
The causality between obstructive
sleep apnea and ventricular
structure and function: a
bidirectional Mendelian
randomization study

Wanli Sun, Fan Yang, Yiyuan Yang, Xin Su and Yanwei Xing*

Guang’anmen Hospital, China Academy of Chinese Medical Sciences, Beijing, China

Background: Multiple observational studies have discovered a substantial link
between obstructive sleep apnea (OSA) and ventricular dysfunction. However,
conventional observational studies are vulnerable to causal reversal and
confounding, making it challenging to infer the causes of effects and their direction.

Methods:With the help of a bidirectional, two-sampleMendelian randomization (MR)
study, we assessed the potential causality between OSA and left and right ventricular
(LV, RV) structure and function. We conducted our analysis utilizing summary data
from genome-wide association studies of OSA (16,761 cases and 201,194 controls) in
the FinnGen Study, as well as LV (36,041 participants) and RV (29,506 participants) in
the UK Biobank cardiovascular magnetic resonance research. The inverse variance
weighted (IVW) was selected as the main strategy, with the MR-Egger and weighted
median methods serving as supplements. Other methods were employed as
sensitivity analysis tools to look at heterogeneity and pleiotropy, including MR-
Egger intercept, Cochran Q statistic, MR-PRESSO, and leave-one-out analysis.

Results: In the primary IVW analysis, genetically predicted OSA was strongly
causative on LV end-diastolic volume (β = 0.114, 95% CI = 0.034–0.194, p =
0.006) and LV stroke volume (β = 0.111, 95% CI = 0.031–0.191, p = 0.007), and
genetically predicted LV ejection fraction was linked to an increased risk of OSA
(OR = 1.161, 95% CI = 1.029–1.309, p = 0.015). However, there was no connection
found between OSA and any RV parameters.

Conclusion: Our genetic analysis raises a potential causative link between OSA
and ventricular structure and function, which may improve the knowledge of OSA
as a risk factor for cardiovascular disease by demonstrating a direct impact on
cardiac structure and function.
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1 Introduction

Obstructive sleep apnea (OSA) is a widespread sleep disease that may affect up to one
billion individuals globally (Benjafield et al., 2019). OSA is characterized by intermittent
upper airway obstruction with hypoxia, increased ventilation and sleep disruption. Several
studies have shown that OSA promotes sympathetic activity, oxidative stress, and
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inflammation, resulting in adverse cardiac structures and an
increased risk of cardiovascular outcomes (Dempsey et al., 2010).
For example, the prevalence of OSA can range from 40% to 80% in
individuals with hypertension, heart failure (HF), coronary artery
disease (CAD), pulmonary hypertension, atrial fibrillation (AF), and
stroke (Marin et al., 2005; Yaggi et al., 2005; Gottlieb et al., 2010;
Gami et al., 2013; Yeghiazarians et al., 2021). Furthermore, earlier
research has indicated that reduced left ventricular (LV) systolic
function and right ventricular (RV) function are associated with
lower nocturnal oxygen saturation owing to OSA (Korcarz et al.,
2016). LV filling pressures, LVmass, RV size, and RV pressures were
significantly reduced in patients with severe OSA after 3 months of
continuous positive airway pressure (CPAP) therapy (Shivalkar
et al., 2006; Bakker et al., 2020). However, as the information
currently available about the link between OSA and ventricular
dysfunction is based on traditional observational research,
remaining confounding and reverse causality cannot be
completely ruled out. Furthermore, cardiovascular magnetic
resonance (CMR) imaging is the gold standard for evaluating
LV/RV function with more excellent image quality and
reproducibility; nevertheless, most studies using conventional
echocardiography to determine the association between OSA and
cardiac function are somewhat constrained. Therefore, the causality
between OSA and ventricular structure and function is still
uncertain.

The Mendelian randomization (MR) strategy can be employed
to establish if an exposure has a causal connection to the onset of a
disease (Katan, 1986; Lawlor et al., 2008; Emdin et al., 2017). Given
that genetic variations are already distributed at random depending
on parental genetics, the MRmethod can eliminate the confounding

influence of the external environment. In order to assess the
causality between exposures and desired outcomes, single
nucleotide polymorphisms (SNPs) may thus be utilized as
instrumental variables (IVs). Furthermore, extensive open-source
genome-wide association studies (GWAS) summary statistics offer
the appropriate datasets for accurately and affordably investigating
the bidirectional causal effect. Hence, this study implemented
genetic instruments to carry out a bidirectional MR study to
examine the causality between OSA and LV/RV structure and
function captured by CMR.

2 Materials and methods

2.1 Study design

Three fundamental hypotheses must be met by the genetic
variations utilized for the IVs in the MR study (Benjafield et al.,
2019): There is a substantial correlation between the exposure and
the IVs (Dempsey et al., 2010). Any confounding factors have no
impact on the IVs (Gami et al., 2013). Merely the investigated
exposure, not through other pathways, are the IVs linked to the
outcomes (Emdin et al., 2017). The objective of the current
investigation was to explore the causative inference between OSA
and ventricular structure and function via conducting a univariate
bidirectional two-sample MR analysis. First, we evaluated whether
OSA was causally related to LV/RV structure and function. In the
second stage, we also examined whether genetically determined LV/
RV structure and function were causally related to OSA. An
overview of the study design is presented in Figure 1.

FIGURE 1
Flowchart of the causal inference between OSA and LV/RV parameters.

