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Purpose: Narcolepsy type-1 (NT1) is a rare chronic neurological sleep disorder with excessive daytime sleepiness (EDS) as usual first
and cataplexy as pathognomonic symptom. Shortening the NT1 diagnostic delay is the key to reduce disease burden and related low
quality of life. Here we investigated the changes of diagnostic delay over the diagnostic years (1990–2018) and the factors associated
with the delay in Europe.
Patients and Methods: We analyzed 580 NT1 patients (male: 325, female: 255) from 12 European countries using the European
Narcolepsy Network database. We combined machine learning and linear mixed-effect regression to identify factors associated with
the delay.
Results: The mean age at EDS onset and diagnosis of our patients was 20.9±11.8 (mean ± standard deviation) and 30.5±14.9 years
old, respectively. Their mean and median diagnostic delay was 9.7±11.5 and 5.3 (interquartile range: 1.7−13.2 years) years,
respectively. We did not find significant differences in the diagnostic delay over years in either the whole dataset or in individual
countries, although the delay showed significant differences in various countries. The number of patients with short (≤2-year) and long
(≥13-year) diagnostic delay equally increased over decades, suggesting that subgroups of NT1 patients with variable disease
progression may co-exist. Younger age at cataplexy onset, longer interval between EDS and cataplexy onsets, lower cataplexy
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frequency, shorter duration of irresistible daytime sleep, lower daytime REM sleep propensity, and being female are associated with
longer diagnostic delay.
Conclusion: Our findings contrast the results of previous studies reporting shorter delay over time which is confounded by calendar
year, because they characterized the changes in diagnostic delay over the symptom onset year. Our study indicates that new strategies
such as increasing media attention/awareness and developing new biomarkers are needed to better detect EDS, cataplexy, and changes
of nocturnal sleep in narcolepsy, in order to shorten the diagnostic interval.
Keywords: cataplexy, diagnostic delay, misdiagnosis, symptom onset, machine learning

Introduction
Narcolepsy is a chronic neurological sleep disorder and considered a rare disease with an estimated prevalence of 0.02–
0.07% worldwide.1,2 Irresistible or imperative excessive daytime sleepiness (EDS) is usually the first noticed symptom of
narcolepsy.3 Classic narcolepsy which is now termed narcolepsy type-1 (NT1) according to the International
Classification of Sleep Disorders (ICSD-3),4 is characterized by the presence of EDS and either cataplexy and positive
multiple sleep latency criteria, or low or absent cerebrospinal fluid hypocretin levels.1,4 Most NT1 patients have a delay
up to several years or even decades between symptom onset and correct diagnosis, although few NT1 patients can
sometimes have an acute course in which the symptoms develop within weeks after a trigger event like Pandemrix
vaccination that may lead to shortening diagnosis delay.1,5,6 The long diagnostic delay in narcolepsy may lead to a
substantial medical and socioeconomic burden caused by misdiagnosis, inappropriate medication exposure, multiple
clinical visits, reductions in patients’ quality of life and productivity, poor school performance, increased unemployment,
absenteeism, and adverse impact on patients’ family, etc.7,8

Shortening the delay of NT1 diagnosis is one of the major goals of awareness campaigns and efforts invested in
narcolepsy medicine/research in the past decades. A shorter delay to NT1 diagnosis may improve future diagnostic
procedures and disease management, and even impact decision makers in the healthcare system/industry. In Figure 1 we
summarized the reported diagnostic delays of previous studies conducted in different countries.9–21 A trend toward a
shorter diagnostic delay over time has been suggested.7 However, the data shown in Figure 1 may have been influenced
by confounders such as differences among countries, including different diagnostic procedures due to country-specific
healthcare systems,3 socio-economic factors such as lifestyles (eg, daytime nap culture in some countries may help to
reduce EDS), environmental and genetic factors1 among these countries. Some studies modeled the changes of diagnostic

Figure 1 The mean or median of diagnostic delay in some reported studies in the last three decades.
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delay over the year of symptom onset using regression models and found a decreasing trend in the diagnostic delay.7,12,17

However, these results are strongly biased by an inappropriate selection of the independent variable, ie, the year of
symptom onset. Patients with onset of symptoms in recent years included in the regression analysis could only be those
with relatively short diagnostic delays. Patients with relatively longer diagnostic delays were naturally excluded from
those studies because they have not yet been diagnosed, ie, these “future patients” will be diagnosed later. Thus, whether
the diagnostic delay of NT1 is really getting shorter over time is essentially unknown.

Therefore, in this pan-European study we aimed to investigate 1) the diagnostic delay of NT1 in various countries, 2)
the change of diagnostic delay over the past 30 years, and 3) factors associated with the diagnostic delay. We used the
database of European Narcolepsy Network (EUNN), an association of 21 leading European sleep centers that launched
the first prospective European web-based database for narcolepsy and other central hypersomnolence disorders.3,22,23 The
large number of patients across different European countries provided us an appropriate database to consider multiple
contributing determinants.

