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Abstract
Introduction The European Sleep Apnea Database was used to identify distinguishable obstructive sleep
apnoea (OSA) phenotypes and to investigate the clinical outcome during positive airway pressure (PAP)
treatment.
Method Prospective OSA patient data were recruited from 35 sleep clinics in 21 European countries.
Unsupervised cluster analysis (anthropometrics, clinical variables) was performed in a random sample
(n=5000). Subsequently, all patients were assigned to the clusters using a conditional inference tree
classifier. Responses to PAP treatment change in apnoea severity and Epworth sleepiness scale (ESS) were
assessed in relation to baseline patient clusters and at short- and long-term follow-up.
Results At baseline, 20 164 patients were assigned (mean age 54.1±12.2 years, 73% male, median
apnoea–hypopnoea index (AHI) 27.3 (interquartile range (IQR) 14.1–49.3) events·h−1, and ESS 9.8±5.3)
to seven distinct clusters based on anthropometrics, comorbidities and symptoms. At PAP follow-up
(median 210 [IQR 134–465] days), the observed AHI reduction (n=1075) was similar, whereas the ESS
response (n=3938) varied: largest reduction in cluster 3 (young healthy symptomatic males) and 6
(symptomatic males with psychiatric disorders, −5.0 and −5.1 units, respectively (all p<0.01), limited
reduction in clusters 2 (obese males with systemic hypertension) and 5 (elderly multimorbid obese males,
−4.2 (p<0.05) and −3.7 (p<0.001), respectively). Residual sleepiness in cluster 5 was particularly evident
at long-term follow-up (p<0.05).
Conclusion OSA patients can be classified into clusters based on clinically identifiable features.
Importantly, these clusters may be useful for prediction of both short- and long-term responses to PAP
intervention.
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Introduction
Obstructive sleep apnoea (OSA) is a common disorder with considerable health burden [1]. Arterial
hypertension and other cardiovascular diseases are present in a subgroup of ∼50% of OSA patients [2].
Excessive daytime sleepiness, cognitive dysfunction, upper airway structural and functional changes,
obesity, hyperlipidaemia and diabetes have all been associated with the OSA disorder [3]. Mechanical
remedies like positive airway pressure (PAP) are known to reduce OSA but both compliance with, and
response to, the treatment may vary considerably between patients [4].

OSA severity is conventionally expressed in terms of the apnoea–hypopnoea index (AHI). However, the
association between the AHI on one hand and symptoms, comorbidities and treatment outcome on the
other is weak [5–8]. This suggests that current diagnostic methods are insufficient to correctly detect
patients at particular risk or those specifically suitable for a particular form of therapy [9].

Several studies on phenotype explored physiological, structural, polysomnographic and clinical
characteristics in order to overcome limitations of the conventional AHI-based OSA severity classification [10].
Many cluster studies, including our own previous studies of the European Sleep Apnea Database (ESADA)
material, are cross-sectional, and there is therefore a need for expanded prospective, longitudinal analyses
data in the field [11–14]. We applied a cluster analysis in the multinational ESADA cohort to address
individual differences in the expression of OSA at baseline and if such differences might predict the
outcome of PAP treatment. We hypothesised that the cluster approach unmasks patient groups with
specific responses to PAP therapy.

Methods
The ESADA database
The ESADA is a Pan-European, multicentric registry that contains clinical data on OSA patients from 35
sleep clinics across 21 countries [15]. The ESADA was established to investigate the role of OSA on
driving as well as on cardiovascular and metabolic morbidity. There is also a prospective component in the
registry which captures tolerance, compliance and outcome of intervention in patients with sleep disordered
breathing. Data collected in the ESADA are transferred from individual centres to the central database at
the University of Gothenburg, Sweden.