Frontiers in Genetics frontiersin.org02

Sun et al. 10.3389/fgene.2023.1266869

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2023.1266869


2.2 Data sources

We used publicly accessible GWAS summary-level data for our
analysis. From a recently published GWAS, containing
16,761 patients and 201,194 controls in the FinnGen Study, we
extracted the genetic correlations of the IVs with OSA (Strausz et al.,
2021). Using hospital biobank samples, prospective and
retrospective epidemiological cohorts, and disease-based cohorts,
FinnGen is a significant biobank study with the goal of genotyping
500,000 Finns. Subjective symptoms, a clinical examination, and
sleep registration with an apnoea-hypopnoea index of five per hour
or a respiratory event index of five per hour are utilized to diagnose
OSA, which is defined by the International Classification of Diseases
(ICD) codes (ICD10: G47.3, ICD9: 3472A).

We used summary statistics from the UK Biobank, a population-
based cohort with more than 500,000 subjects, for the research of the
LV/RV structure and function (Petersen et al., 2016; Bycroft et al.,
2018). A sizable imaging substudy for this cohort had intentions to
conduct CMR on 100,000 individuals. With electrocardiographic
gating for cardiac synchronization, CMRwas carried out using 1.5-T
scanners (MAGNETOM Aera, Syngo Platform vD13A, Siemens
Healthcare) (Petersen et al., 2016). Due to its higher image quality
and reproducibility, CMR imaging is thought to be the gold standard
for thorough heart examination (Backhaus et al., 2019). The LV end-
diastolic volume (LVEDV), LV end-systolic volume (LVESV), LV
stroke volume (LVSV), and LV ejection fraction (LVEF) imaging
phenotypes, which are clinically relevant and prognostically
significant, were the focus of this investigation. A total of
36,041 UK Biobank individuals participated in the GWAS
summary statistics of LV parameters; none of them had been
previously diagnosed with congestive HF, CAD, or dilated

cardiomyopathy at the time of registration (Pirruccello et al.,
2020). The individuals were mostly female (52.9%) and had an
average age of 64 at the time of the CMR. LVEDV, LVESV, LVSV,
and LVEF had respective mean values of 140 mL, 49 mL, 88 mL, and
65%. The RV GWAS study, which included 29,506 Europeans
without a history of myocardial infarction or HF, examined four
RV indicators [RV end-diastolic volume (RVEDV), RV end-systolic
volume (RVESV), RV stroke volume (RVSV), and RV ejection
fraction (RVEF)] (Aung et al., 2022). The cohort was 47% male
and had an average age of 63 during the imaging visit. 157mL, 68mL,
89mL, and 57%, respectively, were the average values for RVEDV,
RVESV, RVSV, and RVEF.

2.3 Genetic instrument selection

We performed strict SNPs filtration for forward analysis using
OSA as the exposure. In order to meet the requirements of MR, we
first chose independent SNPs that were significantly linked with
OSA at the threshold of genome-wide significance [p < 5E–08,
linkage disequilibrium (LD) r2 < 0.001, within a 10,000 kb distance].
To further evaluate the potency of the chosen IVs, the R2 and F
statistics of the SNPs were estimated applying the equation below:
R2 = 2 × EAF × (1-EAF) × β2 and the F statistic = R2×(N−2)/(1−R2),
where EAF stands for effect allele frequency, β for an estimate of the
genetic impact of each SNP upon exposure GWAS data, and N for a
sample size of the exposure GWAS data. The SNP is powerful
enough to counteract any possible bias if the F value is higher than
10 (Pierce et al., 2011).

From the outcome data, we then extracted the exposure-SNPs.
The effect direction was harmonized to guarantee that the effect of

FIGURE 2
MR estimates for the causal effect of OSA on LV/RV parameters.
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exposure-SNPs and the outcome-SNPs was based on the same allele.
We substituted instruments with proxy SNPs (LD r2 > 0.8) for the
SNPs that were not present in the outcome data by looking up the
SNPs online at http://snipa.helmholtz-muenchen.de/snipa3/. We
also eliminated SNPs containing palindrome alleles (A/T or G/C)
to avoid problems with strand ambiguity. Similar to forward
analysis, reverse analysis employed the same genetic instrument
selection procedures. Because just few significant RVSV SNPs were
discovered using the P < 5E–08 criteria, SNPs were designated as
RVSV IVs at P < 5E–07 in order to ensure adequate IVs and avoid
weak instrument bias.

2.4 MR analysis

The major analysis employed in both the forward and reverse
MR studies was the inverse variance weighted (IVW)method, which
looked at the causal connection between OSA and LV/RV. The IVW
approach, which posits that all SNPs can impact the result
exclusively via relevance exposure without directional pleiotropy,
is thought to be the most reliable MR method. To augment IVW
estimations, the MR-Egger and weighted median (WM) approaches
were utilized since they could offer more reliable estimates in a wider
variety of scenarios, however, at the cost of diminished statistical
power. Even with up to 50% of the genetic variance being invalid, the
results using the MR-Egger yielded reliable findings (Bowden et al.,
2015). When the share of weights from invalid variations was less
than 50%, the WMmethod provided effect estimates (Bowden et al.,
2016). The robustness of the causal inference was improved by the
direction and magnitude being consistent across the three
approaches.