Materials and Methods
The EUNN database accommodates continuous large-scale standardized collection of 317 variables related to clinical
symptoms (eg, EDS characteristics, cataplexy features, sleep drunkenness, sleep paralysis, and hypnagogic hallucina-
tions), objective sleep-wake laboratory measures including polysomnography (PSG) and multiple sleep latency test
(MSLT), biomarkers (eg, hypocretin-1 levels and HLA-DQB1*0602), subjective measures on sleep-wake patterns and
quality, and demographics.3 Each center of EU-NN obtained ethical approval for publishing the patients’ data for
scientific purpose by a national Institutional Review Board before entering patients’ data. The scientific review
committee of EU-NN approved the study protocol. All patients provided their informed consent for their data to be
entered into the EU-NN database and for their data to be used for scientific studies. This study was approved by the
ethical committee of canton Aargau, Switzerland.

Selection of Patients
Patients with NT1 were diagnosed according to the ICSD-3.4 We chose the year of EDS onset as disease onset, as EDS in
general is the first symptom of narcolepsy to develop. The selection of patients is illustrated in Figure 2. The EU-NN
database contains a variable on certainty of clinical diagnosis. The clinicians were asked to rate their diagnostic certainty
on a 3-level scale (probable, possible, and definite). Only NT1 patients with definite diagnosis were included in this
study. In rare cases patients may have EDS after diagnosis, ie, those patients may have other symptoms and/or low CSF
hypocretin-1 concentration without EDS before diagnosis. Those patients were excluded from our analysis. Patients
diagnosed before 1990s were also excluded considering the small number. Finally, 580 patients (male: 325, female: 255;
mean diagnostic delay 9.7±11.5 years, median delay 5.3 years with interquartile range (IQR) 1.7–13.2 years, minimum 0
year and maximum 29.4 years; BMI: 27±5.8; Epworth Sleepiness Scale [ESS]: 16.7±4.0) diagnosed between 1990 and
2018 from 20 centers were selected. We grouped the patients according to their countries in which the diagnoses were
made. They were from 12 countries including Austria (n=11), Poland (n=16), Portugal (n=4), Slovakia (n=8), Czech
Republic (n=22), Finland (n=42), France (n=116), Germany (n=70), Italy (n=113), the Netherlands (n=56), Spain (n=86),
and Switzerland (n=36).

We then analyzed 1) whether the diagnostic delay was shortened in the past decades using null hypothesis testing and
by comparing the number of patients with short and long delay; and 2) the factors contributing to the delay using
machine learning and regression analysis. The cut-offs of short and long delays were decided based on the distribution of
the delays, ie, below the 1st quartile and larger than the 3rd quartile.

Null Hypothesis Testing
Unlike the analyses done in previous studies that compared the delays between “patients starting EDS in different years”,
we chose to compare the delays between “patients diagnosed in different years”. Such analyses have two advantages:

1) it is less influenced by selection bias because in reality sleep centers usually diagnose patients with different
lengths of diagnostic delays in each year. The selection bias in previous studies can be best explained by giving an
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example. Assuming we aimed to compare the diagnostic delay of all NT1 patients who had symptom onset between 2016
and 2019, in a database of early 2021 the available data can only include those patients diagnosed by the end of 2020. In
such a database, patients with symptom onset in 2016 may be diagnosed in any year between 2016 and 2020, resulting in
diagnostic delays ranging from 0 to 4 years. In other words, when the data of the independent variable (year of symptom
onset) are 2016, 2017, 2018 and 2019, the corresponding values of the dependent variable (diagnostic delay) are limited
to respectively zero to four, zero to three, zero to two and zero to one, which obviously inherently supports a decreasing
trend.

2) If we assume that the diagnostic delay did not change in the past years, the mean/median of the delays of patients
diagnosed in each year should be the same. Thus, this was a null hypothesis for statistical tests.

The data were expressed as means ± standard deviation (std.) unless indicated otherwise. The methods of statistical
analysis were chosen based on the distributions of the data. The time-to-event data followed an exponential distribution,24

which was also the case for our data of diagnostic delay (Figure 3). Therefore, the raw diagnostic delays between patients
diagnosed in different years were compared using the non-parametric Kruskal–Wallis rank sum test. Post hoc pairwise
comparisons were done using the non-parametric Conover’s test with P-values adjusted by Benjamini and Hochberg
method. The same tests were also applied to the stratified data, ie, the diagnostic years were stratified to 1990–1999 (n=47),
2000–2009 (n=164), 2010–2013 (n=234) and 2014–2018 (n=135). We stratified the raw data because: 1) it can yield a larger
number of patients in each subgroup thus leading to higher statistical power; 2) significantly increased number of acute NT1
post 2009–2010 H1N1 influenza pandemic was widely reported including in European countries.5,6,23 Those patients were
characterized by quick disease deterioration and usually diagnosed soon after symptom onset.25 Thus, we could expect that
the diagnostic delay in subgroup 2010–2013 was likely to be shortened compared to the other subgroups.