Patients
Adult patients with suspected sleep apnoea had been enrolled in the ESADA during the period March
2007 to December 2020 (n=33 443, study flow chart figure 1). Patients referred for assessment at any of
the participating centres and with suspected sleep apnoea were enrolled in the database; patients with

ESADA cohort

Patients with suspected sleep apnoea,

data from clinical evaluation at baseline

(n=33 443)

Sleep apnoea diagnosis not fulfilled (AHI<5·h–1) (n= 3856)

Incomplete data for cluster analysis (n=9423) 

Baseline cluster analysis (n= 20 164)

Patient with sleep apnoea at time of diagnosis, subdivided into seven clusters

Follow-up data other than for PAP therapy (n=630)

Missing data on follow-up (n=14 986)

Follow up data analysed in PAP users,

sub-classified by baseline clusters (n=4548)

• Change in BMI (n=4192)

• Change in ESS (n=3938)

• Residual AHI (n=1075)

FIGURE 1 Study flow chart. ESADA: European Sleep Apnea Database; AHI: apnoea–hypopnoea index; PAP:
positive airway pressure; BMI: body mass index; ESS: Epworth sleepiness scale.
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diagnosed or treated OSA, ongoing substance abuse or short life expectancy were excluded. Only patients
with an AHI ⩾5 events·h−1 and complete data for the cluster procedure were included in the final analysis
set (n=20 164). At baseline, demographic, anthropometric and clinical variables, including measured body
mass index (BMI), smoking history, comorbidities and medication use, were obtained from multiple
sources (clinical interview, medical records, referral and/or medication list) and recorded for each patient.
Intended therapy, including PAP treatment, was logged. Research ethics committee approval for the study
was obtained at each of the participating centres. Oral and/or written informed consent was obtained from
all participants.

A detailed analysis of the sleep study methodology used in the ESADA has been published elsewhere [16].
Either cardiorespiratory polygraphy (n=8603) or full polysomnography (n=11 561) was performed in
accordance with local practices. All sleep data were manually edited according to standardised procedures
and criteria published by the American Academy of Sleep Medicine (AASM) from 2007 including both
recommended and alternative criteria for hypopnoeas [17]. Oxygen desaturation index (ODI) was defined
as ⩾4% oxygen desaturations per hour of sleep/analysis time. The Epworth sleepiness scale (ESS) score
was used to assess subjective daytime sleepiness [18].

Cluster analysis
The cluster analysis was performed in various consecutive steps.
1. Cluster analysis relied on nine clinical baseline variables (continuous variables: age, BMI, mean

subjective sleep length, mean subjective sleep latency; categorical variables: sex, cardiovascular
comorbidities, metabolic comorbidities, pulmonary comorbidities, other comorbidities; for details see
tables 1 and 2).

2. A random sample of 5000 individuals was drawn from the ESADA database and clusters were
identified using the Partitioning Around Medoids (PAM) algorithm (R cluster package version 2.0.6)
[19, 20]. The dissimilarity matrix was calculated using a Gower distance to account for the mixture of
numerical and categorical variables [21].

3. A conditional inference tree (R package party function ctree) [22] was trained to predict the cluster
membership of the patients in the random sample and subsequently used to predict the cluster
membership in the remaining patients. The obtained conditional inference tree predicted the correct
cluster in 95.5% of patients.

4. Various cluster sizes ranging from 2 to 10 were evaluated. For each cluster number the steps 1 to 3
were repeated 10 times, each time with a different set of randomly chosen 5000 individuals for step
1. The number of clusters was chosen such that the Jaccard coefficient [23, 24] in a bootstrapping
procedure as a measure of cluster robustness was maximised. The cluster number 7 that generated the
largest Jaccard coefficient was finally selected.

TABLE 1 Patient baseline characteristics for the full population (All) and by cluster (mean±SD) or median (interquartile range) for AHI and ODI

All Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 Cluster 6 Cluster 7 p-value

Subjects n 20 164 3386 3488 5053 1600 2017 2553 2067
Age years 54.1±12.2 57.1±10.7 58.4±10.5 47.3±11.8 59.2±10.2 61.1±10.0 48.8±12.0 54.3±11.5 <0.001
Female % 27 12 20 0.02 92 14 16 100 <0.001
BMI kg·m−2 32.1±6.6 33.5±6.3 31.8±6.1 31.0±5.8 35.1±7.8 33.2±6.4 30.7±6.2 31.8±7.9 <0.001
AHI events·h−1# 27.3

