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Abstract

Rationale: Although patients with obstructive sleep apnea
(OSA) have a higher risk for coronavirus disease (COVID-19)

hospitalization, the causal relationship has remained unexplored.

Objectives: To understand the causal relationship between
OSA and COVID-19 by leveraging data from vaccination and
electronic health records, genetic risk factors from genome-wide
association studies, and Mendelian randomization.

Methods: We elucidated genetic risk factors for OSA using
FinnGen (total N=377,277), performing genome-wide
association. We used the associated variants as instruments for
univariate and multivariate Mendelian randomization (MR)
analyses and computed absolute risk reduction against
COVID-19 hospitalization with or without vaccination.

Results: We identified nine novel loci for OSA and replicated
our findings in the Million Veteran Program. Furthermore, MR
analysis showed that OSA was a causal risk factor for severe

COVID-19 (P=9.41 X 10~ %). Probabilistic modeling showed that
the strongest genetic risk factor for OSA at the FTO locus
reflected a signal of higher body mass index (BMI), whereas
BMI-independent association was seen with the earlier reported
SLC9A4 locus and a MECOM locus, which is a transcriptional
regulator with 210-fold enrichment in the Finnish population.
Similarly, multivariate MR analysis showed that the causality
for severe COVID-19 was driven by BMI (multivariate MR
P=5.97 X 10~ %, B =0.47). Finally, vaccination reduced the risk
for COVID-19 hospitalization more in the patients with OSA
than in the non-OSA controls, with respective absolute risk
reductions of 13.3% versus 6.3%.

Conclusions: Our analysis identified novel genetic risk factors for
OSA and showed that OSA is a causal risk factor for severe
COVID-19. The effect is predominantly explained by higher BMI
and suggests BMI-dependent effects at the level of individual
variants and at the level of comorbid causality.
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Obstructive sleep apnea (OSA) affects =15%
of the population and is considered a sleep
disorder that connects directly with
cardiometabolic health (1, 2). In OSA,

the airways collapse during sleep, which
causes acute breathing cessations, an acute
decrease in oxygen saturation levels, acute
and long-term increase in blood pressure,
and prolonged low-grade systemic
inflammation (3, 4). Furthermore, high body
mass index (BMI) and cardiometabolic
diseases are the canonical risk factors or
comorbidities of OSA (3). Similarly, a severe
or hospitalization-requiring coronavirus
disease (COVID-19) infection shares many
risk factors and consequences with OSA,
most notably lowered oxygen saturation (5). In
addition, COVID-19 and OSA are connected
by shared comorbidities and underlying
conditions such as obesity, type 1 or type 2
diabetes, and coronary heart disease (6, 7).

Since the beginning of the COVID-19
pandemic, the association between OSA and
COVID-19, and severe COVID-19 requiring
hospital treatment in particular, has been
under active research, not only because these
diseases share several common risk factors
but also because they may worsen each
other’s symptoms (8-11). Furthermore,
relatively early in the pandemic, patients with
OSA were identified as being at high risk for
a severe form of COVID-19, and several
countries prioritized individuals with OSA
for COVID-19 vaccination. In addition, since
the deployment of vaccines, the risk for
severe COVID-19 overall has decreased. Yet
the risk reduction vaccinations provide for
hospitalization for COVID-19 has remained
elusive in individuals with OSA (12, 13).

The early analyses of the relationship
between OSA and severe COVID-19 have
been based on epidemiological settings and
curated clinical samples and were not
designed to assess causality (8-11). In this
study, we first estimated the causal
relationship between OSA and severe
COVID-19 outcomes using univariate

Mendelian randomization (MR) (14) and
multivariate MR (MVMR) (15). Second, we
investigated the risk for hospitalization with
COVID-19 among individuals with a
previous OSA diagnosis and compared the
risk for hospitalization in vaccinated and
nonvaccinated individuals with OSA.
Similarly, we investigated these risks in a
population without an OSA diagnosis.

Methods

Study Population

FinnGen is a large public—private partnership
that combines genotype data from Finnish
biobanks with digital health record data from
Finnish health registries. It planned to collect
data from 500,000 individuals by the end of
2023 (16).

FinnGen Release 9 included 377,277
individuals; of these, 38,998 had OSA (Table
El in the data supplement) and 54,068 had
confirmed COVID-19 cases. A total of 603
patients with OSA and 5,006 individuals
without an OSA diagnosis had contracted
COVID-19. A total of 319,836 individuals
had received a COVID-19 vaccine (81.7%).
There were no age restrictions in the data.

The OSA diagnosis is based on
International Classification of Diseases (ICD),
10th Revision) code G47.3 and ICD, 9th
Revision code 3472 (Finnish national version
of ICD codes). These diagnoses are validated
with individual-level data showing very high
accuracy (17). COVID-19 is based on ICD,
10th Revision code U07.1, which requires a
positive polymerase chain reaction or antigen
test result. Hospitalization data were
retrieved as part of the data that were
provided for COVID-19-related events,
including hospitalization.

Ethics Approval

Patients and control subjects in FinnGen
provided informed consent for biobank
research, based on the Finnish Biobank Act.

Alternatively, separate research cohorts
collected before the Finnish Biobank Act
came into effect (September 2013) and the
start of FinnGen (August 2017) were
collected based on study-specific consents
and later transferred to the Finnish Biobanks
after approval by Fimea (Finnish Medicines
Agency), the National Supervisory Authority
for Welfare and Health. Recruitment
protocols followed the biobank protocols
approved by Fimea. The coordinating ethics
committee of the Hospital District of
Helsinki and Uusimaa statement number for
the FinnGen study is Nr HUS/990/2017.
Further information is provided at the end of
this article.