Country difference was first considered using Wilcoxon rank sum test to compare the diagnostic delay between 2000s
and 2010s in each country individually, except for Austria, Poland, Portugal, and Slovakia because of the small number
of patients. Patients diagnosed in the 1990s were excluded from the pairwise comparison and we did not further divide

Figure 2 The flowchart of the selection of NT1 patients (both children and adults) for analysis.
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the patients diagnosed in the 2010s into 2010–2013 and 2014–2018 in each country, also because of the small number of
patients. Then Kruskal–Wallis rank sum test was applied to test whether the diagnostic delays were different among all

Figure 3 The distribution of raw data of diagnostic delay and the log-transformation of the raw data.
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the 12 countries, and post hoc pairwise comparisons were done using Conover’s test with P-values adjusted by Benjamini
and Hochberg method.

Age is usually a confounding factor in time-to-event analysis. To assess the contribution of age effect to diagnostic
delay we first tested the correlation between the age of EDS onset and the diagnostic delay (Spearman’s rank correlation),
and then used a moving cut-off age between 12 and 23 years old to divide our patients into two subgroups and compared
their delays using Wilcoxon rank sum test (P-values were adjusted by the false discovery rate method). We chose the cut-
off age between 12 and 23 years old because patients with symptom onset younger than 12 years old can be treated as
pediatric cases while older than 23 years can be treated as adult patients who most likely finished education and started
social obligation (ie, started to work). The moving cut-off age approach also provided us with more detailed comparisons
between pediatric/adolescent cases vs adult cases, considering that the end of puberty defined by different criteria is
different (eg, the cessation of bone growth is 16 years old while the end of adolescence defined by chronotype is 20 years
old).26

Short Delay vs Long Delay
Non-parametric tests are usually less powerful to reject the null hypothesis (ie, higher risk of type II error) because they
use less information from the data compared to parametric tests.27 We hypothesized that the increases in the following
two indices could indicate a decreasing trend in the diagnostic delay: 1) the proportion of patients with short delay in the
whole database increased over years; and 2) the ratio of patients with short delay vs long delay increased over years. We
correlated the two indices to the year of diagnosis using both Pearson and Spearman methods. A significant correlation
(P-value<0.05) indicated that the index increased over years.

Predictive Factors for Diagnostic Delay Selected by Machine Learning
We applied machine learning to investigate the variables associated with the diagnostic delay. Stochastic gradient
boosting (SGB) is a machine learning algorithm that iteratively creates weak single decision tree, and the tree ensemble
can achieve the most accurate estimate of the response variable. It was demonstrated to be a suitable algorithm for
modeling the EUNN database in our previous study.22

We stratified the raw diagnostic delay into four subgroups in order to run the SGB model, ie, to convert the prediction
of a continuous variable into a classification problem. The distribution of the raw data followed an exponential
distribution and gave 39 outliers larger than 29.4 years (Figure 3). Thus we did log-transformation to the raw data (ie,
log-transformation of raw data +1 as raw data contained zero) and then divided the transformed data into four subgroups
using the quartiles of boxplot (Figure 3). The log-transformation also allowed us to quantify the contribution of the
predictors to the delays in the following section via fitting a valid regression model with normal distributed residuals.

We excluded the near zero-variance variables (ie, predictors having one unique value, or the ratio of the most frequent
to the second most frequent value is large) and the variables with more than 80% missing values, for the sake of model
complexity and computing time. The year of EDS onset was included in the predictors, but the year of diagnosis was
excluded because the diagnostic delay was calculated as the time interval between these two parameters. Including both
parameters would thus result in an overfitting model just simply finding their mathematic relationship. Finally, 84
predictors were selected. The numbers of trees (ie, the number of boosting iterations) were set between 500 and 3000
with a stepwise increment of 50, and the interaction depth (ie, the depth of trees) was set from one to eight. Overfitting
problem was controlled by several regularization methods, including shrinkage28 and applying subsampling method.28,29

The shrinkage factor (ie, learning factor) was fixed as 0.001. Ten-fold cross-validation (CV) with ten-repeat was selected
as the resampling scheme to estimate the testing error. We used both Kappa and accuracy as metrics to select the optimal
model.

