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Background: Obstructive sleep apnoea (OSA) is a common comorbidity in patients with cardiovascular (CV) dis-
ease. We aimed to identify specific OSA clinical phenotypes relating to risks of serious CV events and response to
continuous positive airway pressure (CPAP) treatment.
Methods: Post-hoc analyses of the Sleep Apnea Cardiovascular Endpoints (SAVE) study in participants with
moderate-to-severe OSA and coronary artery disease (CAD) and/or cerebrovascular disease (CeVD) randomised
to CPAP plus usual care or usual care alone. Latent class analysis (LCA) was used to identify OSA clinical pheno-
types among2649 (out of 2687 total) patientswith complete data on19 patient-centered variables, supported by
Bayesian information criteria and clinical interpretability. Cox regression models were used to evaluate risks of
composite cardiac and stroke outcome events in phenotype groups. Preferential response to CPAP treatment
was evaluated using interaction terms as well as the Chi-square test.
Findings: LCA identified four OSA clinical phenotypes: CAD alone and with diabetes mellitus (CAD+DM), and
CeVD alone and with DM (CeVD+DM), in 39%, 15%, 37% and 9% of participants, respectively. The rates of com-
posite CV events were the highest in CAD+DM phenotype (HR 2.08, 95% CI 1.57–2.76) and for stroke were
highest in CeVD+DM phenotype (HR 6.84, 95% CI 3.77–12.42). Adherence to CPAP treatment (nil or b4 h vs
≥4 h in the first two years of the study) was shown to influence the risk of composite CV outcome in the pheno-
types (P-interaction=0.04); CPAP adherent patients of the CeVD+DMphenotype had the lowest risk of CV out-
come (P = 0.02).
Interpretation: High risk clinical phenotypes were identified in relation to CV events and response to CPAP treat-
ment, which may allow improved targeting of therapies in OSA patients.
Funding: The National Health and Medical Research Council (NHMRC) of Australia, Fisher & Paykel Healthcare,
and ResMed.
.2018.09.004.
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Research in context

Search strategy and selection criteria

We searched PubMed and Google Scholar for studies of ob-
structive sleep apnoea phenotypes published in English up to 4
April 2018, with the terms “obstructive sleep apnoea”, “pheno-
type” and “cardiovascular risk”. We did not impose any restric-
tions on language. Articles that were relevant to the topics were
added to our reference list.

Evidence before this study

Studies which phenotype OSA patients with a view towards
risk stratification are limited and it is unknown if any particular
group of OSA patients benefit preferentially from CPAP treatment
in terms of the prevention of recurrent cardiovascular events. One
recent cross-sectional study by Zinchuk et al. used polysomno-
graphic data to cluster OSA in 1247 US veterans to identify
seven groupswith distinguishing features and variable risk of car-
diovascular event.

Added value of this study

In the present study, data from the largest clinical trial of con-
tinuous positive airway pressure (CPAP) in OSA patients, were
used to identify phenotypes of OSA patients according to clinical
features. Past cardiovascular history and diabetes mellitus were
the strongest distinguishing features in the phenotype groups
which predicted different risks of a composite cardiovascular out-
come and stroke, as well as response to CPAP treatment.

Implication of the available evidence

High risk clinical phenotypes of OSA patients in relation to CV
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events and response to CPAP treatment may allow improved
targeting of treatment.

ence to CPAP therapy, were checked during follow-up assessments con-
ducted at 1, 3, 6 and 12months, and 6monthly thereafter, for a mean of
1. Introduction