We also performed sensitivity analysis with several methods to
analyze the heterogeneities and pleiotropy of IVs (Burgess et al.,
2017). The Cochran Q test was first used to measure heterogeneity.
Furthermore, any potential directional pleiotropy was determined
employing the intercept from the MR-Egger regression.
Additionally, via identifying and eliminating possibly pleiotropic
outliers, the MR pleiotropy residual sum and outlier (MR-PRESSO)

approach provides a corrective test (Verbanck et al., 2018). Finally,
the causative influence of outlying IVs was evaluated via leave-one-
out analysis, which gradually removed each IV from the MR
analysis. In our study, we performed Bonferroni correction
according to the classification of LV/RV structures (LV/RV: 0.05/
4 = 0.0125). Results for causal effects were considered statistically
significant when p < 0.0125 (Bonferroni correction) to represent
strong evidence of a causal association. Associations with p values
below 0.05 but above 0.0125 were considered suggestive evidence of
association. All analyses were conducted in the R software (version
4.0.2) with R packages “TwosampleMR” (version 0.5.6) and “MR-
PRESSO” (version 1.0) (Hemani et al., 2018; Verbanck et al., 2018).

3 Results

3.1 Causal effects of OSA on LV/RV

Five SNPs linked to OSA were utilized for forward MR analysis
after rigorous instrument selection. There were no weak instruments
included in our analysis, according to the F statistics of the chosen
IVs, which ranged from 504 to 1117. Supplementary Table S1
presents detailed information on the considered variations of OSA.

Figure 2 demonstrates a significant causal influence of OSA on
LVEDV (β = 0.114, 95% CI = 0.034–0.194, p = 0.006) and LVSV (β =
0.111, 95% CI = 0.031–0.191, p = 0.007) in the IVWmode. The WM
analysis yielded results that were consistent with the IVW
approaches. Cochran Q test results in Table 1 revealed no
evidence of heterogeneity on LVEDV (Cochran Q = 4.645, p =
0.326) and LVSV (Cochran Q = 3.617, p = 0.460), which is in line
with the findings of MR-PRESSO. Furthermore, the MR-Egger
intercept test for LVEDV (intercept = 0.004, p = 0.884) and
LVSV (intercept = 0.007, p = 0.740) did not show any horizontal
pleiotropic effects. Additionally, we performed a leave-one-out
analysis; however, no SNP was found that significantly altered
the IVW estimate. Nevertheless, the impact of OSA on LVESV
and LVEF was not noted. Supplementary Tables S1–S4 presents the
scatter plots and leave-one-out plots.

TABLE 1 The sensitivity results of OSA on LV/RV parameters.

Outcome MR-PRESSO Cochran Q test MR-egger intercept

Global p-value Q value p-value Intercept value p-value

LV parameters

LVEDV 0.423 4.645 0.326 0.004 0.884

LVESV 0.213 7.065 0.132 5.61E-05 0.999

LVSV 0.572 3.617 0.460 0.007 0.740

LVEF 0.196 7.142 0.129 0.006 0.865

RV parameters

RVEDV 0.128 9.600 0.048 −0.031 0.490

RVESV 0.100 10.924 0.027 −0.019 0.699

RVSV 0.411 4.888 0.299 −0.029 0.369

RVEF 0.582 2.964 0.564 −0.007 0.786

Frontiers in Genetics frontiersin.org04

Sun et al. 10.3389/fgene.2023.1266869

http://snipa.helmholtz-muenchen.de/snipa3/
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2023.1266869


We found no proof that OSA had a causal impact on any
RV parameters (all p > 0.05). The Cochran Q test indicated
that there seemed to be heterogeneity in OSA on RVEDV and
RVESV, as shown in Table 1, despite the fact that MR-
Egger intercept analysis revealed that none of the RV
indicators exhibited horizontal pleiotropic effects. However,
excluding the outlier rs10507084 separately did not
significantly change our estimate of the causal effect (IVW:
RVEDV, β = 0.050, 95% CI = −0.072–0.172, p = 0.425), and
LVSV (IVW: RVESV, β = 0.054, 95% CI = −0.115–0.223, p =
0.530).

3.2 Causal effects of LV/RV on OSA

To further assess the causal effect of LV/RV on OSA, we
conducted a reverse analysis. The information on IVs for LV/RV
is provided in Supplementary Tables S2–S9. The F statistic value
at each chosen IV was greater than 10, indicating that the chosen
SNPs were adequately robust and that weak IVs were not likely to
alter the causal estimate. Table 2 and Figure 3 indicate the genetic
relationship between LV/RV parameters and OSA. The major
MR analysis suggested that LVEF had a possible causal
relationship with the risk of OSA (IVW: OR = 1.161, 95%

TABLE 2 The sensitivity results of LV/RV parameters on OSA.

Exposure MR-PRESSO Cochran Q test MR-egger intercept

Global p-value Q value p-value Intercept value p-value

LV parameters

LVEDV 0.024 32.898 0.025 −0.002 0.943

LVESV 0.339 30.783 0.327 0.010 0.351

LVSV 0.080 13.641 0.058 −0.050 0.359

LVEF 0.232 23.334 0.223 −0.005 0.714

RV parameters

RVEDV 0.871 2.620 0.855 0.002 0.958

RVESV 0.724 9.976 0.696 −0.002 0.933

RVSV 0.097 14.022 0.081 0.025 0.338

RVEF 0.599 11.088 0.603 −0.015 0.294

FIGURE 3
MR estimates for the causal effect of LV/RV parameters on OSA.
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CI = 1.029–1.309, p = 0.015). The relationship between LVEF and
OSA risk is depicted in Supplementary Figure S5’s scatter plot.
The Cochran Q statistic (Cochran Q = 23.334, p = 0.223), MR-
Egger intercept test (intercept = −0.005, p = 0.714), and MR-
PRESSO (Global p = 0.232) failed to identify any directional
pleiotropy or heterogeneity.

