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Summary

Sleep-disordered breathing may increase the risk of cardiovascular diseases, but
observational findings are inconclusive. We investigated whether sleep-disordered
breathing-related symptoms are associated with risk of several cardiovascular dis-
eases using data from a cohort study and by performing Mendelian randomization
analyses. The cohort study included 43,624 adults (56-94 years old) who completed
questionnaires regarding symptoms of snoring and cessation of breathing, lifestyle
habits and health characteristics. Participants were followed up for incident cardio-
vascular diseases and death over 8 years through linkage to the Swedish National
Patient and Death Registers. The Mendelian randomization analyses were conducted
using single-nucleotide polymorphisms robustly associated with sleep apnea in a
recent genome-wide association study and summary-level data for major cardiovas-
cular diseases from large-scale consortia. In the cohort study, an increased risk of
atrial fibrillation was observed in participants who reported both snoring and cessa-
tion of breathing (hazard ratio [95% confidence interval] = 1.16 [1.03-1.30]) com-
pared with those without sleep-disordered breathing symptoms. There was no
association between sleep-disordered breathing symptoms and risk of myocardial
infarction, heart failure, aortic valve stenosis or abdominal aortic aneurysm in multi-
variable analyses. Mendelian randomization analyses showed no association of
genetic liability to sleep apnea with myocardial infarction, heart failure or atrial fibril-
lation, but revealed a suggestive association with coronary artery disease (odds ratio
[95% confidence interval] = 1.24 [1.02-1.52]).

KEYWORDS
cardiovascular disease, cohort, Mendelian randomization, single-nucleotide polymorphisms,
sleep apnea, sleep-disordered breathing
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1 | INTRODUCTION provide less biased evidence on associations between modifiable risk

Cardiovascular diseases (CVDs) are the major cause of premature
death worldwide, despite advances in CVD prevention and treatment,
and a considerable decline in mortality. In addition to the traditional
risk factors for CVDs, sleep-disordered breathing (SDB) may also con-
tribute to development of CVDs. This is alarming, as the prevalence of
SDB in the general population has been increasing, and it is estimated
to vary from 10% to 40%, with a higher prevalence among men and
the elderly (Kitakata et al., 2018; Lyons et al., 2020).

Obstructive sleep apnea (OSA), the most common type of SDB, is
characterized by repeated episodes of either partial or full nocturnal
cessation of breathing. The diagnosis of OSA is usually based on in-
laboratory nocturnal polysomnography, the presence of cardiovascu-
lar comorbidities, and symptoms such as loud snoring, sleep-related
breathing problems and daytime sleepiness (Semelka et al., 2016).
Obesity is a common risk factor for both SDB and CVDs. SDB is asso-
ciated with intermittent hypoxia, sleep fragmentation, systemic
inflammation, oxidative stress, metabolic dysregulation (Ryan, 2018)
and a decrease in the nocturnal dipping of blood pressure (Cuspidi
et al., 2019), all of which may contribute to the initiation and progres-
sion of CVDs. Despite increasing prevalence and evidence of adverse
health effects, OSA remains largely undiagnosed. This can be at least
in part related to a lack of awareness of this condition and lack of
access to sleep clinics to perform a laboratory-based investigation
(e.g. using a gold-standard methodology, polysomnography; Osman
et al., 2018). The apnea-hypopnea index (AHI) indicates the number
of apneas and hypopneas events per hour of sleep, and has been the
most commonly used measure of OSA severity (Oldenburg
et al., 2021). Recent evidence suggests the nocturnal hypoxaemic bur-
den parameter, defined as the time of oxygen saturation below 90%,
as a better predictor of survival in patients with SDB and CVD
(Oldenburg et al., 2016; Oldenburg et al., 2021). A number of
questionnaire-based screening instruments used in primary care set-
tings, preoperative screenings and research have been developed to
better identify people at risk for OSA (Gottlieb & Punjabi, 2020). A
meta-analysis including cross-sectional and case-control studies con-
firmed that OSA is prevalent in patients with CVDs (Wu et al., 2018).
However, large cohort studies are needed to investigate whether SDB
may increase risk of specific CVDs independently of obesity in partici-
pants with no history of CVD at baseline.