Obstructive sleep apnoea (OSA) is a common disorder characterised
by snoring and repetitive obstruction of the airways during sleep which
affects up to two thirds of patients with cardiovascular (CV) risk factors
[1,2]. OSA is known to be associatedwith increased CV risks viamultiple
potential mechanisms that include autonomic activation, systemic in-
flammation, oxidative stress, endothelial dysfunction and insulin resis-
tance [3], and CV event rates are particularly high in those with co-
occurring OSA and established CV disease. While CPAP improves day-
time sleepiness and quality of life [4,5], studies including the interna-
tional Sleep Apnea Cardiovascular Endpoints (SAVE) study have failed
to show a clear effect of this therapy on CV protection [4,6–8]. Due to
the heterogeneous nature of OSA, there have been suggestions that cer-
tain subgroups of patients may benefit from CPAP treatment in terms of
prevention of recurrent CV events. An improved understanding of the
prognostic features of high risk OSA patients, could identify those who
may benefit preferentially from targeted therapeutic strategies. Prior at-
tempts to characterise OSA patients have primarily been based on phys-
iological variables and daytime symptoms [9–13], with few studies
considering CV risk factors [14–16] and their interplay in the clinical
setting.

A novel methodological approach for identifying groups of individ-
uals with wide ranging and potentially interacting clinical
characteristics is latent class analysis (LCA). LCA has gained popularity
in the recent years because of its probabilistic model-based approach
and ability to yield goodness of fit estimates. In the recent years, LCA
has been used for identifying subgroups of patients with OSA and
heart failure, with a view towards outcome prediction and risk stratifi-
cation [16,17]. The aim of the present study was to use LCA to identify
clinically meaningful OSA phenotypes with significantly different CV
event rates and response to CPAP treatment among participants of the
SAVE study [4].

2. Methods

2.1. Study Design

This was a post-hoc analysis of the SAVE study, an international,
multicenter, randomised controlled trial that evaluated the effective-
ness of CPAP on top of standard of care for OSA to reduce recurrent CV
events [4]. In brief, 2687 adults (age 45 to 75 years) with a diagnosis
of moderate-to-severe OSA and established coronary artery disease
(CAD) and/or cerebrovascular disease (CeVD) were randomised to re-
ceive CPAP plus usual care or usual care alone at 89 clinical centers in
7 countries from December 2008 to November 2013. The diagnosis of
OSA was based on a high oxygen desaturation index (ODI, ≥12 events
per hour with ≥4% oxygen saturation dip), established through use of
a home sleep screening device (ApneaLink, ResMed) and confirmed
centrally by sleep specialists. The SAVE study was approved by all rele-
vant ethics committees and written informed consent was obtained
from participants or an appropriate surrogate. The study is registered
at ClinicalTrials.gov number (NCT00738179).

2.2. Procedures and Outcomes

Demographic and clinical characteristics, medical history, medica-
tions and health behaviours of participants were recorded at the time
of enrolment. After randomisation was undertaken in those who had
successfully completed a 1-week run-in phase of sham CPAP, CV events
and other CV and non-CV outcomes, serious adverse events, and adher-

3.7 years. CV events were defined according to standard definitions [4].
The primary endpoint was a composite of death from any CV cause,
myocardial infarction, stroke, or hospitalisation for unstable angina,
heart failure or, transient ischaemic attack. For these analyses, stroke oc-
currence was our secondary endpoint.

2.3. Statistical Analysis

LCA was used to identify discrete subgroups (or classes) within the
study population based on a set of pre-selected indicator variables
[18]. We chose 19 clinically relevant indicator variables associated
with CV risk and OSA severity based on a review of the literature and
through the use of crude logistic regression analysis of the SAVE dataset.
The indicator variables for the LCA analysis included: older age (≥65),
female sex, Asian ethnicity, current (some or every day) cigarette
smoking, frequent (at least once a week) alcohol consumption, obesity
(body mass index ≥30 kg/m2), high systolic blood pressure (SBP,
≥140 mmHg), high apnoea hypopnea index (AHI, ≥30 events/h), sleep
time with oxygen saturation below 90% (ST90 ≥ 9.5), Epworth sleepi-
ness scale (ESS) score N 10, history of any stroke (defined as past
CeVD), CAD, revascularisation procedure (including percutaneous or
bypass graft coronary intervention), hypertension, and diabetes
mellitus (DM), and any use of antihypertensive, statin or other lipid
lowering, antidiabetic, and anticoagulation medications. Using maxi-
mum likelihood estimation, the LCA calculated the (posterior) probabil-
ity of individuals belonging to each constructed latent class and
assigned individual patients membership to the class with the highest