No one SNP significantly contributed to the link between LVEF
and OSA, according to the leave-one-out sensitivity analysis
(Supplementary Figure S6).

In addition, it did not appear that the other three LV parameters
(LVEDV, LVESV, and LVSV) had a direct impact on the risk of
OSA. In all analyses, no horizontal pleiotropic effects were
discovered. Although heterogeneity was observed in LVEDV on
OSA, the results were not significantly affected after deleting the
outlier rs3918226 (IVW: OR = 1.050, 95% CI = 0.882–1.250, p =
0.581). In the reverse MR analysis, none of the methods produced
statistically significant proof of a connection between the RV index
and OSA risk (all p > 0.05).

4 Discussion

We studied the causality between OSA and LV/RV in this
bidirectional MR research, and genetic variations that proxied the
impact were discovered using publicly accessible large-scale GWAS
data. Our data reveal that genetically predicted OSA is causally
related to LVEDV and LVSV, whereas genetically determined LVEF
has a causal impact on OSA risk. However, no proof of a causal
relationship between any RV parameters and OSA was observed.
Sensitivity analyses using several MR models showed that the
conclusions were solid. This is the first bidirectional MR research
that, to our knowledge, has looked at the causality between OSA and
ventricular structure and function, minimizing biases in
observational studies.

OSA is a ubiquitous sleep disorder which frequently arises in
conjunction with cardiac dysfunction. Between 40% and 80% of
people with hypertension, HF, CAD, pulmonary hypertension, AF,
and stroke also have OSA (Yeghiazarians et al., 2021). The hallmarks
of OSA are autonomic fluctuations, intermittent hypoxemia, and
sleep disturbances, which trigger a range of pathophysiological
mechanisms that may contribute to adverse cardiac structures
and cardiovascular events. These mechanisms include
sympathetic activation, oxidative stress, inflammation, endothelial
dysfunction and thrombosis (Belaidi et al., 2009; Baguet et al., 2010;
Bisogni et al., 2016). When negative intrathoracic pressure fluctuates
widely, preload and afterload increase during obstructive breathing,
which may lead to ventricular restructuring and diastolic
dysfunction. All of these have a detrimental effect on the
cardiovascular system, raising CVD morbidity and mortality.

In the last few decades, there has been a lot of observational
evidence connecting OSA to the emergence of LV dysfunction. For
instance, a prospective trial of 425 participants discovered that the
risk of developing LV diastolic dysfunction was considerably
enhanced in participants with moderate to severe OSA (Kidawara
et al., 2022). These findings imply that OSA is a substantial and
independent indicator of LV diastolic dysfunction progression,
helping to improve disease prediction and prevention. A
prospective multicenter cohort research with 1506 Hispanics/

Latinos found similar results: severe sleep apnea was linked to
subclinical signs of LV hypertrophy and diastolic dysfunction,
which could exacerbate the HF burden under this cohort (Ogilvie
et al., 2020). Selection bias, unmeasured confounding variables, and
limited follow-up times may restrict these observational studies.
This work used a two-way MR approach to determine the genetic
link between OSA and LV, which may control for residual
confounding factors, causality, and causal direction (Allman
et al., 2018). Our findings suggest that early diagnosis, treatment,
and follow-up of OSA patients may be necessary to prevent cardiac
dysfunction and cardiovascular risk events. Previous studies support
our findings that CPAP ventilation promotes LV function among
OSA subjects compared with sham treatment (Shim et al., 2018; Kim
et al., 2019).

Since most prior research on OSA and LVEF was done on
subjects with CVD, it is hard to completely exclude reverse causal
pathways (Hammerstingl et al., 2013; Wachter et al., 2013). For
instance, a study with 252 stable HF patients indicated that sleep
apnea was prevalent among HF patients and that the prevalence
varied based on the LVEF, which was mostly connected to variations
in cardiac function (Wang et al., 2022). According to their LVEF, the
prevalence and severity of HF with reduced EF (HFrEF; defined as
EF < 40%) and HF with mid-range EF (HFmrEF; defined as EF
40–49%) were significantly higher than those of HF with preserved
EF (HFpEF; defined as EF ≥ 40%) (Savarese et al., 2022). As a result,
to some extent, LVEF could forecast the incidence of sleep apnea.
Comparable results were seen in a single-centre retrospective
investigation that included 221 patients admitted for acute HF:
sleep breathing problems were quite common in all three subgroups
and were frequently more severe in HFrEF (Maltes et al., 2022). In
contrast, another study with 101 Japanese patients with new-onset
HF did not discover a link between sleep apnea and LVEF (Sekizuka
et al., 2013). Various OSA diagnostic criteria, sample sizes, and
research populations may have contributed to the inconsistent
results of prior investigations. Our research demonstrates that an
elevated risk of OSA is associated with genetically predicted LVEF.
Therefore, for CVD patients with reduced LVEF, it is necessary to
prevent OSA risk events.