Given the heterogeneity of CVDs, there may well be differences in
the contribution of SDB to the pathophysiology of different CVD
events. Previous cohort studies on the association between SDB and
subsequent CVD outcomes has mainly focused on ischaemic stroke
and coronary heart disease (CHD), whereas data on myocardial infarc-
tion (MI) specifically and other CVDs such as heart failure (HF; Gottlieb
et al, 2010; Ljunggren et al., 2016), atrial fibrillation (AF; Lin
et al.,, 2015; Tung et al., 2017), aortic valve stenosis (AVS) and abdomi-
nal aortic aneurysm (AAA) are limited or non-existent. Conventional
observational studies are susceptible to reverse causality and confound-
ing, which may bias results. Mendelian randomization (MR) is an epide-

miological approach that can be used to address causal hypothesis and

factors and health outcomes, utilizing genetic variants that are strongly
associated with a modifiable risk factor (Davies et al., 2018).

The aim of this study was to investigate the associations of self-
reported SDB-related symptoms with specific CVDs, including MI, HF,
AF, AVS and AAA in a cohort of 43,624 middle-aged and elderly men
and women. We also used the MR approach to investigate the associ-
ations of genetic liability to sleep apnea with coronary artery disease
(CAD), MI, HF and AF.

2 | MATERIALS AND METHODS

21 | Study population

The data from the National Research Infrastructure SIMPLER
(Swedish Infrastructure for Medical Population-based Life-course
Environmental Research) was used in the primary analysis. In
2008/2009, all participants completed structured questionnaires that
included information on lifestyle and other risk factors for chronic dis-
eases. We excluded individuals who died prior to 1 July 2009, and
those who had missing information on SDB-related symptoms
(Figure S1), leaving 43,624 participants (19,339 women and 24,285
men) with a mean baseline age of 70 years (56-94 years) for analysis.
In the main analysis of each CVD outcome, we excluded participants
with a diagnosis of the corresponding specific CVD before start of a
follow-up (e.g. those with HF before baseline were excluded from the
analysis of HF), as ascertained through linkage to the Swedish
National Patient Register. The number of prevalent CVD cases
excluded in each analysis is shown in Figure S1. The cohort study was
conducted following the Helsinki declaration, and the participants
provided written informed consent. The current data analysis was

approved by the Swedish Ethical Review Authority.

2.2 | Exposure assessment

In 2008/2009, participants completed questionnaires that solicited
information about snoring, cessation of breathing, educational attain-
ment, alcohol consumption, smoking status, weight, height, physical
activity, cohabitation status, and history of diabetes, hypertension and
hypercholesterolaemia. Participants indicated how often they experi-
enced sleep apnea or cessation of breathing as well as disturbing snor-
ing during the past 3 months with the following categories: never;
seldom; often; mostly; and always. Participants who reported that
they experienced sleep apnea/cessation of breathing or snoring often,

mostly or always were defined as having SDB symptoms.

2.3 | Case ascertainment and follow-up

Cases of CVDs and death were ascertained through linkage with the
Swedish National Patient Register (covering both in- and out-patients)
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and the Cause of Death Register using the unique personal identity
number assigned to each Swedish resident and classified according to
the International Classification of Diseases (ICD) 10th Revision codes.
The endpoints in the present cohort study were acute Ml (121), HF
(150 and 111.0), AF (148), AVS (135.0 and 135.2) and AAA (171.3 and
171.4). Participants were followed up from 1 July 2009 to the date of
diagnosis of CVD, death from any cause, or 31 December 2017,
whichever occurred first.