(14.1–49.3)
35.0

(19.0–57.6)
28.0

(14.9–48.9)
26.0

(13.8–50.0)
26.4

(13.7–48.7)
32.4

(17.6–54.0)
24.0

(12.1–43.7)
19.2

(10.7–34.0)
<0.001

ODI events·h−1# 22.4
(10.1–45.8)

31.4
(15.0–57.0)

23.0
(11.0–44.0)

21.1
(9.7–46.0)

23.0
(11.0–47.0)

28.1
(13.6–51.1)

15.7
(7.1–35.4)

15.1
(7.1–31.7)

<0.001

ESS score 9.8±5.3 9.8±5.2 9.4±5.2 10.0±5.3 10.0±5.3 9.6±5.1 10.3±5.4 9.8±5.5 <0.001
Sleep length h 6.9±1.6 6.7±1.6 6.9±1.5 6.8±1.4 7.0±1.8 6.9±1.7 7.0±1.6 6.9±1.5 <0.001
Sleep latency min 25.5±29.2 26.4±31.9 23.4±26.0 21.9±25.0 33.4±34.5 25.5±29.9 25.5±29.7 29.9±31.9 <0.001
PAP-Tx % 46.9 52.4 42.5 45.9 53.6 51.2 42.8 43.5 -
ESS data at
follow-up %

19.5 24.2 18.2 15.5 24.9 23.8 21.3 13.5 -

BMI: body mass index; AHI: apnoea–hypopnoea index; ODI: oxygen desaturation index; ESS: Epworth sleepiness score; sleep length: mean subjective
sleep length (h); sleep latency: mean subjective sleep latency (min); PAP-Tx: patients assigned to positive airway pressure treatment at the end of
the baseline diagnostic workup. #: for AHI and ODI the median and interquartile range (25th to 75th percentile of data) rather than mean±SD were
reported given their skewed distributions.
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Treatment outcome analysis
The follow-up was undertaken in the subgroup of patients with current PAP treatment (see table 1 for
proportion of patients assigned for PAP and figure 1 for the actual number of patients with follow-up
data). AHI, ESS score, BMI and adherence with treatment at follow-up were captured at the follow-up
visits. Differences for these variables in relation to the baseline values were calculated and summarised for
each of the clusters. Given the large variation in timing (30 days to >1 year) and frequency (e.g. multiple
visits within 6 months versus one visit/year) of follow-up visits between the centres, a subsequent
longitudinal treatment outcome analysis was conducted. To this end, the follow-up time was classified as
short-term (30 to ⩽180 days), mid-term (181 to ⩽365 days) or long-term (>1 year), restricted up to and
including follow-up visits 1 and 2. In cases with multiple visits within a given time window the median
value was used for analysis. Acceptable adherence with PAP treatment was defined as mean user time
⩾4 h/night [25].

Statistical analysis
Statistical analysis was performed using R (version 3.5.3). The categorical variables were calculated as per
cent within one cluster. Numerical variables, including the AHI, the 4% ODI and the ESS were presented
as mean±SD or as median (IQR, 25th to 75th percentile) and categorical variables as count (%).
Differences among clusters were analysed by ANOVA analysis for the numerical variables and by
chi-square test for the categorical variables. Changes in AHI, ESS and BMI were computed for each
cluster and for each follow-up period. A p-value <0.05 is considered statistically significant.

Results
Segmentation of OSA patients by clusters
Median age was 55 (IQR: 46–63) years and there was a strong male dominance (73%) (table 1). The
median/mean AHI, ODI and ESS scores were 27.3 (IQR 14.1–49.3) events·h−1, 22.4 (IQR 10.1–45.8)
events·h−1 and 9.8±5.3, respectively.