The RV, which plays a vital role in various cardiac diseases, is
coming under more and more scrutiny in research. According to
previous research, RV structure and function are altered in people
with OSA. As an illustration, a cross-sectional analysis compared
patients without HF or chronic lung illness who had OSA and
compared them to controls who did not (IbnHadj et al., 2022). Early
in the disease’s progression, it was shown that OSA was
independently correlated with structural variations in the RV,
indicating that early diagnosis and therapy are crucial for
avoiding detrimental consequences. According to a meta-analysis
of 25 trials involving 1,503 OSA patients and 796 controls,
individuals with OSA exhibited dilated RV, thickened RV walls,
and altered RV function (Maripov et al., 2017). In 151 patients with
hypertrophic obstructive cardiomyopathy, OSA was found in 55.6%
of cases, and both its prevalence and severity were independently
linked to decreased RVEF (Wang et al., 2020). All MR methods
employed in this study, however, failed to detect any causal
relationship between OSA and RV. Unknown confounding
factors may still be at work in this disparity. Additionally, rather
than being induced directly by OSA, RV dysfunction may be
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generated indirectly by the pulmonary vasoconstriction condition
caused by intermittent hypoxia in OSA patients, resulting in
increased RV burden in pulmonary arterial hypertension (Nokes
et al., 2020).

The essential merit of this work is that the two-way MR
analysis was utilized to eliminate two inherent flaws in typical
observational studies: confounding factors and reverse causality.
Moreover, our sensitivity analysis indicated no heterogeneity or
pleiotropy, indicating that our conclusions are robust and reliable.
Additionally, given that CMR is currently the gold standard for
non-invasive clinical evaluation of heart function and allows to
measure and evaluate the structure and function of the heart
objectively, it was used to explore LV/RV parameters in
contrast to the majority of studies that have examined cardiac
function using echocardiography. Last but not least, the data we
utilize comes from a large-scale GWAS, which has a substantial
sample size to obtain statistically reliable power. Some limitations
must be acknowledged in this investigation. First of all, while
restricting the sample to individuals with European ancestry
lessens demographic bias, it could make it more difficult to
apply our findings to other populations. Second, various
severity distributions and subtypes of OSA were not
distinguished in this research. Furthermore, some CMR markers
of cardiac function, like myocardial mass, were not sufficiently
explored in this investigation. Lastly, while our findings merely
show the overall association between OSA and LV/RV, the
underlying mechanism merits more profound research.

5 Conclusion

In conclusion, we provided evidence for a causal association
between OSA and ventricular structure, minimizing bias in
observational studies and aiding clinical decision-making and
primary prevention. Early diagnosis, treatment, and follow-up of
patients with OSA may be necessary to prevent cardiac dysfunction
and cardiovascular risk events. Therefore, the diagnosis and
treatment of OSA should be further studied to provide more
evidence for primary prevention. In addition, the direct
mechanism between OSA and ventricular structure has not been
confirmed, so future basic experimental research should focus on the
specific pathophysiological mechanisms.

Data availability statement

Publicly available datasets were analyzed in this study. This
data can be found here: Data on OSA can be downloaded from

https://www.finngen.fi/en. Data on LV/RV structure and function
can be downloaded from https://www.ebi.ac.uk/gwas/.

Author contributions

WS: Writing–original draft. FY: Writing–review and editing.
YY: Writing–review and editing. XS: Writing–review and editing.
YX: Funding acquisition, Supervision, Writing–review and editing.

Funding

The authors declare financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by the National Natural Science Foundation of China
(Grant Number 82174349) and the CACMS Innovation Fund
(Grant Number CI 2021A00919).

Acknowledgments

We are enormously grateful to participants and investigators of
the FinnGen consortium and the UK Biobank.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fgene.2023.1266869/
full#supplementary-material

References

Allman, P. H., Aban, I. B., Tiwari, H. K., and Cutter, G. R. (2018). An introduction to
Mendelian randomization with applications in neurology.Mult. Scler. Relat. Disord. 24,
72–78. doi:10.1016/j.msard.2018.06.017

Aung, N., Vargas, J. D., Yang, C., Fung, K., Sanghvi, M. M., Piechnik, S. K., et al.
(2022). Genome-wide association analysis reveals insights into the genetic architecture
of right ventricular structure and function. Nat. Genet. 54 (6), 783–791. doi:10.1038/
s41588-022-01083-2

Backhaus, S. J., Staab, W., Steinmetz, M., Ritter, C. O., Lotz, J., Hasenfuss, G., et al.
(2019). Fully automated quantification of biventricular volumes and function in
cardiovascular magnetic resonance: applicability to clinical routine settings.
J. Cardiovasc Magn. Reson 21 (1), 24. doi:10.1186/s12968-019-0532-9

Baguet, J. P., Barone-Rochette, G., Levy, P., Vautrin, E., Pierre, H., Ormezzano, O.,
et al. (2010). Left ventricular diastolic dysfunction is linked to severity of obstructive
sleep apnoea. Eur. Respir. J. 36 (6), 1323–1329. doi:10.1183/09031936.00165709

Frontiers in Genetics frontiersin.org07

Sun et al. 10.3389/fgene.2023.1266869

https://www.finngen.fi/en
https://www.ebi.ac.uk/gwas/
https://www.frontiersin.org/articles/10.3389/fgene.2023.1266869/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2023.1266869/full#supplementary-material
https://doi.org/10.1016/j.msard.2018.06.017
https://doi.org/10.1038/s41588-022-01083-2
https://doi.org/10.1038/s41588-022-01083-2
https://doi.org/10.1186/s12968-019-0532-9
https://doi.org/10.1183/09031936.00165709
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2023.1266869


Bakker, J. P., Baltzis, D., Tecilazich, F., Chan, R. H., Manning, W. J., Neilan, T. G., et al.
(2020). The Effect of Continuous Positive Airway Pressure on Vascular Function and
Cardiac Structure in Diabetes and Sleep Apnea. A Randomized Controlled Trial. Ann.
Am. Thorac. Soc. 17 (4), 474–483. doi:10.1513/AnnalsATS.201905-378OC