24 | Two-sample MR analysis

Summary-level data for the associations of sleep apnea-associated
single-nucleotide polymorphisms (SNPs) with CVD outcomes were
acquired from a meta-analysis of genome-wide associations studies
(GWASs) for AF (60,620 cases and 970,216 non-cases; Nielsen
et al., 2018), a meta-analysis of the CARDIoGRAMplusC4D consor-
tium and the UK Biobank study for CAD (122,733 cases and 424,528
non-cases; van der Harst & Verweij, 2018), the CARDIoGRAM-
plusC4D consortium for MI (43,676 cases and 128,199 non-cases;
Nikpay et al., 2015) and the HERMES consortium for HF (47,309
cases and 930,014 non-cases; S. Shah et al., 2020). CAD was defined
as MI and other ischaemic heart diseases (ICD 10 codes 121-125),
replacement, transluminal balloon angioplasty, and other therapeutic
transluminal operations on coronary artery and percutaneous trans-
luminal balloon angioplasty and insertion of stent into coronary artery,
as well as self-reported CAD (van der Harst & Verweij, 2018). MR
analyses for AAA and AVS were omitted because no large genetic
data were available for these outcomes. Information of the definition
of each CVD outcome was available in corresponding GWASs. Studies
included in the GWASs had been approved by a relevant institutional
review board, and participants had provided informed consent. The
present MR analysis has been approved by the Swedish Ethical
Review Authority.

2.5 | Instrumental variable selection

Thirty-nine SNPs associated with sleep apnea at the level of
genome-wide significance (p <5 x 1078 were identified from a
meta-analysis of five cohorts and a previous GWAS including a total
of 510,484 participants of European ancestry (Campos et al., 2020).
Sleep apnea cases in the included cohorts were defined based on
self-reported diagnostic items, a self-reported diagnosis, or a general
practitioner diagnosis based on ICD-10 codes (Campos et al., 2020).
These SNPs were replicated in 23andMe, and this GWAS analysis
was adjusted for body mass index (BMI), sex, age, genetic principal
components and genotype platform (Campos et al., 2020). The Two-
SampleMR package was used to assess linkage disequilibrium across
39 SNPs. We used 35 independent SNPs (r2 < 0.01 and clump dis-
tance > 10 kb in European populations) as instrument variables for
sleep apnea. The summary-level effect sizes (beta and standard

error) of sleep apnea-associated SNPs were estimated based on the

population from 23andMe. Details of the SNPs used as instrumental
variables are available in Table S1.

2.6 | Statistical analysis

In the analysis based on SIMPLER cohort data, Cox proportional haz-
ards regression models were used to obtain hazard ratios (HRs) with
95% confidence intervals (Cls) with age as the time scale and sex (as a
stratification variable) in the basic model. In a first multivariable model,
we additionally adjusted for BMI (weight divided by the square of
height; <225 kg m™2 225-249 kg m 2 250-29.9 kg m~2
or 2 30 kg m~2). In a second multivariable model, we further adjusted
for education (less than high school, high school, or university), smok-
ing status (never, former, current smokers), alcohol intake (never
drinkers, past or current drinkers of < 1 drink per week, 1-< 7 drinks
per week, 7-< 15 drinks per week, 15-21 drinks per week, > 21
drinks per week), walking/bicycling (never/seldom, < 20 min per day,
20-40 min per day, > 40 min per day), exercise (almost never, < 1 hr
per week, 1 hr per week, 2-3 hr per week, 4-5 hr per week, 2 5 hr
per week), and history of diabetes (no/yes), hypertension (no/yes) and
hypercholesterolaemia (no/yes). In sensitivity analyses, we addition-
ally adjusted for cohabitation status (cohabiting versus not cohabit-
ing). In the primary analysis, we treated SDB-related symptoms as a
dichotomous variable (no SDB symptoms versus at least one SDB
symptom that occurred often, mostly or always). In secondary ana-
lyses, the number of SDB symptoms was considered as an exposure
variable: no SDB symptoms, snoring or sleep apnea/cessation of
breathing, or both snoring and sleep apnea/cessation of breathing.

Proportional hazard assumptions were assessed by Schoenfeld's test.
No interaction between SDB-related symptoms and age was observed in
a basic model with regards to CVD outcomes (p for interaction >0.05).
Because the association between SDB-related symptoms and CVD out-
comes did not differ by sex (all p for interaction >0.2), all analyses were
conducted for men and women combined. The proportion of missing
data on the potential confounders used in the main analysis was less than
3%, except for smoking status that had less than 7% of missing values. A
separate missing value category was created for each variable with miss-
ing values. Potential confounders were selected using directed acyclic
graphs (Textor & Hardt, 2011) based on our a priori knowledge of the
relationships among potential confounders, intermediate variables, expo-
sure and outcome variables, and on existing information regarding factors
associated with CVD and SDB (Al Lawati et al, 2009; Stewart
et al,, 2017). All statistical tests were two-sided, and p values below 0.05
were considered statistically significant. All statistical analyses were per-
formed using Stata version 15.1 (StataCorp).