The analysis identified seven clusters each with a specific profile with respect to age, symptoms,
anthropometrics and comorbidities (tables 1 and 2, figure 2). A detailed description of the main

TABLE 2 Patient comorbidity characteristics for the full population (All) and by cluster

All Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 Cluster 6 Cluster 7 p-value

Subjects n 20 164 3386 3488 5053 1600 2017 2553 2067
Cardiovascular comorbidities %
Systemic hypertension 47.2 80.2 86.3 6.3 73.6 81.5 7.4 14.1 <0.001
Ischaemic heart disease 9.1 14.5 12.2 0.7 11.2 28.3 1.9 1.9 <0.001
Status post myocardial infarction 2.4 3.3 3.4 0.1 1.7 9.9 0.2 0.2 <0.001
Cardiac failure 2.7 4.5 3.9 0.1 4.1 8.5 0.2 0.2 <0.001
TIA or stroke 2.3 2.9 4.2 0.1 3.1 6.3 0.7 0.7 <0.001
Valvular heart disease 1.4 1.9 1.9 0.1 1.9 4.4 0.6 0.4 <0.001
Left ventricular hypertrophy 1.4 1.8 1.7 0.6 1.1 2.6 0.7 2.0 <0.001
Pulmonary hypertension 0.5 0.7 0.8 0 0.6 1.5 0 0.3 <0.001

Metabolic comorbidities %
Hyperlipidaemia 23.2 62.5 0.1 6.7 45.0 46.2 13 7.4 <0.001
Diabetes, noninsulin dependent 13.4 27.1 0 3.5 39.1 39.2 3.1 3.6 <0.001
Diabetes, insulin dependent 2.4 4.8 0 0.4 5.8 9.0 0.4 0.6 <0.001
Hyperuricaemia 3.3 9.4 0 0.7 5.0 9.0 1.1 0.3 <0.001

Pulmonary comorbidities %
Asthma 5.7 4.8 5.8 3.4 12.4 5.4 5.4 7.5 <0.001
COPD 5.7 8.6 6.5 2.9 6.4 10.5 3.2 3.8 <0.001
Respiratory failure 0.8 0.9 0.8 0.2 1.4 1.4 0.8 0.6 <0.001

Other comorbidities %
Malignant disease 2.0 0.7 1.5 0 4.7 5.7 4.0 1.9 <0.001
Inflammatory disease 1.9 0.8 1.0 0 6.0 3.5 4.0 2.0 <0.001
Neurological disease 4.8 2.2 3.2 0 10.1 9.1 14.7 2.2 <0.001
Gastrointestinal disease 8.6 2.1 2.8 0 24 25.5 21.4 4.6 <0.001
Psychiatric disease 9.5 3.2 6.0 0 26.1 9.5 33.3 5.3 <0.001

TIA: transitory ischaemic attack.
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characteristics for each cluster is provided below. In general, women dominated two clusters (4 and 7)
while three clusters (1, 2 and 5) included predominantly males. There was also a high prevalence of
hypertension (>80%) in these clusters. Cluster 6 was characterised by male dominance with a high
prevalence of psychiatric disorder (33.3%). Metabolic disorders were most prevalent in clusters 1, 4 and 5.

Cluster 1: Obese males with cardiometabolic disease
Obese males with cardiovascular and metabolic comorbidities dominated cluster 1. Arterial hypertension
(80.2%), ischaemic heart disease (14.5%) and metabolic comorbidities (62.5%) were common in this
cluster. This cluster harboured the most severe OSA cases in the cohort.