Belaidi, E., Joyeux-Faure, M., Ribuot, C., Launois, S. H., Levy, P., and Godin-Ribuot,
D. (2009). Major role for hypoxia inducible factor-1 and the endothelin system in
promoting myocardial infarction and hypertension in an animal model of obstructive
sleep apnea. J. Am. Coll. Cardiol. 53 (15), 1309–1317. doi:10.1016/j.jacc.2008.12.050

Benjafield, A. V., Ayas, N. T., Eastwood, P. R., Heinzer, R., Ip, M. S. M., Morrell, M. J.,
et al. (2019). Estimation of the global prevalence and burden of obstructive sleep apnoea:
a literature-based analysis. Lancet Respir. Med. 7 (8), 687–698. doi:10.1016/S2213-
2600(19)30198-5

Bisogni, V., Pengo, M. F., Maiolino, G., and Rossi, G. P. (2016). The sympathetic
nervous system and catecholamines metabolism in obstructive sleep apnoea. J. Thorac.
Dis. 8 (2), 243–254. doi:10.3978/j.issn.2072-1439.2015.11.14

Bowden, J., Davey Smith, G., and Burgess, S. (2015). Mendelian randomization with
invalid instruments: effect estimation and bias detection through Egger regression. Int.
J. Epidemiol. 44 (2), 512–525. doi:10.1093/ije/dyv080

Bowden, J., Davey Smith, G., Haycock, P. C., and Burgess, S. (2016). Consistent
Estimation in Mendelian Randomization with Some Invalid Instruments Using a
Weighted Median Estimator.Genet. Epidemiol. 40 (4), 304–314. doi:10.1002/gepi.21965

Burgess, S., Bowden, J., Fall, T., Ingelsson, E., and Thompson, S. G. (2017). Sensitivity
Analyses for Robust Causal Inference from Mendelian Randomization Analyses with
Multiple Genetic Variants. Epidemiology 28 (1), 30–42. doi:10.1097/EDE.
0000000000000559

Bycroft, C., Freeman, C., Petkova, D., Band, G., Elliott, L. T., Sharp, K., et al. (2018).
The UK Biobank resource with deep phenotyping and genomic data.Nature 562 (7726),
203–209. doi:10.1038/s41586-018-0579-z

Dempsey, J. A., Veasey, S. C., Morgan, B. J., and O’Donnell, C. P. (2010).
Pathophysiology of sleep apnea. Physiol. Rev. 90 (1), 47–112. doi:10.1152/physrev.
00043.2008

Emdin, C. A., Khera, A. V., and Kathiresan, S. (2017). Mendelian Randomization.
JAMA 318 (19), 1925–1926. doi:10.1001/jama.2017.17219

Gami, A. S., Olson, E. J., Shen, W. K., Wright, R. S., Ballman, K. V., Hodge, D. O., et al.
(2013). Obstructive sleep apnea and the risk of sudden cardiac death: a longitudinal
study of 10,701 adults. J. Am. Coll. Cardiol. 62 (7), 610–616. doi:10.1016/j.jacc.2013.
04.080

Gottlieb, D. J., Yenokyan, G., Newman, A. B., O’Connor, G. T., Punjabi, N. M., Quan,
S. F., et al. (2010). Prospective study of obstructive sleep apnea and incident coronary
heart disease and heart failure: the sleep heart health study. Circulation 122 (4),
352–360. doi:10.1161/CIRCULATIONAHA.109.901801

Hammerstingl, C., Schueler, R., Wiesen, M., Momcilovic, D., Pabst, S., Nickenig, G.,
et al. (2013). Impact of untreated obstructive sleep apnea on left and right ventricular
myocardial function and effects of CPAP therapy. PLoS One 8 (10), e76352. doi:10.1371/
journal.pone.0076352

Hemani, G., Zheng, J., Elsworth, B., Wade, K. H., Haberland, V., Baird, D., et al.
(2018). The MR-Base platform supports systematic causal inference across the human
phenome. Elife 7, e34408. doi:10.7554/eLife.34408

Ibn Hadj Amor, H., Touil, I., Chebbi, R., Bouchareb, S., Bouchnak, S., Brahem, Y.,
et al. (2022). Assessment of right ventricular remodeling and dysfunction in obstructive
sleep apnea syndrome: a prospective monocentric study. Sleep. Breath. 26 (2), 663–674.
doi:10.1007/s11325-021-02432-x

Katan, M. B. (1986). Apolipoprotein E isoforms, serum cholesterol, and cancer.
Lancet 1 (8479), 507–508. doi:10.1016/s0140-6736(86)92972-7

Kidawara, Y., Kadoya, M., Morimoto, A., Daimon, T., Kakutani-Hatayama, M.,
Kosaka-Hamamoto, K., et al. (2022). Sleep Apnea and Physical Movement During
Sleep, But Not Sleep Duration, Are Independently Associated With Progression of Left
Ventricular Diastolic Dysfunction: prospective Hyogo Sleep Cardio-Autonomic
Atherosclerosis Cohort Study. J. Am. Heart Assoc. 11 (19), e024948. doi:10.1161/
JAHA.121.024948

Kim, D., Shim, C. Y., Cho, Y. J., Park, S., Lee, C. J., Park, J. H., et al. (2019). Continuous
Positive Airway Pressure Therapy Restores Cardiac Mechanical Function in Patients
With Severe Obstructive Sleep Apnea: A Randomized, Sham-Controlled Study. J. Am.
Soc. Echocardiogr. 32 (7), 826–835. doi:10.1016/j.echo.2019.03.020