http://ClinicalTrials.gov
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Fig. 1. Conditional probabilities of indicator variables by OSA clinical phenotype. A. Coronary artery disease (CAD, dashed line) and CAD plus diabetes mellitus (CAD+DM, solid line)
phenotype groups. B. Cerebrovascular disease (CeVD, dashed line) and CeVD plus diabetes mellitus (CeVD+DM, solid line) phenotype groups. Lines indicate the proportion of
participants in each group identified with each feature shown on a concentric y axis. AHI indicates apnea hypopnea index, BMI body mass index, CAD coronary artery disease, DM
diabetes mellitus, OSA obstructive sleep apnea, SBP systolic blood pressure, ST90 sleep time with oxygen saturation below 90%, ESS Epworth Sleepiness Scale. High AHI
(≥30 events/h); high BMI (N30 kg/m2); high SBP (N140 mm Hg).
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posterior probability. Models with between two and five latent classes
were examined, with the optimal number of classes determined
through meaningful clinical interpretability and parsimony based on
the lowest Akaike information classification and Bayesian information
classification indices, as well as an assessment of adequate entropy.
LCA was performed using the poLCA library in the R statistical package
(version 2.15.0, R Foundation for Statistical Computing, Vienna,
Austria).

As the calculated average probability of class membership across all
subjects was high at 0.99 (1 and 0 represent perfect classification and
misclassification, respectively), a straight-forward ‘classify-analyse’ ap-
proach was used to evaluate associations between latent classes and
clinical outcomes [19]. Association between OSA clinical phenotypes
and the primary CV outcome and stroke events was undertaken using
Cox proportional hazards models adjusted for posterior probability of
latent class membership. Sensitivity analysis with adjustment for his-
tory of diabetesmellituswas also conducted.We further tested for a dif-
ferential effect of CPAP treatment among each clinical phenotype using
interaction terms in the Cox regression model and calculated the pro-
portions of outcomes in each OSA phenotype group by level of adher-
ence to CPAP (on average, b4 vs. ≥4 h per night, in the first two years
of the study). Also, we compared proportional variations in outcomes
among the latent class by CPAP adherence time using the Chi-squared
test. To ensure the robustness and reliability of the present findings,
we repeated all analysis with alternative number of classes (three and
five classes).

Data are reported with hazard ratios (HR) and 95% confidence inter-
vals (CI). A two-sided P value of b0.05 was considered statistically



Table 1
Characteristics of patients with different OSA clinical phenotypes.

All patients
(n = 2649)

CeVD+DM
(n = 242)

CAD + DM
(n = 396)

CeVD
(n = 972)

CAD
(n = 1039)

P value

Older age (≥65) 1332 (50) 89 (37) 147 (37) 315 (32) 374 (36) 0.218
Male 2144 (81) 181 (75) 326(82) 741 (76) 896 (86) b0.001
Asian 1673 (63) 181 (75) 139 (35) 832 (86) 521 (50) b0.001
Current smokera 404 (15) 37 (15) 42 (11) 189 (19) 136 (13) b0.001
Frequent alcohol consumptionb 676 (26) 42 (17) 92 (23) 200 (21) 342 (33) b0.001
Body mass index, N30 kg/m2 843 (32) 73 (30) 187 (47) 232 (24) 351 (34) b0.001
Systolic BP, N140 mm Hg 733 (28) 91 (38) 119 (30) 277 (29) 246 (24) b0.001
AHI, ≥30 events/h 1079 (41) 95 (39) 132 (33) 488 (50) 364 (35) b0.001
ST90 ≥ 9.5 minc 1317 (50) 110 (45) 215 (54) 480 (49) 512 (49) 0.158
ESS score N 10 544 (21) 52 (21) 94 (24) 168 (17) 230 (22) 0.014
Cerebrovascular disease 1306 (49) 242 (100) 29 (7) 972 (100) 63 (6) b0.001
Coronary artery disease 1451 (55) 0 (0) 396 (100) 16 (2) 1039 (100) b0.001
Revascularisation 1146 (43) 8 (3) 336 (85) 10 (1) 792 (76) b0.001
Hypertension 2079 (78) 209 (86) 333 (84) 724 (74) 813 (78) b0.001
Diabetes mellitus 788 (30) 241 (100) 394 (99) 65 (7) 88 (8) b0.001
Medications
Antihypertensive 2069 (78) 189 (78) 374 (94) 594 (61) 912 (88) b0.001
Statin or other lipid lowering 1550 (59) 115 (48) 333 (84) 296 (30) 806 (78) b0.001
Antidiabetic 638 (24) 242 (100) 396 (100) 0 (0) 0 (0) b0.001
Antithrombotic 1997 (75) 173 (71) 374 (94) 534 (55) 916 (88) b0.001