Age
Cluster 1

Gender

BMI

CVmorb

METmorb

METmorb

OTHERmorb

ESS

AHI
m

Cluster 4

Cluster 7

Age

Gender

BMI

CVmorb OTHERmorb

ESS

AHI
m

METmorb

Cluster 2

Cluster 5

Age

Gender

BMI

CVmorb OTHERmorb

ESS

AHI
m

f f

ff

f

f

f

METmorb

Obese males with CV and metabolic comorbidities

Obese males with systemic hypertension

Young healthy symptomatic males

Multimorbid symptomatic postmenopausal females

Elderly multimorbid obese males

Symptomatic males with psychiatric disorders

Healthy symptomatic females

Age

Gender

BMI

CVmorb OTHERmorb

ESS

AHI
m

METmorb

Cluster 3

Cluster 6

Age

Gender

BMI

CVmorb OTHERmorb

ESS

AHI
m

METmorb

Age

Gender

BMI

CVmorb OTHERmorb

ESS

AHI
m

METmorb

Age

Gender

BMI

CVmorb OTHERmorb

ESS

AHI
m

FIGURE 2 Spider charts of characteristics of obstructive sleep apnoea (OSA) patients to highlight the differences among the seven clusters. The
variables displayed in the spider charts that reflect characteristics of OSA patients are body mass index (BMI), age, sex, apnoea–hypopnoea index
(AHI), Epworth sleepiness scale (ESS), cardiovascular comorbidities (CVmorb), metabolic comorbidities (METmorb) and other comorbidities
(OTHERmorb). For the respective clusters the median (categorical variables) or mean (continuous variables) value was calculated for each of the
variables and represented by solid lines in the spider chart. For cardiovascular, metabolic and other comorbidities the related median values are
either 0 (comorbidities not present) or 1 (comorbidities present). For sex, the related median values correspond to males (m) or females (f ). In the
spider plot the continuous variables are ranked from lowest mean (in the centre of the spider plot) to highest mean (edge of the spider plot). See
table 1 for the range of mean values for continuous variables and table 2 for the comorbidities summary statistics.
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Cluster 2: Obese males with dominant cardiovascular disease
Patients in cluster 2 shared several similarities with cluster 1 in terms of age, BMI and OSA severity.
However, metabolic comorbidities were not prevalent (<1% of patients) despite a high prevalence of
cardiovascular disease (68.3% systemic hypertension and 12.2% ischaemic heart disease).

Cluster 3: Young healthy symptomatic males
Cluster 3 represented almost a quarter of all patients and contained younger, overweight males with very
few comorbidities. This group did not differ from the other clusters with respect to sleepiness (mean ESS
of 10±5.3) or sleep apnoea frequency.

Cluster 4: Multimorbid obese postmenopausal females
This cluster was almost completely composed of postmenopausal women (92%) with multiple
comorbidities including cardiovascular, metabolic, respiratory, gastrointestinal tract and psychiatric
disorders. Obesity was most prevalent in this female cluster (BMI 35.1±7.8 kg·m−2).

Cluster 5: Elderly multimorbid obese males
Patients in cluster 5 were among the oldest (median age of 61.1±10 years). Comorbidities including
cardiovascular, metabolic, respiratory, gastrointestinal tract and psychiatric disorders were prevalent and
mirrored the comorbidity spectrum of cluster 4. Male OSA patients (86%) with moderate-to-severe OSA
dominated this cluster.

Cluster 6: Symptomatic males with psychiatric disorders
This cluster was mainly composed of male OSA patients with lower mean age, BMI and AHI compared
with the other clusters (except cluster 3 and 7). Psychiatric and neurological (33.3% and 14.3%,
respectively) as well as gastrointestinal disorders (21.4%) were prevalent in this cluster.

Cluster 7: Healthy symptomatic females
This cluster was composed of middle-aged females with low degree of sleep apnoea but with
proportionally prevalent symptomatology. Comorbidities were relatively infrequent in this group, and this
cluster shared several characteristics with the purely male cluster 3.

PAP treatment – outcome by clusters
General description of the follow-up cohort
The proportion of patients studied during PAP follow-up differed between clusters (table 1). Median
follow-up duration was 210 (IQR 134–465) days. Information on changes in AHI, ESS and BMI at the
first follow-up visit was available in 1075, 3938 and 4192 patients, respectively. This corresponded to
5.3% (AHI) and 19.5% (ESS) of the patients investigated at baseline. The distribution of follow-up data
varied between 13.5% for cluster 7 and 24.9% for cluster 4 (ESS analysis). A treatment adherence of at
least 4 h per day was reached by ∼75.5% of patients without clinically relevant difference between clusters
(supplementary figure 1e).

Change in sleep apnoea activity following PAP treatment
Overall, the mean AHI reduction following PAP for each cluster-based subgroup was associated with the
AHI at baseline. As shown in figure 3, there was a statistically significant mean reduction in AHI of 33.5
±25.3 events·h−1 compared to baseline observed in cluster 1 (p<0.05; obese males with cardiometabolic
disease). The results in figure 3 also show that there were no statistically significant differences in mean
AHI reduction between clusters 2 to 7. Interestingly, a subsequent analysis of short-term (30–180 days),
mid-term (181–365 days) and long-term (>1 year) outcome showed that numerically (and not statistically
significant) the AHI reduction tended to vary between clusters, and in general the largest reductions in
AHI were observed at short term, but both differences in AHI reduction between clusters and magnitude of
AHI reduction within each cluster had decreased at long-term follow-up (figure 4, supplementary table 1e).
Accordingly, residual sleep disordered breathing (AHI ⩾15) was low and did not differ between clusters.