To Quantify the Predictors Using Linear Mixed-Effect Model (LMM)
Although SGB model was capable of ranking the relative influence of each predictor to the final classification, it was not
able to quantify the influences of the predictors. Therefore, we used linear mixed-effect model (LMM) to quantify how
the most influential predictors were associated with the diagnostic delay. The dependent variable was the log-transformed
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diagnostic delay. The country difference was controlled by setting the country name as a random effect (ie, random
intercept) in the LMM, and the fixed effects were the top-ranking predictors suggested by our SGB models. Only the
countries with more than 10 patients of complete dataset of fixed effects were included into the LMM. Then stepwise
regression using backward elimination was applied to the LMM to select the best predictors. We reported both the
conditional R230 and Ω231 to assess the goodness of fit of our final selected models.

All statistical analyses and modeling were performed using R (version 3.5.3). The SGB model was constructed with
the R package caret.32 The LMM model was done using the R package lme4 and lmerTest. P-value<0.05 indicated
significance in all statistical analyses.

Results
Changes in Diagnostic Delay Over Time
The mean age of EDS onset was 20.9±11.8 years old and the mean age of diagnosis was 30.5±14.9 years old. The peak
age of EDS onset in our patients was during the second decade of life, ie, 42.8% (248/580) patients started EDS between
10 and 20 years old (Figure 4).

The diagnostic delays over different EDS onset years (Figure 5A) and over different diagnostic years (Figure 5B) are
shown in Figure 5. While a clear decreasing trend can be observed in Figure 5A and the diagnostic delay strongly
correlates to the year of EDS onset (Spearman’s rank correlation coefficient=−0.80, P-value<0.0001), the data in
Figure 5B do not show a decreasing trend and most of the patients were diagnosed in 2000s and 2010s. Kruskal–
Wallis rank sum test suggests no significant difference in the diagnostic delay among those patients (P-value=0.368).
There was still no significant difference in the diagnostic delay when patients diagnosed in the 1990s were included
(Kruskal–Wallis rank sum test: P-value=0.06). Although P-value=0.06 suggests the trend is significant, this result should
be interpreted with caution because of the small number of patients in each year in the 1990s. Therefore, we further
showed the changes in stratified diagnostic delay in Figure 5C. There are no significant differences (Kruskal–Wallis rank
sum test, P-value=0.263) in the stratified diagnostic delays among 1990s (median: 6.0 years, IQR: 2.0–15.2 years), 2000s
(median: 5.9 years, IQR: 2.1–14.3 years), 2010–2013 (median: 4.6 years, IQR: 1.4–11.3 years) and 2014–2018 (median:
5.1 years, IQR: 1.8–12.4 years), or in any post hoc pairwise comparison (see the P-values in Figure 5C).

Figure 4 Narcolepsy diagnosis relative to the age at EDS onset.
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Figure 5 The diagnostic delay over different years of EDS onset (A), over the different years of diagnosis (B), and over 1990s, 2000s, 2010–2013 and 2014–2018 (C). The
data are shown as boxplots and the data point of each patient is marked in blue. The figures were chosen to illustrate the selection bias in (A) and a more suitable analysis in
(B) (details are explained in Discussion section). The P-values of post hoc pairwise comparisons are displayed in (C).
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Country Differences
The Wilcoxon rank sum test suggests no significant difference in the diagnostic delays between patients diagnosed in
2000s and 2010s in each country except for Finland (Table 1). Figure 6A illustrates the delay of these 580 selected
patients from 1990 to 2018 in each country and the results of post hoc pairwise comparisons. The diagnostic delay is
significantly different among EUNN countries (Kruskal–Wallis rank sum test: P-value<0.0001). Spain has longer delay
compared to most of the other countries.

The small number of patients in some countries may cause high Type II error in the results shown in Table 1 and
Figure 6, ie, low statistical power to reject the null hypothesis, so we did additional analyses using more patients from
EUNN database. In these analyses we included non-validated patients, ie, patients with missing value in any of the
mandatory fields but without missing data in the dates of EDS onset and diagnosis. In total, 1051 patients were included
(Supplementary Table S1). The additional analyses confirmed the results reported in Table 1 (Supplementary Table S2)
and in Figure 6 (see Supplementary Figure S1).

Age Effect
There was weak negative correlation between the age of EDS onset and the diagnostic delay (Spearman’s rank
correlation coefficient= −0.13, p-value=0.002). The diagnostic delay of the two subgroups that are defined by a moving
cut-off age between 12 and 23 years old are shown in Supplementary Figure S2. Wilcoxon rank sum tests confirmed that
patients starting EDS at younger age have longer delays than patients who had EDS at relatively older age because
P-values are either significant (<0.05) or showed a trend to be significant (P-values approximate to 0.1, see
Supplementary Figure S2). In other words, children and adolescents have longer interval from EDS onset to diagnosis
compared to adults, no matter how they are defined by the cut-off age.

