.9 2.5 2.9 0.681b

aESS 10.9 5.2 14.6 3.4 0.002b

BMI Z-score 0.5 1.1 1.2 1.0 <0.001b

Neurophysiological data

N-PSG Mean SD Mean SD

n-SL (min) 15.2 16.5 5.5 7.3 <0.001b

n-REML (min) 81.6 35.2 26.1 48.0 <0.001b

n-TST (min) 466.5 86.8 471.5 75.0 0.863b

n-TIB (min) 505.2 90.9 528.7 76.5 0.349b

SE (%) 92.3 7.7 89.7 7.7 0.013b

N1% (% of TST) 6.1 4.6 10.7 4.7 <0.001b

N2% (% of TST) 41.0 10.6 39.5 8.3 0.055b

N3% (% of TST) 29.2 10.3 26.1 9.2 0.358b

REM% (% of TST) 23.4 5.1 23.5 5.7 0.937b

MSLT

MSLT SL (min) 14.8 4.1 3.6 2.9 <0.001b

SOREMP (n) 0.35 0.82 4.25 0.99 <0.001b

D-PSG

dn-NAP (n) 1.20 1.08 2.81 1.82 <0.001b

d-TST (min) 84.0 79.6 137.2 73.2 0.001b

d-SOREMPs (n) 0.17 0.48 2.00 1.48 <0.001b

Abbreviations: aESS = adapted Epworth Sleepiness Scale; BMI = body mass
index; CSF hcrt-1 = CSF hypocretin-1; d = daytime; dn-NAP = number of
daytime naps; D-PSG = daytime polysomnography; MSLT = multiple sleep
latency test; n = nocturnal; N1, N2, N3 = non-REM sleep stage 1, 2, 3; non-NT1
= non-narcolepsy type 1; NT1 = narcolepsy type 1; REML = REM sleep latency;
SE = sleep efficiency; SL = sleep latency; SOREMP = sleep-onset REM period;
TIB = time in bed; TST = total sleep time.
a χ2 test.
b Mann-Whitney test.
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NT1 do not usually show consistent impairment.15 More
strikingly, young patients with NT1 often suffer from severe
mood disturbances, resulting in behavioral abnormalities
such as temper tantrums, emotional instability, or psychiatric
complications.8,17 Similarly, data from adult case series strongly
suggest that diagnosis at an early age is a key factor in improving
disease outcome regarding the overall patient well-being, in so-
cial interactions and stable family life.18 Unfortunately, an early
occurrence of symptoms is associated with delayed diagnosis.19

Furthermore, the onset of symptoms before the age of 18, or a
longer time gap between EDS and cataplexy onset in adults who
subsequently received a correct diagnosis, predicts a poor outcome

in adults, especially in patients aged older than 35 years at the time
of the interview.20 Although disease awareness campaigns are di-
rected at the general population, the use of “red flag” calls for
further evaluation by specialists and can improve the situation; this
also needs to be accompanied by a corresponding increase in the
ability to diagnose.9

Once a clinical suspicion of narcolepsy is raised, objective
neurophysiologic and biological evaluations are required
according to the current diagnostic criteria.4 There is pres-
ently an open scientific debate on the role of different poly-
somnographic and biological markers to better distinguish
different diseases with distinct underlying biological
bases.21,22 In adults, the role of the MSLT is well established,
and at least 2 SOREMPs (including the one in the N-PSG
before the MSLT) and a meanMSLT SL below 8 minutes is a
reliable diagnostic marker for NT1.4 Limited data are cur-
rently available regarding children and adolescents, especially
below 6 years of age, with a single study validating the use of
the MSLT in young patients and showing that either a short
mean MSLT sleep latency (below 8.2 minutes) or MSLT
SOREMPs ≥2 are equally useful to identify NT1 in children,
with AUC of 0.98 and of 0.97.15

Only a few studies have evaluated daytime PSG sleep features
in adults. We previously found that D-PSG data under “free-
running” conditions can identify patients with positive MSLT
by counting the number of spontaneous daytime naps and,
more importantly, the number of spontaneous d-SOR-
EMPs,13 the latter being as effective as the number of SOR-
EMPs in theMSLT in identifying narcolepsy. Other protocols
of continuous PSG recording have been proposed to diagnose
IH, with the possibility of 2 invited ad libitum naps,23 or in the
condition of continuous bed rest.24 Other innovative ap-
proaches applied in adults include actigraphic home moni-
toring to identify periods of daytime inactivity (i.e., sleep
episodes) and night-time hyperactivity (i.e., disturbed noc-
turnal sleep).25 Disregarding the differences in sleep

Figure 1 Flow Diagram of Patient Distribution in 2 Randomly Generated Groups

NT1 = narcolepsy type 1; D-PSG = daytime
polysomnography.