Change in ESS score following PAP treatment
The overall mean reduction of ESS was 4.6±5.1 units, and statistically relevant differences in ESS
reduction were observed between clusters (figure 3, supplementary table 2e). The largest reduction in ESS
was observed in clusters 3 (young healthy symptomatic males) and 6 (symptomatic males with psychiatric
disorders) with mean change of 5.0 and 5.1 units, respectively (p<0.01). This may be contrasted to clusters
2 (obese males with systemic hypertension) and 5 (elderly multimorbid obese males) where the reduction
in ESS was 4.2 (p<0.05) and 3.7 (p<0.001) units, respectively. During treatment, the short-term
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improvements were stronger in cluster 6 (p<0.001) whereas the impaired ESS response in cluster 5 was
even more evident at long-term treatment (p<0.05, figure 5).

Change in BMI during PAP treatment
Finally, when comparing clusters we identified a small BMI increase in cluster 3 (young healthy
symptomatic males, p<0.05, figure 3) which was only seen at long-term follow-up.

Discussion
In this large, multinational OSA patient population study we identified seven distinct OSA subtypes that
differed in terms of age, sex, comorbidities, symptoms and the degree of apnoea frequency. Two clusters

0.2

0.1

0.0

–0.3

–0.2

–0.1

–3

–40

–35

–30

–25

–20

–4

–5

–6

2

Cluster

M
e

a
n

 c
h

a
n

g
e

 in
 E

S
S

 a
ft

e
r 

P
A

P
 t

re
a

tm
e

n
t

M
e

a
n

 c
h

a
n

g
e

 in
 A

H
I a

ft
e

r 
P

A
P

 t
re

a
tm

e
n

t

M
e

a
n

 c
h

a
n

g
e

 in
  B

M
I  

a
ft

e
r 

P
A

P
 t

re
a

tm
e

n
t

7654

ESS AHI BMI

p<0.05

p<0.05

p<0.01

p<0.001

NS

NS

NS

NS

NS

NS
NS

NSNS

p<0.01

31 2

Cluster

765431 2

Cluster

765431

n=820 n=635 n=782 n=398 n=480 n=543 n=280 n=87 n=294n=574n=533n=417n=818n=680n=876n=109n=116n=63n=233n=264n=203

NS

NS

NS
NS NS

NS

p<0.05
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FIGURE 4 Mean±SE change in apnoea–hypopnoea index (AHI) at follow-up visit 1 or 2 for the full population (All) and for each cluster stratified by
time of visit (short-term: 31 to ⩽180 days; mid-term: 181 to ⩽365 days and long-term: >1 year) relative to baseline visit. There was no statistically
significant difference in the AHI change between clusters (ANOVA p=0.11 for short-term: 31 to ⩽180 days; ANOVA p=0.22 for mid-term: 181 to
⩽365 days, ANOVA p=0.34 for long-term: >1 year). PAP: positive airway pressure.
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were dominated by females, three clusters had a high prevalence of hypertension whereas three additional
clusters had a low prevalence of cardiometabolic comorbidities. At follow-up, PAP adherence was high
across clusters (75% with PAP usage ⩾4 h·day−1). Interestingly, the daytime sleepiness response to PAP
therapy varied between clusters despite a homogeneous AHI reduction. Two clusters characterised by high
cardiovascular comorbidity showed less improvement of daytime sleepiness. In conclusion, clustering of
patients may identify specific OSA phenotypes, thereby predicting the response to therapy.