Results of Short Delay vs Long Delay
The number of patients with short diagnostic delay (ie, delay ≤ 2 years) increased since 2009 as shown in Figure 7A. This
trend is however paralleled by the number of patients with moderate (ie, delay between 2 and 13 years) and long
diagnostic delay (ie, delay ≥ 13 years) which also increases in Figure 7A. In spite of the fluctuation in the proportion of
patients with short delay (Figure 7B), no increasing trend was observed. There was no correlation between this
proportion and the year of diagnosis (Pearson’s correlation: P-value= 0.66; Spearman’s rank correlation:
P-value=0.72). The ratio between the number of patients with short and long delay over the past two decades was
relatively stable (Figure 7C) and no significant correlation (Pearson’s correlation: P-value= 0.80; Spearman’s rank
correlation: P-value=0.77) was found between the ratio and diagnostic year either, although a peak was observed in
2011 which could be explained by the 2009–2010 H1N1 pandemic.

Table 1 Wilcoxon Rank Sum Test Between Patients Diagnosed in 2010s and 2000s in Each Country

Country Median (IQR) Delay
2000–2009 (Years), No.

Median (IQR) Delay
2010–2018 (Years), No.

P-value

France 2.7 (0.9–9.2), n=40 2.0 (0.1–8.8), n=55 0.347

Italy 6.3 (4.9–17.9), n=13 6.6 (2.9–18.0), n=96 0.963
Spain 13.5 (5.5–23.1), n=34 11.4 (5.1–26.5), n=40 0.909

Germany 6.6 (1.4–10.6), n=21 5.8 (1.5–11.5), n=45 0.736

Netherlands 3.0 (1.4–5.8), n=7 4.1 (1.2–6.9), n=48 0.970
Finland 12.5 (4.8–16.8), n=9 1.6 (0.7–3.3), n=30 0.00153

Switzerland 4.6 (1.6–14.9), n=22 4.2 (1.6–4.5), n=13 0.484

Czech Republic 8.3 (4.7–10.5), n=7 7.2 (3.6–21.1), n=15 1

Note: P-value is the Wilcoxon rank sum test between the diagnostic delays in 2000–2009 and 2010–2018.
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Predictors Identified by Machine Learning
The cut-off values stratifying the subgroups for SGB model corresponded to the raw diagnostic delays of 1.67 years, 5.33
years and 13.19 years. The number of patients in the subgroup with diagnostic delay < 1.67 year, 1.67 years ≤ delay
<5.33 years, 5.33 years ≤ delay <13.19 years and delay ≥13.19 years was 152 (female: 52, male: 100, median age of EDS
onset: 17.3 years with IQR 12.1–26.5 years), 137 (female: 72, male: 65, median age of EDS onset: 20.4 years with IQR
13.8–30.3 years), 146 (female: 71, male: 75, median age of EDS onset: 18.6 years with IQR 14.4–29.8 years) and 145
(female: 60, male: 85, median age of EDS onset: 15.0 years with IQR 9.5–21.6 years), respectively. The SGB model built
by 1550 trees with tree depth of 5 gives best Kappa (0.52) and best accuracy (64.2%). The relative influences of the first
20 predictors contributing to the optimal model are shown in Figure 8. The year of EDS onset was the dominating
predictor of the diagnostic delay, which can be explained by the aforementioned strong correlation between these two
parameters. The second strongest predictor was country, which also confirms our results of country difference mentioned
previously. The other important predictors included MSLT parameters, PSG parameters, cataplexy characteristics,
daytime and nocturnal sleep, etc.

Results of Linear Mixed-Effect Model: Quantifying the Influences of the Predictors
Country was the random effect in the LMM, and the other predictors listed in Figure 8 were fixed effects. The time
interval between EDS onset and cataplexy was log-transformed, because as typical time-to-event data it follows
exponential distribution, similar to the diagnostic delay. We excluded the year of EDS onset from the predictors because
it strongly correlated to the diagnostic delay but had obvious selection bias. We subjected two datasets to LMM analysis,
each one with and without PSG/MSLT parameters. The complete dataset including PSG and MSLT parameters contained
173 patients from France (n=16), Italy (n=66), the Netherlands (n=30), Spain (n=40) and Switzerland (n=21). The dataset
without PSG and MSLT parameters included 407 patients from Finland (n=37), France (n=86), Germany (n=50), Italy
(n=87), the Netherlands (n=45), Spain (n=75) and Switzerland (n=27). The results of the two LMMs after stepwise
selection of the best predictors are shown in Table 2. The conditional R2 and Ω2 of the first model including PSG and

Figure 6 The diagnostic delays in each country (A) and the heat map of the pairwise comparison of the delays between the countries (B) in the selected 580 validated
patients. The data are shown as boxplots and the data point of each patient is marked in blue. The numbers in the heat maps are the P-values of the pairwise comparisons.
The value 0 in (B) means P-value<0.0001.

https://doi.org/10.2147/NSS.S359980

DovePress

Nature and Science of Sleep 2022:141040

Zhang et al Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


MSLT data were 0.57 and 0.57, respectively. These two values of the other model without PSG and MSLT variables were
0.41 and 0.43, respectively. These values suggest a good fit of the model.