Korcarz, C. E., Peppard, P. E., Young, T. B., Chapman, C. B., Hla, K. M., Barnet, J. H.,
et al. (2016). Effects of Obstructive Sleep Apnea and Obesity on Cardiac Remodeling:
the Wisconsin Sleep Cohort Study. Sleep 39 (6), 1187–1195. doi:10.5665/sleep.5828

Lawlor, D. A., Harbord, R. M., Sterne, J. A., Timpson, N., and Davey Smith, G.
(2008). Mendelian randomization: using genes as instruments for making

causal inferences in epidemiology. Stat. Med. 27 (8), 1133–1163. doi:10.
1002/sim.3034

Maltes, S., Cunha, G. J. L., Rocha, B. M. L., Guerreiro, R., Duarte, J., Morais, R., et al.
(2022). Sleep-disordered breathing patterns in hospitalized patients with acute heart
failure across the entire spectrum of ejection fraction. Sleep. Breath. 26 (3), 1281–1286.
doi:10.1007/s11325-021-02511-z

Marin, J. M., Carrizo, S. J., Vicente, E., and Agusti, A. G. (2005). Long-term
cardiovascular outcomes in men with obstructive sleep apnoea-hypopnoea with or
without treatment with continuous positive airway pressure: an observational study.
Lancet 365 (9464), 1046–1053. doi:10.1016/S0140-6736(05)71141-7

Maripov, A., Mamazhakypov, A., Sartmyrzaeva, M., Akunov, A., Muratali Uulu, K.,
Duishobaev, M., et al. (2017). Right Ventricular Remodeling and Dysfunction in
Obstructive Sleep Apnea: A Systematic Review of the Literature and Meta-Analysis.
Can. Respir. J. 2017, 1587865. doi:10.1155/2017/1587865

Nokes, B., Raza, H., and Malhotra, A. (2020). Pulmonary hypertension and
obstructive sleep apnea. J. Clin. Sleep. Med. 16 (4), 649. doi:10.5664/jcsm.8302

Ogilvie, R. P., Genuardi, M. V., Magnani, J. W., Redline, S., Daviglus, M. L., Shah, N.,
et al. (2020). Association Between Sleep Disordered Breathing and Left Ventricular
Function: A Cross-Sectional Analysis of the ECHO-SOL Ancillary Study. Circ.
Cardiovasc Imaging 13 (5), e009074. doi:10.1161/CIRCIMAGING.119.009074

Petersen, S. E., Matthews, P. M., Francis, J. M., Robson, M. D., Zemrak, F.,
Boubertakh, R., et al. (2016). UK Biobank’s cardiovascular magnetic resonance
protocol. J. Cardiovasc Magn. Reson 18, 8. doi:10.1186/s12968-016-0227-4

Pierce, B. L., Ahsan, H., and Vanderweele, T. J. (2011). Power and instrument strength
requirements for Mendelian randomization studies using multiple genetic variants. Int.
J. Epidemiol. 40 (3), 740–752. doi:10.1093/ije/dyq151

Pirruccello, J. P., Bick, A.,Wang,M., Chaffin,M., Friedman, S., Yao, J., et al. (2020). Analysis
of cardiac magnetic resonance imaging in 36,000 individuals yields genetic insights into
dilated cardiomyopathy. Nat. Commun. 11 (1), 2254. doi:10.1038/s41467-020-15823-7

Savarese, G., Stolfo, D., Sinagra, G., and Lund, L. H. (2022). Heart failure with mid-
range or mildly reduced ejection fraction. Nat. Rev. Cardiol. 19 (2), 100–116. doi:10.
1038/s41569-021-00605-5

Sekizuka, H., Osada, N., and Miyake, F. (2013). Sleep disordered breathing in heart
failure patients with reduced versus preserved ejection fraction. Heart Lung Circ. 22 (2),
104–109. doi:10.1016/j.hlc.2012.08.006

Shim, C. Y., Kim, D., Park, S., Lee, C. J., Cho, H. J., Ha, J. W., et al. (2018). Effects of
continuous positive airway pressure therapy on left ventricular diastolic function: a
randomised, sham-controlled clinical trial. Eur. Respir. J. 51 (2), 1701774. doi:10.1183/
13993003.01774-2017

Shivalkar, B., Van de Heyning, C., Kerremans, M., Rinkevich, D., Verbraecken, J.,
De Backer, W., et al. (2006). Obstructive sleep apnea syndrome: more insights on
structural and functional cardiac alterations, and the effects of treatment with
continuous positive airway pressure. J. Am. Coll. Cardiol. 47 (7), 1433–1439.
doi:10.1016/j.jacc.2005.11.054

Strausz, S., Ruotsalainen, S., Ollila, H. M., Karjalainen, J., Kiiskinen, T., Reeve, M.,
et al. (2021). Genetic analysis of obstructive sleep apnoea discovers a strong association
with cardiometabolic health. Eur. Respir. J. 57 (5), 2003091. doi:10.1183/13993003.
03091-2020

Verbanck,M., Chen, C. Y., Neale, B., andDo, R. (2018). Detection of widespread horizontal
pleiotropy in causal relationships inferred from Mendelian randomization between complex
traits and diseases. Nat. Genet. 50 (5), 693–698. doi:10.1038/s41588-018-0099-7

Wachter, R., Luthje, L., Klemmstein, D., Luers, C., Stahrenberg, R., Edelmann, F., et al.
(2013). Impact of obstructive sleep apnoea on diastolic function. Eur. Respir. J. 41 (2),
376–383. doi:10.1183/09031936.00218211