Several cluster analyses have attempted to phenotype OSA patients [11–14, 26–35]. An Icelandic cohort
cluster study, which based the analysis on symptoms and comorbidities, identified three major clusters
containing highly symptomatic, asymptomatic and sleep-disturbed patients [12]. In the current study
insomnia was not systematically characterised in our patients, but we identified a cluster of multimorbid
females with sleep complaints indicated as substantially increased sleep latencies (cluster 4). Clinical
excessive daytime sleepiness according to the ESS score was almost equally distributed among clusters at
baseline. With respect to response to PAP treatment the largest change in ESS was observed in
symptomatic males with psychiatric disorders (cluster 6) and healthy males (cluster 3), while the smallest
reduction in ESS was observed in clusters 2 and 5 (males with predominantly cardiovascular
comorbidities). These findings are in line with results from the SAVE and RICCADSA studies showing
that response to PAP treatment is of limited use in asymptomatic elderly OSA patients with established
cardiovascular comorbidities [8, 36]. However, a direct comparison of the current findings with results
from SAVE and RICCADSA should be done cautiously given that both studies are randomised clinical
trials with strict inclusion/exclusion criteria, while in the current study a patient database (ESADA) was
used reflecting “all-comers” to tertiary European sleep centres [37]. In addition and in contrast to the
Icelandic study, cardiovascular morbidity was more prevalent in association with excessive daytime
sleepiness in our cohort, and we identified the subgroup of multimorbid women with particularly prevalent
cardiovascular disease. The reasons for these discrepancies remain unclear but may depend on the
parameters included in the cluster analysis and referral patterns difference in the two studies.

Several approaches for OSA phenotyping have been presented recently [3]. One study used feature
extraction from polysomnographic data to identify OSA phenotypes (clusters) and to assess the
associations between phenotypes and cardiovascular outcomes [35]. Seven clusters of polysomnographic
characteristics were identified and the cluster with frequent periodic limb movements showed the highest
cardiovascular event rate during follow-up. Unfortunately, a detailed analysis of polysomnographic data
was not performed in our study as the current format of the ESADA does not collect all detailed sleep
recordings. Another study clustered patients according to pathophysiological characteristics of breathing
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during sleep such as arousal threshold, loop gain, neuromuscular activation and anatomical factors in
relation to upper airway collapse [38]. The analysis aimed to identify components useful for
implementation of personalised medicine rather than prediction of outcome. In fact, a substantial overlap
between physiologically defined apnoea-promoting factors, which has been described in a single patient,
creates further challenges in treatment research [39]. Taken together, those studies addressing phenotyping
or endotype will expand the classification of sleep apnoea beyond the traditional AHI-based severity
matrix. Novel, clinically useful information may be gained from a combination of structural and functional
characteristics, symptom burden and comorbidities of the individual OSA case [40].

Some of the considerable variability of OSA phenotypes described so far may be related to the
heterogeneity of patient populations studied or the use of different diagnostic tools. In this context, the
ESADA cohort represents one of the largest multicentric and multinational OSA patient cohorts. A recent
latent class clustering analysis of the ESADA cohort also included information on concomitant medication
and site of residence in the European region [14]. The objective of this previous study was to explore
patient clusters at baseline in the ESADA. The study identified eight clusters and four of them were sex
dominated. Important differences in prescription of treatment were identified between clusters suggesting
that specific patient characteristics influence prescription patterns. The current study had the objective to
evaluate outcome of OSA treatment using yet an additional cluster analysis methodology where sleep
apnoea severity or the degree of daytime sleepiness at baseline were not included as cluster variables
because these factors are already well known to drive adherence to PAP treatment [41]. Based on this
approach and despite comparable degree of daytime sleepiness and AHI at baseline, and a similar
compliance with PAP, we identified clusters with a particularly good (cluster 6) but also poor (cluster 5)
response to therapy. Patient specific characteristics, e.g., comorbidity spectrum or co-medication, may
determine the perceived effect of OSA therapy.