Data are n (%) for categorical variables. AHI indicates apnoea-hypopnea index; BP, blood pressure; CPAP, continuous positive airway pressure; CAD, coronary artery disease; CeVD, cere-
brovascular disease; DM, diabetes mellitus; ESS, Epworth Sleepiness Scale.

a Smoking cigarettes at least some days during the week.
b Drinking alcohol once a week or more.
c Sleep time with oxygen saturation level below 90%.

Table 2
Risk of primary outcome and recurrent stroke by OSA clinical phenotype.

Event Phenotype N (%) HR 95% CI P valueb

Primary outcomea CeVD+DM 45 (19) 1.71 (1.22–2.41) b0.001
CAD + DM 81 (20) 2.08 (1.57–2.76)
CeVD 124 (13) 1 Reference
CAD 179 (17) 1.40 (1.11–1.76)

Stroke CeVD+DM 26 (11) 6.84 (3.77–12.42) b0.001
CAD + DM 18 (5) 2.99 (1.56–5.73)
CeVD 69 (7) 3.97 (2.39–6.60)
CAD 19 (2) 1 Reference

HR indicates hazard ratio, CAD coronary artery disease, CeVD cerebrovascular disease, DM,
diabetes mellitus, OSA, obstructive sleep apnoea.

a The primary composite endpoint included death from cardiovascular causes, myo-
cardial infarction, stroke, or hospitalisation for heart failure, unstable angina, and transient
ischaemic attack.

b Models adjusted for posterior probability.
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significant. Survival analyses were undertaken using SAS version 9.3
(SAS Institute, Cary, NC).

3. Results

3.1. Patient Characteristics in Four OSA Clinical Phenotypes

We included 2649 (97%) of the total study population that had com-
plete information on 19 indicator variables (Supplemental Fig. S1).
Based on both clinical interpretability and parsimony, we chose four
groups of classification identified by LCAwith varying clinical character-
istics (Supplemental Tables S2–S4, Table 1, Fig. 1A and B). Latent class
analysis with three to five classes consistently showed greatest inter-
class difference in posterior probability of the indicator variables CAD,
CeVD andDM. As such,we labelled the clinical phenotypes by those var-
iables. The resulting OSA clinical phenotypes derived from these analy-
ses were: CAD alone or with DM (CAD+DM), and CeVD alone or with
DM (CeVD+DM), in 39%, 15%, 37% and 9% of participants, respectively.

A comparison between the CAD and CAD + DM phenotypes shows
that the latter group had less patients from Asia, fewer who drank alco-
hol, had higher BMI and increased rates of CV comorbidities and usage
of CV medications. The differences between the CeVD and CeVD+DM
groups were similar to those of the CAD and CAD+DMphenotypes. Pa-
tients of the CeVD+DM phenotype had lower rates of severe OSA (i.e.
AHI ≥30 events/h) and shorter ST90, however we also observed higher
ESS score within the same phenotype. A comparison of the CAD and
CeVD phenotypes shows a higher percentage of Asian females and
more severe OSA (AHI ≥30) in the latter, whereas the CAD phenotypes
were marked by greater numbers of non-Asian males, higher obesity
rates, and more revascularisation and CV pharmacotherapy (Table 1).