In the MR analyses, ratio estimates were calculated for each SNP
as the beta coefficient for the SNP-CVD association divided by the
beta coefficient for the SNP-sleep apnea trait association. These esti-
mates were then combined across SNPs in a random-effects inverse-
variance weighted (IVW) meta-analysis. This method provides high
precision but does not correct for pleiotropic bias in the analysis if

present (Burgess et al., 2017). The weighted median approach and
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TABLE 1 Baseline characteristics of the study population
according to the presence of SDB symptoms

Presence of SDB symptoms?®

Characteristics No Yes
Number of participants 33,154 10,470
Age at baseline, years, mean (SD) 70.3(8.1) 67.7(7.2)
Men, % 50.9 70.7
Education > 12 years, % 21.7 214
Cigarette smoking, %
Former smokers 34.9 43.9
Current smokers 8.1 10.1
Alcohol intake 2 15 drinks per 3.0 52
week, %
Walking/bicycling > 40 min per 34.9 29.5
day, %
Exercise > 2 hr per week, % 15.5 14.2
BMl, kg m™2 %
25.0-29.9 40.1 474
> 30.0 111 19.2
Hypertension, % 40.8 44.3
Hypercholesterolaemia, % 241 29.8
Diabetes, % 8.9 10.3
Cohabiting, % 68.2 78.9

BMI, body mass index; SD, standard deviation; SDB, sleep-disordered
breathing.

2Participants reported that at least one SDB symptom (cessation of
breathing or disturbing snoring) occurred often, mostly or always.

MR-Egger regression were used as complementary analyses to exam-
ine the robustness of the results and correct for pleiotropy (Bowden
et al., 2015). The weighted median approach generates consistent
estimates if at least 50% of the weight in the analysis comes from
valid instrumental variables (Burgess et al., 2017). The MR-Egger
method can detect and adjust for directional pleiotropy but suffers
from low power (Burgess et al., 2017). Additionally, the MR Pleiotropy
and Outlier method, MR-PRESSO (Verbanck

et al., 2018) was used to evaluate potential outlier SNPs. We also per-

Residual Sum

formed the leave-one-out analysis and made the scatter plot to visu-
ally examine possible outliers. Odds ratios (ORs) with their 95% Cls
are calculated to per genetically predicted one-unit increase in log
odds of sleep apnea. The MR analyses were performed using the
mrrobust package in Stata (StataCorp LP; Spiller et al., 2019) and the
TwoSampleMR and MR-PRESSO packages in R (R Foundation for Sta-
tistical Computing; Yavorska & Burgess, 2017).

3 | RESULTS

3.1 | Cohortstudy

The cohort consisted of 24,285 men and 19,339 women. Among
them, 3437 participants (8%) reported cessation of breathing and

TABLE 2

Outcome and model (total

number)

MI (N = 41,105)
Total number of cases
Basic model®
Multivariable model 1¢
Multivariable model 2¢

HF (N = 42,720)
Total number of cases
Basic model®
Multivariable model®

Multivariable model 2¢

HRs (95% Cls) of CVDs according to the presence
of SDB in the entire study population, follow-up 2009-2017

At least one SDB symptom?

No

1386
1.00 (reference)
1.00 (reference)

1.00 (reference)

1784
1.00 (reference)
1.00 (reference)

1.00 (reference)

Yes

435

1.02 (0.91-1.14)
0.99 (0.88-1.11)
0.97 (0.86-1.08)

485

1.10(0.99-1.22)
1.02 (0.92-1.13)
0.97 (0.88-1.08)

AF (total N = 40,304)

Total number of cases 3402 1081
1.14 (1.06-1.22)
1.07 (1.00-1.15)
1.05(0.98-1.13)

Basic model® 1.00 (reference)

Multivariable model® 1.00 (reference)
Multivariable model 2¢ 1.00 (reference)
AVS (N = 43,317)