Analysis of PAP outcomes according to baseline clusters has been performed in 709 patients of the
Icelandic sleep cohort [42]. Using advanced statistical modelling, the authors demonstrated that the
symptom improvement varied substantially between the three different clusters identified at baseline. This
is in line with our findings. However, the study applied more comprehensive symptom evaluation before
and during PAP treatment compared with the ESADA study design and data completeness was high.
Analysis addressing if other factors than PAP treatment were responsible for the change in symptoms is
also important [43]. Such factors may include changes in lifestyle, body weight, medication or
socioeconomic factors. In our analysis of the ESADA, we aimed to show if subgroups of patients clustered
based on baseline information may identify differences in response to PAP treatment. It was not the goal to
analyse the adjusted effect size of PAP treatment on patient outcomes. A recent study in a multicentric
French cohort of OSA patients studied the PAP outcome in 3090 patients [29]. At baseline, five clusters
were identified by latent class analysis. PAP compliance was lower in the clusters labelled as “female
OSA”, “mildly symptomatic OSA” and “comorbid OSA” compared with the cluster labelled as “severe
OSA syndrome”. Interestingly, we could not identify a similar difference in adherence to PAP treatment
between our seven clusters. Thereby, the current cluster analysis of the ESADA cohort advances the
understanding of the heterogeneity of clinical OSA phenotypes in Europe regarding baseline characteristics
as well as PAP treatment outcomes.

The strengths and limitations of our study need to be considered. First, this is to our knowledge among the
largest prospective patient cohort studied by means of cluster analysis. The multicentric design increases
the generalisability of our findings [44]. Second, our study provides a comprehensive description of
comorbidities in the cluster analysis. Comorbidities were validated by sleep physicians and use of
concomitant medication (ATC codes). Third, our study contains follow-up data controlling for PAP use
and variable treatment duration in a considerable number of patients which allows for outcome analysis in
patient subgroups. Fourth, the ESADA study protocol allows inclusion of almost all patients seen for
evaluation of suspected sleep apnoea. It also allows the methodologies applied in clinical routine and
follows the patients during the management process over time. Thereby, the ESADA can be viewed as a
clinical quality registry providing a reference for the diversity of European OSA patient management.
Indeed, we found a considerable overlap between cluster characteristics similar to what has been shown
elsewhere.

A number of limitations need also to be stated. First, it is important to note that there was a considerable
overlap between cluster characteristics similar to what has been shown elsewhere. It is possible that more
specific clusters are needed to provide clinically useful tools for OSA severity classification and outcome
prediction. Second, more detailed information including measures of hypoxic burden and upper airway
collapsibility, upper airway imaging data, more detailed evaluation of daytime and night-time symptoms,
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and socioeconomic factors was not available in the current analysis. Third, detailed information on
insomnia diagnosis, concomitant sleep disorders like restless legs or circadian rhythm disorders were not
available in our analysis. Fourth, the ESADA includes patients diagnosed with both polygraphy and
polysomnography, and AHI at follow-up is captured by sleep recordings or from the PAP devices. These
differences in methodology affect the accuracy of the AHI metric at both baseline and follow-up, but no
data suggest that the difference in methodology would systematically be affected by cluster allocation.
Further, AHI was an outcome, not a variable, in our cluster analysis at baseline. Finally, PAP treatment
outcome analysis was performed in the subgroup of patients with actual data assessments at follow-up
excluding 14 986 both treated and untreated OSA patients from analysis due to missing data. This
substantial loss of patients at follow-up may create a bias towards patients with higher PAP adherence and
thereby provides an incomplete picture of the patient cluster at baseline. Interestingly, this study limitation
has been observed even in other large registry studies [29, 41].

Our study findings have important clinical applications. First, the current cluster analysis advances our
understanding of the heterogeneity of clinical OSA phenotypes in Europe. Second, patient clusters
characterised by high comorbidity load and older age may respond with less significant symptom
improvement when compared with otherwise healthy OSA patients. Hence tailored OSA management plan
and follow-up strategies are needed. On the other hand, although the ESS response to PAP treatment was
statistically different between clusters, further studies are warranted to prove its clinical relevance. Third,
our data suggest that PAP-treated patients may require long-term monitoring to document full control of
OSA (AHI <5). Finally, the current clustering of patients by mathematical modelling is one opportunity to
better understand the heterogeneity of OSA patients, and further development is needed to use OSA
patient clustering in clinical routine.

In conclusion, OSA patients are heterogeneous and can be sub-classified into clusters based on clinically
identifiable characteristics. Importantly, the identified cluster characteristics may be useful for prediction of
symptom improvement after PAP intervention.
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