Figure 2 ROC Curves of D-PSG Data in Group 1

D-PSG = daytime polysomnography; D-TST = total sleep time; D-SOREMP =
daytime sleep onset REM period; ROC = receiver operating characteristic.
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requirements in different age groups and variations induced
by these variable protocols, the current International Classi-
fication of Sleep Disorders has now adopted a cut-off of 11/24
hours of sleep time to confirm a diagnosis of idiopathic
hypersomnia, a statement that needs replication in children.4

Other potentially useful NT1 markers have been proposed by
analyzing N-PSG features in adults. Specifically, the presence
of a SOREMP at night was shown in 50% of patients with
NT1,26 and in NT1, it most often occurred with a direct
transition from wakefulness (W) or N1 to REM sleep.14 Pa-
tients with NT1 also present a nocturnal overrepresentation

of N1 and W,14 along with significant sleep-wake state
instability,14,27 consistent with subjective disturbed nocturnal
sleep complaint. A machine learning approach using a quan-
titative signal analysis of different PSG channels (EEG, EMG,
and EOG) allowed the identification of a peculiar state dis-
sociation that is intrinsic to NT1.28 To date, only a few studies
have focused on the nocturnal sleep features of pediatric NT1.
REM behavior disorder (RBD), an intrinsic feature of NT1,29

also seemed to be frequent in children with NT1, and its
presence was correlated with the severity of cataplexy.30 RBD
can be the first symptom of the disease during childhood, with
cataplexy occurring a few years later.31 Several studies have

Table 4 Diagnostic Performances of Single and Combined D-PSG and MSLT Parameters

Parameters Correctly classification, % AUC, % (95% CI) AIC BIC

d-TST >60 min 74 70 (56–82) 152.6 158.4

dn-NAP ≥2 76 75 (61–87) 148.7 154.5

d-SOREMP ≥2 71 76 (62–88) 135.4 141.2

d-SOREMP ≥1 89 88 (76–96) 96.7 102.5

d-SOREMP ≥1 + dn-NAP ≥2 89 90 (81–96) 96.1 104.7

d-SOREMP ≥1 + d-TST >60 min 89 91 (82–96) 93.7 102.4

d-SOREMP ≥1 + d-TST >60 min + dn-NAP ≥2 89 91 (82–96) 94.9 106.4

MSLT-ICSD 93 93 (86–97) 67.2 72.9

MSLT-Neurology 91 89 (80–95) 80.0 85.8

Abbreviations: AIC = Akaike information criterion; AUC = area under the ROC curve; BIC = Bayesian information criterion; d = daytime; dn-NAP = number of
daytime naps; D-PSG = daytime polysomnography; ICSD = International Classification of Sleep Disorder; MSLT = multiple sleep latency test; ROC = receiver
operating characteristic; SOREMP = sleep-onset REM period; TST = total sleep time.
“Correctly classified patients (%),” AUCwith 95% CI (%), AIC and BIC in the predictive logistic models using the D-PSGmarkers (individually and in combination)
for group 1, MSLT-ICSD and MSLT-neurology criteria14 as independent variables, and the reference standard as dependent variable for the whole data set.

Table 3 Diagnostic Performances of Single D-PSG Parameters

Single positive variable

NT1 Non-NT1
Sensitivity, %
(95% CI)

Specificity, %
(95% CI)

Positive likelihood
ratio

Negative likelihood
ratioPos Neg Pos Neg

Group 1 (n = 133) n = 79 n = 54

dn-NAP ≥2 62 17 15 39 78 (68–87) 72 (58–84) 2.83 0.30

d-TST >60 min 75 4 30 24 95 (88–99) 44 (31–59) 1.71 0.11

d-SOREMP ≥1 71 8 7 47 90 (81–96) 87 (75–95) 6.93 0.12

d-SOREMP ≥2 42 37 1 53 53 (42–64) 98 (90–100) 28.71 0.48

Group 2 (n = 67) n = 33 n = 34

dn-NAP ≥2 25 8 12 22 76 (58–89) 65 (46–80) 2.15 0.37

d-TST >60 min 28 5 19 15 85 (68–95) 44 (27–62) 1.52 0.34

d-SOREMP ≥1 27 6 5 29 82 (65–93) 85 (69–95) 5.56 0.21

d-SOREMP ≥2 33 10 1 33 77 (61–88) 97 (85–100) 26.09 0.24

Abbreviations: d = daytime; dn-NAP = number of daytime naps; D-PSG = daytime polysomnography; non-NT1 = non-narcolepsy type 1; NT1 = narcolepsy type
1; SOREMP = sleep-onset REM period; TST = total sleep time.
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confirmed the presence of REM sleep without atonia in
children with NT1,29 and the visual quantification of REM
sleep without atonia was even proposed as a potential dis-
ease marker with an AUC of 0.87 in a small cohort of 40
children with various central disorders of hypersomno-
lence.32 However, this approach can be limited by issues of
high interscorer variability. In addition, frequent periodic
limb movements during sleep are found in children with
NT1, but their features did not allow for the identification of
pediatric patients with NT1 vs children and adolescents with
restless legs syndrome.33 Recently, disturbed nocturnal sleep
(evaluated by the number of transitions to W or N1 per hour
of TST) was confirmed as a reliable diagnostic marker for
NT1 diagnosis when combined with n-SOREMP occurrence
(AUC of 0.91) in a large multicenter study in children.34 The
features of nocturnal sleep bouts may contribute to the
differential diagnosis, despite the lack of analyses on their
diagnostic performances.35 The combination of REM sleep
latency and quantitative analysis of muscle tone showed
further promising results in identifying children with NT1
(AUC of 0.99 and of 0.94 in test and validation cohorts),
partially overcoming the issues related to visual sleep scor-
ing.36 Last, a peculiar profile of motor activity documented
by actigraphy was also confirmed in children with NT1 as a
possible screening tool.25