Total number of cases 338 114
1.19 (0.95-1.47)
1.13 (0.90-1.40)

1.11 (0.89-1.38)

Basic model® 1.00 (reference)

Multivariable model® 1.00 (reference)
Multivariable model 2¢
AAA (N = 43,283)
Total number of cases 393 177
1.15(0.96-1.38)
1.12(0.93-1.34)

1.00 (0.83-1.20)

1.00 (reference)

Basic model® 1.00 (reference)

Multivariable model® 1.00 (reference)

Multivariable model 2¢ 1.00 (reference)

Note: Bold values indicate p < 0.05.

AAA, abdominal aortic aneurysm; AF, atrial fibrillation; AVS, aortic valve
stenosis; HF, heart failure; MI, myocardial infarction; SDB, sleep-
disordered breathing.

?Participants reported that at least one SDB symptom (cessation of
breathing or disturbing snoring) occurred often, mostly or always.

bBasic model included age (underlying time scale) and sex (as a
stratification variable).

“The Cox proportional hazards regression model included age (underlying
time scale), sex (as a stratification variable) and BMI.

9The Cox proportional hazards regression model included age (underlying
time scale), sex (as a stratification variable), BMI, education, smoking
status, alcohol consumption, walking/bicycling, exercise, and history of
hypertension, hypercholesterolaemia and diabetes.

9972 (23%) indicated disturbing snoring. About 30% of the men and
16% of the women indicated having snoring or cessation of breathing;
9% of men and 4% of women reported that they experienced both
snoring and cessation of breathing. Baseline characteristics of study
participants according to SDB-related symptoms are shown in
Table 1. Compared with those without SDB-related symptoms, indi-
viduals who indicated SDB symptoms were somewhat younger, were

more likely to be men, had higher alcohol intake, were more likely to
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TABLE 3 HRs(95% Cls) of CVDs according to the number of SDB symptoms

Number of SDB symptoms?

Snoring or cessation of breathing

Outcome and model (total number) No

MI (N = 41,105)
Total number of cases 1386 310
Basic model” 1.00 (reference)

Multivariable model®
Multivariable model 2¢
HF (N = 42,720)
Total number of cases
Basic model”
Multivariable model®
Multivariable model 2¢
AF (total N = 40,304)
Total number of cases
Basic model®

Multivariable model®

1.00 (reference)

1.00 (reference)

1784
1.00 (reference)
1.00 (reference)

1.00 (reference)

3402
1.00 (reference)

1.00 (reference)

1.01(0.89-1.14)
0.98 (0.87-1.11)
0.97 (0.85-1.10)

337

1.04 (0.92-1.17)
0.97 (0.86-1.10)
0.94 (0.83-1.06)

749

1.07 (0.99-1.16)
1.03(0.95-1.11)
1.01(0.93-1.09)

1.19(0.94-1.52)

Multivariable model 2 1.00 (reference)

AVS (N = 43,317)
Total number of cases 338 83
Basic model” 1.00 (reference)
Multivariable model® 1.00 (reference)

Multivariable model 2¢
AAA (N = 43,283)

Total number of cases

Basic model®

Multivariable model®

Multivariable model 2¢

1.00 (reference)

393
1.00 (reference)
1.00 (reference)

1.00 (reference)

1.15(0.90-1.46)
1.13 (0.89-1.45)

122

1.13(0.92-1.38)
1.10 (0.90-1.35)
1.00 (0.82-1.24)

Both snoring and cessation of breathing

125

1.05(0.87-1.26)
1.00 (0.83-1.21)
0.96 (0.80-1.16)

148

1.29 (1.09-1.53)
1.15(0.97-1.36)
1.07 (0.90-1.27)

332

1.31(1.17-1.47)
1.21 (1.08-1.36)
1.16 (1.03-1.30)

31

1.16 (0.80-1.69)
1.07 (0.74-1.56)
1.04 (0.72-1.52)

55

1.21(0.91-1.61)
1.15(0.86-1.54)
0.99 (0.74-1.32)

Note: Bold values indicate p < 0.05.