Gender Differences in Diagnosis Delay
The finding of gender as a significant predictor in both models in Table 2 was unexpected since Wilcoxon rank sum test
could not find a significant difference (P-value=0.18) in diagnostic delay between males (median 5.2 years, IQR 1.3–13.7
years) and females (median 5.7 years, IQR 2.2–12.4 years). Considering the possibility that the gender difference may be
due to age-dependent social roles of males and females in family, such as household roles, raising children, employment,
we further compared gender differences in children and adults separately. We chose the cut-off age of EDS onset < 16
years to define the child subgroup (female n=113, male n=128) in which the social factors are most unlikely to play a
role, ie, in most countries children of 16 years old are still at secondary school which is compulsory. We chose a moving
cut-off age, ie, from 20 years to 30 years, to define the adult group in which the male and female roles start to diverge in

Figure 7 The absolute counts of patients with short (≤ 2 years), moderate (2–13 years), and long (≥ 13 years) diagnostic delay (A); the proportion of patients with short
delay in all patients (B); and the ratio of the numbers of short delay vs long delay (C).
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households and labor market. Wilcoxon rank sum test showed no significant difference (P-value=0.53) in the delays
between males (median 5.8 years, IQR 1.3–20.0 years) and females (median 6.6 years, IQR 2.1–16.8 years) in the child
group, whereas adult females showed a trend (P-value=0.1) toward significantly longer diagnostic delay than males
(Supplementary Figure S3).

Discussion
In this study we thoroughly applied different analysis methods to investigate the changes in the diagnostic delay of
narcolepsy type-1 in different European countries over the past three decades using European Narcolepsy Network

Figure 8 The relative influences of the top 20 predictors of the optimal stochastic gradient boosting model. The variables are written on the vertical axis and their relative
influences are the numeric values given in the bars.
Abbreviations: EDS, excessive daytime sleepiness; MSLT, multiple sleep latency test; PSG, polysomnography; PLMI, periodic limb movement index of PSG; AHI, apnea-
hypopnea index of PSG; SOREMP, sleep onset rapid eye movement (REM) period.

Table 2 The Outcomes of the Linear Mixed-Effect Models

Estimate Std. Error t-value P-value

Model 1: Dataset including PSG and MSLT variables
Delay between EDS onset and cataplexy onset 0.49 0.059 8.29 <0.0001

Age at cataplexy onset −0.011 0.0045 −2.42 0.017
Cataplexy frequency −0.12 0.051 −2.41 0.017

Duration of Episodes of irresistible daytime sleep −0.19 0.086 −2.17 0.0312

Mean REM sleep latency of MSLT 0.055 0.018 3.06 0.0026
Sex: Male −0.33 0.11 −2.90 0.0043

PSG total sleep time −0.0021 0.00063 −3.30 0.0012

BMI 0.041 0.010 3.97 0.00011
Model 2: Dataset without PSG and MSLT variables
Delay between EDS onset and cataplexy onset 0.49 0.042 11.58 <0.0001

Cataplexy frequency −0.15 0.036 −4.15 <0.0001
Sex: Male −0.24 0.083 −2.87 0.0043

BMI 0.039 0.007 5.46 <0.0001

Note: MSLT is short for multiple sleep latency test, PSG is polysomnography, REM is rapid eye movement.
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database. The mean and median diagnostic delay of our patients was about 9.7 and 5.3 years, respectively. In 42.8% of
patients EDS started between the age of 10 and 20 years, consistent with the results of reported studies.33–35 Our results
show that the diagnostic delay remained stable in the past decades despite significant country differences. This means that
our finding of the non-significant change in diagnostic delay is not due to the insignificance of specific countries that have
larger number of patients in the database, but is a common phenomenon in EUNN countries. Combining machine
learning (ie, stochastic gradient boosting) and linear mixed-effect regression analyses, we found that the occurrence of
cataplexy (eg, age of cataplexy onset, delay between EDS onset and cataplexy onset, cataplexy frequency), severity of
symptoms (eg, cataplexy frequency, duration of irresistible daytime sleep), REM sleep propensity, changes in nocturnal
sleep duration, BMI and sex are significant predictors of diagnostic delay.