In this study, we extended our previous observation con-
cerning the diagnostic utility of D-PSG13 to children; this
finding is highly useful for the following reason: (1) it ex-
pands our prospects of making the diagnosis with a sim-
plified approach that is possibly useable outside the sleep
laboratory; (2) it captures neurophysiologic disease
markers (SOREMPs, possibly coupled with time spent

asleep during the daytime) in a setting that is more com-
fortable and realistic for young patients; and (3) it can also
be applied to pediatric neurology/epilepsy settings, by
extending the use of ambulatory EEG monitoring with a
few additional recording channels and being applicable to
patients not complying with the in-laboratory procedures.
D-PSG has several advantages compared with the tradi-
tional N-PSG-MSLT protocol because it does not require a
dedicated room and personnel during the daytime but
simply requires the application of visual sleep scoring to
modified ambulatory EEG monitoring.37 However, despite
this approach showing reliable results in the clinical arena
of differential diagnosis of NT1 in pediatrics, we suggest its
use as a complementary tool alongside the gold standard
MSLT or CSF hcrt-1 assessments.

Our study has some limitations. First, we analyzed data
from a single center; our methodology needs to be con-
firmed in larger multicenter studies. Second, despite
D-PSG recording in “free-running” conditions being more
naturalistic than conventional in-laboratory procedures,
the hospital setting is different from everyday life and a
comparison with home monitoring is needed before
extending the application of our results to the habitual
setting of children.

To conclude, we have demonstrated the usefulness of
D-PSG for the diagnosis of NT1 in pediatric patients. This
approach expands the diagnostic prospects in difficult
cases, potentially in the home setting, in pediatric neurol-
ogy services, and in settings in which a dedicated sleep
laboratory is not available. Extending sleep monitoring
techniques to in-field assessment will allow for a faster

Table 5 Sensitivity and Specificity (With 95% CIs) of Different Combinations of Positive Parameters in Group 1 and
Group 2

Combination

Group 1 Group 2

Sensitivity, % (95% CI) Specificity, % (95% CI) AUC, % Sensitivity, % Specificity, % AUC, %

≥0 (d-SOREMPs = 0; dn-NAP = 0; d-TST = 0) 100 0 93 (88–97) 100 0 88 (79–97)

≥1 (d-SOREMPs = 0; dn-NAP = 1; d-TST = 0) 97 (89–100) 37 (25–53) 94 (82–100) 38 (22–56)

≥2 (d-SOREMPs = 0; dn-NAP = 0; d-TST = 1) 97 (89–100) 41 (28–56) 91 (79–99) 41 (26–59)

≥3 (d-SOREMPs = 1; dn-NAP = 0; d-TST = 0) 95 (88–99) 72 (58–84) 88 (72–98) 62 (43–77)

≥4 (d-SOREMPs = 0; dn-NAP = 1; d-TST = 1) 94 (87–98) 76 (62–88) 88 (72–98) 65 (46–80)

≥6 (d-SOREMPs = 1; dn-NAP = 0; d-TST = 1) 89 (80–95) 91 (82–96) 84 (68–94) 88 (72–98)

≥8 (d-SOREMPs = 1; dn-NAP = 1; d-TST = 1) 73 (59–85) 91 (82–96) 72 (56–87) 91 (79–99)

≥9 (d-SOREMPs = 2; dn-NAP = 1; d-TST = 0) 53 (42–64) 98 (90–100) 69 (50–84) 97 (85–100)

≥11 (d-SOREMPs = 2; dn-NAP = 1; d-TST = 1) 52 (41–63) 98 (90–100) 66 (47–81) 97 (85–100)

>11 0 100 0 100

Abbreviations: d = daytime; dn-NAP = number of daytime naps; SOREMP = sleep-onset REM period; TST = total sleep time.
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recognition of this challenging and disabling disease, will
mean that less time will pass before children with NT1 and
adolescents are able to access disease-modifying treat-
ments, and ultimately improve patient-centered interven-
tions. It may also have more naturalistic value in the
evaluation of daytime sleepiness in free-running condi-
tions. Moreover, deep learning methods applied to daytime
and night-time sleep obtained using 24-hour PSG record-
ings will lead to a combination of diagnostic parameters
that are useful to diagnose NT1 and to increase our
knowledge of central disorders of hypersomnolence in
children and adolescents.
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