AAA, abdominal aortic aneurysm; AF, atrial fibrillation; AVS, aortic valve stenosis; HF, heart failure; Ml, myocardial infarction; SDB, sleep-disordered

breathing.

#Cessation of breathing and disturbing snoring were reported to occur often, mostly or always.

PBasic model included age (underlying time scale) and sex (as a stratification variable).

“The Cox proportional hazards regression model included age (underlying time scale), sex (as a stratification variable) and BMI.

9The Cox proportional hazards regression model included age (underlying time scale), sex (as a stratification variable), BMI, education, smoking status,
alcohol consumption, walking/bicycling, exercise, and history of hypertension, hypercholesterolaemia and diabetes.

be former or current cigarette smokers, were less physically active,
had higher BMI, were more likely to report not living alone, and have
a history of hypertension, hypercholesterolaemia and diabetes.

The number of incident CVD events during follow-up is shown
in Tables 2 and 3. In the multivariable model, having at least one
SDB symptom was associated with a higher risk of AF in the model
controlled for age, sex and BMI (Table 2). In the subsequent analy-
sis, having both snoring and cessation of breathing was linked to
16% higher risk of AF in the fully adjusted model (Table 3). In addi-
tion, an increased risk of HF was found in the basic model in par-
ticipants who reported snoring and cessation of breathing
(Table 3). However, there was no association between SDB-related
symptoms and MI, HF, AVS or AAA in fully adjusted models
(Tables 2 and 3). Sensitivity analysis, additionally adjusted for

cohabitation status, produced similar results with no change in the
HR or a slight change in the second decimal point (data not
shown).

3.2 | Two-sample MR analysis

There was a suggestive association between genetic liability to sleep
apnea and higher odds of CAD (OR, 1.24; 95% Cl, 1.02-1.52;
p = 0.032) in the main analysis, but the association did not persist in
the weighted median and MR-Egger models (Figure 1; Table S2). We
did not detect any association of genetic liability to sleep apnea with
Ml alone, AF or HF (Figure 1; Table S2), although the direction of
association in the IVW analyses was the same. The lack of association
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Outcome and method

Coronary artery disease

VW ——
Weighted median -1
MR-Egger =

Myocardial infarction

IVW T
Weighted median —
MR-Egger L

Heart failure

VW ——

FIGURE 1 Associations of
genetically predicted sleep apnea
with several cardiovascular
diseases (CVDs). ORs are per one
unit increase in log odds of sleep
apnea. IVW indicates inverse-
variance weighted method; OR,
odds ratio

OR(95%Cl) p

1.24 (1.02, 1.52) 0.032
1.11 (0.90, 1.38) 0.316
0.66 (0.38, 1.16) 0.148

1.13 (0.91,1.39) 0.263
1.06 (0.83, 1.36) 0.621
0.63 (0.34, 1.15) 0.130

1.08 (0.89, 1.32) 0.436

Weighted median —— 1.05 (0.86, 1.28) 0.639
MR-Egger L 0.80 (0.43, 1.47) 0.466
Atrial fibrillation

VW -1 1.15(0.92,1.43) 0.211
Weighted median —i— 1.06 (0.88, 1.26) 0.539
MR-Egger L 1.08 (0.55, 2.12) 0.831

[ [ [
0.3 0.5 1 1.5 2.2

OR (95% CI)

remained in sensitivity analyses. Potential pleiotropy was detected in
the analyses of CAD and MI (the MR-Egger intercepts were signifi-
cantly deviated from zero; Table S2). Two possible outliers were sus-
pected in the scatter plot for the analysis of CAD (Figure S2a).
However, the MR-PRESSO analysis did not identify any outlying SNPs
for analyses of CAD and MI (Table S2), and the association remained
in the leave-one-out analysis for CAD (Figure S2b). Two outliers in
the analysis of sleep apnea and HF as well as five outliers in the analy-
sis of sleep apnea and AF were identified. Exclusion of these SNPs did

not change the results substantially (Table S2).