Wang, S., Cui, H., Ji, K., Ren, C., Guo, H., Zhu, C., et al. (2020). Effect of
obstructive sleep apnea on right ventricular ejection fraction in patients with
hypertrophic obstructive cardiomyopathy. Clin. Cardiol. 43 (10), 1186–1193.
doi:10.1002/clc.23429

Wang, T., Yu, F. C., Wei, Q., Chen, L., Xu, X., Ding, N., et al. (2022). Prevalence and
clinical characteristics of sleep-disordered breathing in patients with heart failure of
different left ventricular ejection fractions. Sleep. Breath. 27, 245–253. doi:10.1007/
s11325-022-02611-4

Yaggi, H. K., Concato, J., Kernan, W. N., Lichtman, J. H., Brass, L. M., and Mohsenin,
V. (2005). Obstructive sleep apnea as a risk factor for stroke and death. N. Engl. J. Med.
353 (19), 2034–2041. doi:10.1056/NEJMoa043104

Yeghiazarians, Y., Jneid, H., Tietjens, J. R., Redline, S., Brown, D. L., El-Sherif, N., et al.
(2021). Obstructive Sleep Apnea and Cardiovascular Disease: A Scientific Statement
From the American Heart Association. Circulation 144 (3), e56–e67. doi:10.1161/CIR.
0000000000000988

Frontiers in Genetics frontiersin.org08

Sun et al. 10.3389/fgene.2023.1266869

https://doi.org/10.1513/AnnalsATS.201905-378OC
https://doi.org/10.1016/j.jacc.2008.12.050
https://doi.org/10.1016/S2213-2600(19)30198-5
https://doi.org/10.1016/S2213-2600(19)30198-5
https://doi.org/10.3978/j.issn.2072-1439.2015.11.14
https://doi.org/10.1093/ije/dyv080
https://doi.org/10.1002/gepi.21965
https://doi.org/10.1097/EDE.0000000000000559
https://doi.org/10.1097/EDE.0000000000000559
https://doi.org/10.1038/s41586-018-0579-z
https://doi.org/10.1152/physrev.00043.2008
https://doi.org/10.1152/physrev.00043.2008
https://doi.org/10.1001/jama.2017.17219
https://doi.org/10.1016/j.jacc.2013.04.080
https://doi.org/10.1016/j.jacc.2013.04.080
https://doi.org/10.1161/CIRCULATIONAHA.109.901801
https://doi.org/10.1371/journal.pone.0076352
https://doi.org/10.1371/journal.pone.0076352
https://doi.org/10.7554/eLife.34408
https://doi.org/10.1007/s11325-021-02432-x
https://doi.org/10.1016/s0140-6736(86)92972-7
https://doi.org/10.1161/JAHA.121.024948
https://doi.org/10.1161/JAHA.121.024948
https://doi.org/10.1016/j.echo.2019.03.020
https://doi.org/10.5665/sleep.5828
https://doi.org/10.1002/sim.3034
https://doi.org/10.1002/sim.3034
https://doi.org/10.1007/s11325-021-02511-z
https://doi.org/10.1016/S0140-6736(05)71141-7
https://doi.org/10.1155/2017/1587865
https://doi.org/10.5664/jcsm.8302
https://doi.org/10.1161/CIRCIMAGING.119.009074
https://doi.org/10.1186/s12968-016-0227-4
https://doi.org/10.1093/ije/dyq151
https://doi.org/10.1038/s41467-020-15823-7
https://doi.org/10.1038/s41569-021-00605-5
https://doi.org/10.1038/s41569-021-00605-5
https://doi.org/10.1016/j.hlc.2012.08.006
https://doi.org/10.1183/13993003.01774-2017
https://doi.org/10.1183/13993003.01774-2017
https://doi.org/10.1016/j.jacc.2005.11.054
https://doi.org/10.1183/13993003.03091-2020
https://doi.org/10.1183/13993003.03091-2020
https://doi.org/10.1038/s41588-018-0099-7
https://doi.org/10.1183/09031936.00218211
https://doi.org/10.1002/clc.23429
https://doi.org/10.1007/s11325-022-02611-4
https://doi.org/10.1007/s11325-022-02611-4
https://doi.org/10.1056/NEJMoa043104
https://doi.org/10.1161/CIR.0000000000000988
https://doi.org/10.1161/CIR.0000000000000988
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2023.1266869


Glossary

AF Atrial fibrillation

CAD Coronary artery disease

CMR Cardiovascular magnetic resonance

CPAP Continuous positive airway pressure

CVD Cardiovascular disease

GWAS Genome-wide association studies

HF Heart failure

HFmrEF Heart failure with mid-range ef

HFpEF Heart failure with preserved ef

HFrEF Heart failure with reduced ef

ICD International classification of diseases

IVs Instrumental variables

IVW Inverse variance weighted

LD Linkage disequilibrium

LV Left ventricular

LVEDV Left ventricular end-diastolic volume

LVEF Left ventricular ejection fraction

LVESV Left ventricular end-systolic volume

LVSV Left ventricular stroke volume

MR Mendelian randomization

MR-PRESSO Mr pleiotropy residual sum and outlier

OSA Obstructive sleep apnea

RV Right ventricular

RVEDV Right ventricular end-diastolic volume

RVEF Right ventricular ejection fraction

RVESV Right ventricular end-systolic volume

RVSV Right ventricular stroke volume

SNPs Single nucleotide polymorphisms

WM Weighted median
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