We believe that the results of the shortening of the time to diagnosis over the years reported in previous studies are
strongly influenced by a selection bias because diagnostic delay was defined by the year of symptom onset.7,12,17 Their
results are confounded by the naturally decreased intervals between consecutive calendar years and the latest diagnostic
year in their databases. Our new approach was less biased by choosing the year in which patients are diagnosed with a
variation in time to diagnosis that remains stable over time. We illustrated this selection bias in our results in Figure 5A
by showing a clear decreasing trend in the diagnostic delay over the year of EDS onset, in which the maximal delay in
each year can only stepwise decrease over time because it cannot exceed the time interval between the year of EDS onset
and the latest diagnostic year in the database.

The increased number of NT1 patients with short diagnostic delay following 2009–2010 H1N1 pandemic,5,6,23,36 and
the recent evidence of immune-mediated NT1 cases1,37–39 are two milestones in narcolepsy in the last decade. The
increased number of acute NT1 patients in 2010s may lead to the impression that the diagnostic delay is getting shorter.
Also, our result indeed confirms an increased number of patients with short diagnostic delay in 2010–2013. However, the
fact that the number of NT1 patients with long diagnostic delay was also increased simultaneously contradicts the notion
of shorter diagnostic delay. Likewise, the proportion of patients with short delay and the ratio between short delay and
long delay did not show an increasing trend in the past decades. Finally, the comparisons of the stratified diagnostic delay
across 3 different decades (1990s, 2000s and 2010s) did not show significant difference in the whole EUNN database
either. Even in individual countries we could not find significant difference in the diagnostic delays between 2000s and
2010s, except for Finland. The significance in Finland is likely to be explained by the 2009–2010 H1N1 pandemic,
because 23 out of the 30 Finnish patients diagnosed in 2010s started EDS between 2009 and 2011, during which the
association between H1N1 vaccine Pandemrix and acute NT1 had been reported in Finland.6 Finland is one of the few
countries in Europe that only used Pandemrix and it had a very high vaccination rate among children and adolescents
(75%).6 This may explain why we did not see this trend in other included countries. In summary, all of our analyses lead
to the same conclusion that the diagnostic delay has not been getting shorter in the past decades.

The increased number of patients with both short and long diagnostic delay since 2010 may be explained by: 1)
increased media awareness of narcolepsy because of the public press releases that reported increased numbers of
narcolepsy during the 2009–2010 H1N1 pandemic. The peak of short delay is most likely due to the H1N1 virus
infection or Pandemrix, because those patients had quick manifestations of symptoms. The peak of long delay may be
explained by increased media awareness, ie, some patients may have been suffering from symptoms for years but were
not aware of narcolepsy until the relation between Pandemrix/H1N1 virus and narcolepsy was made public; 2) an
increased incidence of NT1 in the 2010s; 3) an improved diagnostic capacity of sleep centers in Europe; 4) more sleep
centers joined EUNN and more patients’ data were entered; 5) NT1 is naturally a disease including subtypes of acute and
gradual courses of disease progression. Recently, experts proposed the multiple hit theory of narcolepsy based on
findings in animal studies.40 In this theory

“Narcolepsy is considered to arise from multiple hits including the co-occurrence of genetic predisposition, environ-
mental factors and triggering events eventually leads to the selective, immune-mediated destruction, dysfunction or
silencing of orexin-producing neurons”.1 The multiple hits mechanism implies that time interval between disease onset
and final diagnosis creates an unavoidable diagnostic delay in some NT1 patients. Our finding of equally co-existing
patients with short and long diagnostic delay over decades seems to support this multiple hits theory, assuming that a
considerable partition of NT1 patients with chronic disease progression may always exist, even though the other factors
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limiting quick diagnosis (eg, diagnostic capacity of sleep centers, public awareness of narcolepsy, etc.) have been
improved.

In our analysis of factors that contribute to the diagnostic delay it is striking to find male patients compared to female
patients having a shorter diagnostic delay. Although sex differences have been well-known in other sleep disorders such
as obstructive sleep apnea, restless legs syndrome, and insomnia, the impact of sex in narcolepsy has been less studied.
To the best of our knowledge, only two previous studies reported that females have longer diagnostic delay of NT1
compared to males.19,41 Won et al found that females are less likely to report lifestyle impairments in the areas of
personal relationships and physical activity compared to males in spite of being objectively sleepier; however both
patients with narcolepsy with and without cataplexy were involved in this study.41 Recent studies reported that in
narcolepsy mouse models, females have larger number of cataplexy bouts42 and increased wake43 compared to males,
with unclear findings in humans with narcolepsy.19,41 Our result of sex differences in narcolepsy diagnostic delay in
adults suggest that social factors (eg, different roles of males/females in their households and employment) may play an
important role in narcolepsy diagnosis. More studies are needed in future to better study the associations between
influence of having narcolepsy and social factors such as family obligations, careers, income, and education.