4 | DISCUSSION

A traditional cohort study design and MR approach were used in the
present study to investigate the association of SDB-related symptoms
and risk of several CVDs. In the cohort study, an increased risk of AF
was observed in participants who reported both snoring and cessation
of breathing. No evidence of an association of SDB symptoms with
risk of MI, HF, AVS or AAA was found. The MR study did not reveal
any significant association of genetic liability to sleep apnea with AF,
MI or HF, but showed suggestive evidence of a link between genetic

liability to sleep apnea and higher odds of CAD.

Most of the current evidence of the association between SDB
and cardiovascular events is based on cross-sectional or hospital-
based studies that often included patients with multiple comorbidities
and history of CVD, and the interpretation of the results might be lim-
ited by clinic referral bias. Our findings of a positive association
between self-reported SDB variables and risk of AF are consistent
with previous research based on reports of sleep apnea (Lin
et al., 2015). In this cohort study of 4395 middle-aged and elderly
(8.5-years follow-up, 212 AF cases), self-reported physician-diagnosed
sleep apnea, but not habitual snoring, was associated with an
increased risk of AF (Lin et al., 2015). In another study of 2912 indi-
viduals without SDB at baseline, objectively measured central sleep
apnea but not OSA was linked to two- to threefold increased odds of
developing AF (Tung et al., 2017).

Cohort studies of the associations of SDB with HF and Ml (gener-
ally not differentiated from CHD) are relatively scarce and results are
inconclusive. In a study of 4422 middle-aged and older men and
women, free of HF and CHD at baseline, OSA was associated with a
13% increased risk of incident HF in men but not in women. In addi-
tion, OSA was linked to an increased risk of incident CHD (defined as
M, revascularization procedure, or CHD death) in men younger than
70 years of age (HRs [95% Cls] = 1.10 [1.00-1.21]), but not in older
men or in women of any age (Gottlieb et al., 2010). Another cohort
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study that included 1436 patients who were referred to the Sleep
Medicine Center specifically for the evaluation of SDB, showed that
OSA was linked to an increased risk of coronary events or CVD death
(as a composite end point; Shah et al., 2010). A cohort study of 5990
women found a twofold increase in the risk of incident HF in women
with the combination of snoring and excessive daytime sleepiness
compared with the reference group without those symptoms
(Ljunggren et al., 2016). In the present study, a 29% increased risk of
HF was found in participants who reported both snoring and cessa-
tion of breathing in the basic model. However, this association was
not statistically significant in the fully adjusted model. Our MR finding
of a suggestive positive association between genetically predictive
OSA and risk of CAD corroborates the results from some observa-
tional studies (Gottlieb et al., 2010). Previous cohort studies on SDB
in relation to risk of AVS or AAA and MR studies on genetically pre-
dicted SDB and the risk of any CVD are limited or lacking.

The mechanisms underlying the link between OSA and CVDs
likely involve several pathways specific to each outcome, especially
considering shared comorbidities. For instance, sleep apnea may lead
to intermittent hypoxia, sleep fragmentation, systemic inflammation,
oxidative stress, hypertension, endothelial dysfunction and metabolic
dysregulation (Ryan, 2018). All these factors may contribute to the ini-
tiation and progression of many of the CVDs. In addition, in a study of
202 patients without clinical coronary disease, the presence and
severity of OSA (defined by AHI > 5) was associated with the pres-
ence and amount of coronary artery calcification, used as surrogate
marker of subclinical coronary disease (Sorajja et al., 2008). OSA may
predispose to AF, the most common cardiac arrhythmia, through sev-
eral mechanisms such as hypoxaemia, hypercapnia and consequent
increases in blood pressure and heart rate (Marulanda-Londono &
Chaturvedi, 2017). Intermittent hypoxia, periodic alternating expo-
sures to hypoxia and normoxia, may trigger oxidative stress and
inflammation (Lavie, 2008), which are related to increased susceptibil-
ity to arrhythmias (January et al., 2014). The observed positive associ-
ation between SDB and AF might also be attributable to common risk
factors, such as obesity and hypertension, and the mutually persisting
pathophysiological relationship among these conditions (Anter
et al.,, 2017). However, obesity and hypertension are also risk factor
for other CVDs for which we found no association with SDB
symptoms.