3.2. OSA Clinical Phenotypes and CV Outcomes

In models adjusted for posterior probability, the clinical phenotype
CAD+DMwas associated with the highest risk of the primary compos-
ite CV outcome (HR 2.08, 95%CI 1.57–2.76), followed by the CeVD+DM
(HR 1.71, 95%CI 1.22–2.41) and CAD (HR 1.40, 95%CI 1.11–1.76) pheno-
types in comparison to CeVD as reference group. The risk of stroke was
higher in the CeVD+DMphenotype (HR 6.84, 95% CI 3.77–12.42) com-
pared to the CAD clinical phenotype. The CAD+DM and CeVD pheno-
types were also associated with increased risks of stroke (HR 2.99, 95%
CI 1.56–5.73, and HR 3.97, 95% CI 2.39–6.60, respectively) as compared
to the CAD phenotype (Table 2, Fig. 2). Similar associations between the
phenotypes and the study outcomes were found in sensitivity analyses
with adjustment for history of diabetes mellitus (Supplemental
Table S5). Further analyses with three and five latent classes also
showed that patients of the CAD+DM and CeVD+DM groups had
the highest risk of primary outcome and stroke, respectively (Supple-
mentary Tables S6–S7).

3.3. Effects of CPAP by OSA Clinical Phenotype

There were significant interactions between adherence to
CPAP treatment and the clinical phenotypes for theprimary CV outcome
(P = 0.04) but not stroke. Chi-squared test comparing proportion of
outcome events by adherence to CPAP treatment showed a relationship
between good adherence to CPAP treatment (≥4 h per night) and re-
duced risks of composite CV (P=0.02) outcome in theCeVD+DMphe-
notype (Table 3). Sensitivity analysis with five latent classes also
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Fig. 2. Cumulative rate of cardiac and stroke outcomes by OSA clinical phenotype. (A) The
primary endpoint was a composite of death from any CV cause, myocardial infarction,
stroke, or hospitalisation for unstable angina, heart failure or, transient ischaemic attack.
(B) Stroke events over time, according to phenotype group and adjusted for posterior
probability. CAD coronary artery disease, CeVD cerebrovascular disease, CV
cardiovascular, DM diabetes mellitus, OSA obstructive sleep apnoea.
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showed rates of primary outcome to be lower in CPAP adherent patients
of the CeVD+DM phenotype (Supplemental Tables S8–S9).

4. Discussion

In these secondary analyses of the large and heterogeneous SAVE
clinical trial population, we were able to define four distinct clinical
Table 3
Rates of primary composite CV outcome and recurrent stroke by OSA clinical phenotype and C

Primary outcomea % (95%CI)

Phenotype No or b 4 h CPAP ≥4 h CPAP P v
CeVD+DM 21.11 (15.65–27.44) 4.88 (0.6–16.53) 0.0
CAD+DM 19.59 (15.23–24.58) 23.71 (15.66–33.42) 0.3
CeVD 12.6 (10.34–15.15) 13.47 (8.99–19.11) 0.7
CAD 17.88 (15.28–20.71) 15.35 (10.93–20.7) 0.3

CAD denotes coronary artery disease, CI confidence interval, CPAP continuous positive airway p
structive sleep apnoea.
Missing 26 patients without information on adherence.

a The primary composite endpoint included death from cardiovascular causes,myocardial inf
attack.

b The P values are based on Chi-square test or Fisher's exact test as appropriate.
phenotypes that allowed risk stratification for recurrent CV events
using an objective data-driven approach. The present findings support
OSA being a complex and heterogeneous syndrome, and that those
with co-occurring CV disease can be being categorised into several clin-
ically meaningful prognostic groups. Although a wide range of clinically
relevant variables including demographic details, lifestyle habits, clini-
cal indices, comorbidities and medication use were used in the LCA to
characterise individuals into clinically distinguishable subgroups, we
found that ultimately prior CVD history and diabetes were the strongest
distinguishing factors of the phenotypes. OSA patients were identified
with high risks of CV events, and who thus have the potential to gain
more than others from more intensive CV risk management and CPAP
treatment, as the response to this treatment was not consistent
among OSA clinical phenotypes.