Results from machine learning combined with classical LMM regression analysis suggest that the best way to shorten
the diagnostic delay is to correctly recognize cataplexy as early as possible. Taddei et al found that longer interval
between EDS onset and cataplexy onset is associated with longer diagnostic delay.17 Morrish et al reported that age of
cataplexy onset has a negative association with the diagnostic delay in UK,12 indicating that cataplexy may be more
difficult to correctly diagnose in children. This is probably because child cataplexy often remains unrecognized (eg,
atypical cataplexy) or misdiagnosed as epilepsy, attention deficit/problems, aggressive behavior, or seeking attention
from parents.44–48 EDS can also be easily mislabeled as laziness and inattention, leading to a misdiagnosis of behavioral
conditions, and also to attention deficit hyperactivity disorder (ADHD) in children.48,49 These results are in line with our
result that pediatric patients have longer diagnostic delays than patients with EDS onset during adulthood, which has
been recently reported in a US narcolepsy cohort.18,20 It is not surprising that the severity of symptoms (eg, the frequency
of cataplexy, duration of episodes of irresistible daytime sleep) negatively contributes to the diagnostic delay, because
frequent cataplexy attacks and irresistible daytime sleep can interrupt patients’ daytime functioning and lead to
accidents.48 Thus, those patients are likely to seek clinical help earlier or be correctly diagnosed more quickly. The
narcolepsy severity scales (NSS) for adults50 and children51 have been recently developed. Future studies using adult and
child NSS are needed to further investigate the associations between the severity of symptoms and diagnostic delay.

The causal relationship between nocturnal PSG total sleep time and diagnostic delay is hard to interpret because they
had a negative association in our regression analysis. We think that the decrease in nocturnal total sleep time and sleep
efficiency may be consequences of the diagnostic delay rather than causes, ie, patients with longer diagnostic delay are
more likely to have poorer nocturnal sleep because of the deterioration of disease and aging.52 Although disrupted
nighttime sleep is a key symptom of narcolepsy, it has received less attention than EDS and cataplexy, and its exact
pathophysiology is still unknown.53 In fact, currently most narcolepsy medications (except for Sodium Oxybate) cannot
consolidate the patient’s nocturnal sleep, in spite of the improvement of EDS and cataplexy.54 We reported here the
association between diagnostic delay and poor nighttime sleep. We recently found that disturbed nocturnal sleep is
associated with aging,52 disease severity, and objective daytime sleepiness in NT1.55 Our results also suggest that higher
daytime REM sleep propensity (ie, shorter mean REM latency of MSLT) and longer duration of irresistible daytime sleep
can shorten the diagnostic delays. These results indicate that undiagnosed NT1 patients may be more aware of changes in
daytime sleep, because changes in daytime sleep could directly interrupt their daytime activities. Similarly, higher BMI
could be interpreted as a consequence of the delayed diagnosis. It has been well-known that patients with narcolepsy
have increased BMI,1,56 which could be explained by the altered energy homeostasis due to the loss of hypocretin,57 or
the disease-related behaviors such as decreased motor activity and abnormal eating behaviors.58,59 Unfortunately, in the
current EU-NN database we have not asked for the reasons of patient referral to the sleep lab. Future studies should take
these reasons into account to better understand the reasoning behind delayed diagnosis of narcolepsy.

The EU-NN database allows us, for the first time, to compare the diagnostic delays of NT1 among 12 European
countries. As a multi-center, multi-country study, it has several limitations. First, not all patients have been included from
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all centers yet, and systematic errors in epidemiological research such as recall bias could also exist in our study. Second,
it is hard to match the number of patients between different centers/countries. The numbers of patients from some
countries were too small to be included in some of our analyses, eg, the results shown in Table 1. Nevertheless, our
results still send key messages to the whole narcolepsy research society that the results of changes in diagnostic delay in
previous studies are wrong, and the country/center and gender differences require further studies. Third, the country
differences may be explained by various socio-economic and/or biological factors like different healthcare systems (eg,
referral to general practitioners or pneumologists instead of specified reference centers), culture and life styles (eg,
daytime napping culture in some countries may help to alleviate the daytime EDS), economic levels, genetic factors, etc.
Our data currently do not allow us to further study these factors, but our results should remind the whole society to take
the country differences into account when designing their study protocols of future studies and interpreting the results.

Conclusion
Our study reports that the diagnostic delay of NT1 has not been shortened in the past decades in European countries, in
spite of the progression of narcolepsy research and investment in narcolepsy awareness campaign by societies and
industries. Our data suggest that adequate recognition of EDS and cataplexy, and timely measuring of changes in
nighttime sleep would be helpful to make an earlier diagnosis of narcolepsy. Therefore, research and industry partners
should probably invest more resources in developing new biomarkers60 and new technologies such as wearable sensors61

and mobile narcolepsy app62 that can better detect EDS, cataplexy and changes in nighttime sleep in patients in the near
future.
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