Important strengths of our cohort study are the large sample size;
a broad range of CVD outcomes, objectively assessed through linkage
to nationwide population-based registers; complete case identification
and no loss to follow-up, inclusion of both men and women, and the
ability to adjust for important confounders. Several limitations, how-
ever, apply to the present study. In this large cohort, we have not
investigated clinically diagnosed SDB. Instead, the presence of SDB-
related symptoms was determined based on self-reports and there-
fore measurement error in the exposure assessment was inevitable.
For example, some participants lived alone and may not have been
aware of snoring or sleep apnea, therefore they did not report these
symptoms. Although we made an additional adjustment for cohabita-

tion status, some participants with SDB symptoms may have been

overlooked. Given the prospective cohort design, measurement error
of reported SDB-related symptoms would rather attenuate the associ-
ation with risk of CVDs. In addition, we could not properly account
for the severity of the SDB. This could also explain the smaller magni-
tude of associations between SDB symptoms and, for example, AF
compared with other studies based on objective measures
(e.g. polysomnography). We have not used information on ICD-10
codes for SDB due to the low coverage of SDB diagnoses in the
Swedish National Patient register. The objective validation of self-
reported SDB symptoms might be difficult. A study of 1409 patients
referred to a sleep clinic evaluated the relative validity of self-reported
snoring as an indicator of sleep apnea (Bliwise et al., 1991). For exam-
ple, for the question about snoring, sensitivity for sleep apnea in men
was approximately 90%, whereas the specificity was about 50%. The
combination of self-reported snoring and breath holding had higher
specificity (99%) while the sensitivity was 30%. Although this study
did not demonstrate both high specificity and high sensitivity for the
combination of self-reported snoring and breath holding as indicators
of sleep apnea, the authors pointed out that such self-reported symp-
toms are useful for population-based studies where objective mea-
surements are not possible (Bliwise et al., 1991). In addition, such
symptoms as snoring and breathing cessation are always included in
the screening tools for OSA (e.g. Berlin questionnaire and STOP-Bang
Questionnaire). A study of 157 adults divided into the development
or validation group examined the predictive value of a two-stage
screening model including a questionnaire and home oximetry. From
the Berlin questionnaire items, self-reported snoring and witnessed
sleep apnea were predictive factors for moderate and severe OSA,
and were therefore used as a first-stage screening tool along with
waist circumference and age (Chai-Coetzer et al., 2011). The preva-
lence of reported sleep apnea/cessation of breathing in our study is
comparable to that in studies conducted over the same time period
and utilizing objectively measured sleep apnea (Lyons et al., 2020). In
addition, we cannot rule out that some incident CVD cases in this
study occurred after the follow-up period. Finally, in view of the
observational nature of this study, we cannot rule out residual and
unmeasured confounding.

The main strength of our MR study is that such an approach is
less prone to confounding, reverse causation bias and measurement
error (Davies et al., 2018). Another strength is inclusion of several
CVD outcomes and use of summary-level data derived from large-
scale genetic consortia or studies with large sample size, which
ensures high statistical power to detect weak associations. In addi-
tion, we restricted our MR analysis to European descent individuals,
which reduced potential bias due to population stratification. How-
ever, our MR study has several limitations as well. We observed evi-
dence of pleiotropy, that is, when a genetic variant is associated
with more than one phenotype that affects the outcome, in the ana-
lyses of sleep apnea in relation to CAD and MI. A possible explana-
tion for the observed pleiotropic effects could be that some of
sleep-apnea-SNPs may have stronger association with, for example,
BMI or other cardiovascular risk factors. However, SNPs used as

instrumental variables were BMlI-adjusted and therefore are
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expected to be related to apnea independent of BMI. In addition,
MR analyses for AAA and AVS were not performed because no large
genetic data were available for these outcomes. Thus, further large
MR studies using accurate measures of sleep apnea and including

other populations are needed.

5 | CONCLUSIONS

Results from this large-scale cohort study of middle-aged and older
individuals suggest that self-reported SDB-related symptoms such as
disturbing snoring and breathing cessations are associated with an
increased risk of AF. However, MR analysis did not support a causal
relationship of sleep apnea with AF, HF or MI, but provided sugges-
tive evidence that genetically predicted sleep apnea is associated with

an increased risk of CAD.
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