The finding that the CAD groups were mainly non-Asian males,
whereas CeVD groups were predominantly Asian and more often fe-
male, is consistent with ethnic differences in risks of CV disease, with
higher rates of stroke and low rates of CAD in Asians compared to
non-Asians [19]. As expected, patients in the CADand CAD+DMgroups
more frequently reported obesity and use of CV medications, including
antihypertensives, statins and anticoagulants, in comparison to the
CeVD and CeVD+DM groups. Interestingly, more patients in the CeVD
groups had severe OSA compared to CAD groups, which is consistent
with studies showing a dose-dependent relationship of OSA severity
and risk of stroke [21,22], but not CAD [22].

Our study shows that CAD and CeVD patients with DMwere at sig-
nificantly higher risk of recurrent composite CV events and stroke re-
spectively than individuals without DM. Although the significance of
risk factors included in our analyses, such as sex, ethnicity, alcohol con-
sumption and hypertension, are well established, the present findings
suggest that having DM may both encompass and predominate other
CV risk factors in the context of OSA [20–23]. This practical and straight-
forward finding not only reinforces the importance of optimal DMman-
agement, but may also aid clinicians in readily stratifying OSA patients
with various CV risk factors. Furthermore, as the phenotype groups
with DM also displayed higher BMI and systolic BP, it presents opportu-
nities for lifestyle and therapeutic management to lower future CV risk.

Although observational studies and small randomised trials have
suggested benefits of CPAP on CV risk [6,7,24,25], the SAVE trial showed
no effects of this treatment on either the main composite or individual
components of the primary CV outcome in a high risk OSA population.
However, our current analysis suggests that CPAP may offer benefits
in those at very high CV risk who are able to achieve high levels of ad-
herence to CPAP. The long-term use of CPAP could yield metabolic reg-
ulatory benefits in terms of improved glycemic control and insulin
sensitivity through the correction of pancreatic beta-cell structure [26,
27].

Prior attempts to phenotype OSA patients have primarily been based
on symptoms and polysomnographic features in small, carefully se-
lected series [10,12,14,28,29]. Strengths of our study are the large sam-
ple size, heterogeneous population in terms of risk factors and
background health care settings, and detailed level of clinical data that
PAP treatment.

Stroke event % (95%CI)

alueb No or b 4 h CPAP ≥4 h CPAP P valueb

15 12.06 (7.88–17.41) 2.44 (0.06–12.86) 0.066
84 4.73 (2.61–7.81) 4.12 (1.13–10.22) 0.804
45 7.4 (5.65–9.48) 6.22 (3.25–10.61) 0.568
74 2.13 (1.24–3.38) 0.88 (0.11–3.13) 0.217

ressure, CeVD, cerebrovascular disease, CV cardiovascular, DM diabetes mellitus, OSA ob-

arction, stroke, or hospitalisation for heart failure, unstable angina, and transient ischaemic
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were collected. Moreover, we used an approach to subgrouping that
was data driven and person-centered rather than variable-centered,
which allowed a greater focus on overall group characteristics rather
than using a regression based approach with individual variables
which cannot account for the numerous potential interactions. The in-
tentionwas to derive clinical phenotypeswith a view towards risk strat-
ification for targeted or individualised therapy in OSA patients. We
recognise, however, that there are limitationswith our approach, in par-
ticular the inability to provide precise estimates of the effects of CPAP in
each of the defined clinical phenotypes due to small numbers of CV
events associated with subgroup analyses. Moreover, our study com-
prised a clinical trial population of less symptomatic patients with pre-
dominantly moderate–severe OSA, the findings may not be applicable
to thosewith severe OSA symptomswith/without CVdisease. Future in-
vestigations are needed to phenotype OSA in larger populations with
additional pathophysiological and genetic variables.

In summary, our novel approach of applying LCA to common clinical
variables identified four distinct clinical phenotypes of mildly symp-
tomatic OSA patients who had significant differences in their CV
event-free survival and response to CPAP treatment. Improved pheno-
typing of OSA patients may create a basis for more personalised thera-
pies to be tailored to high-risk OSA patients. Further studies are
required to validate our findings and accommodate a wider range of
OSA patients and consider other relevant variables.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.eclinm.2018.09.002.
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