Outcome Definitions

In the epidemiological analysis, we computed
how vaccination affects hospitalization for
COVID-19 in those with or without an OSA
diagnosis. In addition, we used information
about severe COVID-19 in genetic analyses.
Severe COVID-19 was defined by
hospitalization with laboratory-confirmed
COVID-19 infection and death or
respiratory support and hospitalization with
COVID-19 as the primary reason for
admission.

Other Data Sets

The COVID-19 host genetics initiative
(https://www.covid19hg.org/) was founded
to bring together the human genetic
community to generate, share, and analyze
data with the goal to learn the genetic
determinants of COVID-19 susceptibility,
severity, and outcome. The COVID-19 host
genetics initiative collects biobank-based data
internationally from several sources. The
meta-analysis of the COVID-19 host genetics
initiative in release 7 covers 18,152
COVID-19-positive patients and 1,145,546
controls. For our MR analysis, we used
publicly available summary statistics of the
meta-analysis with FinnGen left out from the
meta-analysis to avoid sample overlapping.

Author Contributions: Designed, conducted, and analyzed data: S.S., EA,, V.T., TK, M.B., T.S., and D.J.G. Mentorship and intellectual
contributions: J.K., A.B., AP, T.P., S.R, and H.M.O. Wrote the manuscript: S.S. and H.M.O. Revised the manuscript: S.S., EA., V.T., TK., M.B.,
SER,JK,AB, TS, DJ.G., AP, TP, SR, and HM.O.

Data availability: Individual-level genotypes and register data from FinnGen participants can be accessed by approved researchers via the Fingenious
portal (https://site.fingenious.fi/fen/) hosted by the Finnish Biobank Cooperative FinBB (https://finbb.filen/). Data release to FinBB is timed to the biannual
public release of FinnGen summary results, which occurs 12 months after FinGen consortium members can start working with the data.

Correspondence and requests for reprints should be addressed to Hanna M. Ollila, Ph.D., Institute for Molecular Medicine Finland,
Tukholmankatu 8, 00014 University of Helsinki, Finland. E-mail: hanna.m.ollila@helsinki.fi.

This article has a data supplement, which is accessible at the Supplements tab.
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Because a high BMI indicating obesity
(BMI >30kg/m?) is strongly associated
with OSA and severe COVID-19 outcomes,
we also used publicly available summary
statistics released by the Genetic
Investigation of ANthropometric Traits
(GIANT) Consortium. This BMI meta-
analysis included association results for as
many as 339,224 individuals (18).

We replicated our genome-wide
significant loci from FinnGen Freeze 9 in an
independent cohort using the most recent
OSA genome-wide association study
(GWAS) from the Million Veteran Program
cohort (19).

Genetic Analyses

We performed a GWAS with 38,998
individuals with OSA and 336,659 controls
in FinnGen Release 9 using Regenie (20). See
data supplement for genotyping and
imputation protocol. The GWAS model was
adjusted for sex, age, the 10 first principal
components, genotype chip, and genetic
relatedness matrix, and each locus was fine-
mapped using the sum of single effects
model (21).

In the MR analyses, we selected
independent lead variants for the genetic loci,
and the association statistics for each
instrumental (lead) variant are shown in
Table 1. See data supplement for the
respective outcome variant statistics. The
outcome was defined as hospitalization with
laboratory-confirmed COVID-19 infection
and death or respiratory support and
hospitalization with COVID-19 as the
primary reason for admission. Univariate
MR analysis was conducted using the
TwoSampleMR R package (version 4.1.3),
and instrument single-nucleotide
polymorphisms (SNPs) were extracted from
the outcome GWAS. We excluded
palindromic variants and multiallelic
variants. We then harmonized variants for
consistency, resulting in 19 SNPs (Table E2
in the data supplement). Two methods were
evaluated: MR inverse variance weighted and
MR Egger (22). Also, leave-one-out analyses
(i.e., remove one variant from the analysis
and reestimate the causal effect) were
assessed to estimate the reliance of an MR
analysis on a particular variant (23).

In addition, we conducted an MVMR
analysis to estimate and evaluate possible
pleiotropic pathways, as the method allows
multiple traits as exposures (15). We
included SNPs that were genome-wide
significant in the FinnGen’s OSA GWAS or
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the GIANT Consortium’s BMI GWAS (18).
We applied the method to estimate the effect
of OSA on severe COVID-19 outcome when
the model was adjusted for BMI (Table E3 in
the data supplement).

To further investigate the independent
and shared loci of OSA and BMI, we used
the line model (24). This analysis allows a
probabilistic clustering of variables based on
their observed effect sizes on two outcomes.

The 23 OSA-related genes (Figure 1A
and Table 1) resulting from our OSA GWAS
were analyzed using the FUMA web
application to obtain information on the
biological context in which these proteins are
inserted (25). FUMA is an integrative web-
based platform that provides pathway
enrichment results by performing
hypergeometric tests to evaluate whether
genes of interest are overrepresented in any
of the predefined sets from different
categories (25).

We used the stratified linkage
disequilibrium score regression as
implemented in LDSC software (26) to
explore the tissue enrichment OSA risk
variants in a genome-wide setting. We
computed the stratified scores for ENCODE
(27) (https://www.encodeproject.org/) tissue-
specific methylation signals and corrected
enrichment P values by false discovery
rate (Table E4 in the data supplement).
Furthermore, we examined the association of
individual significant associations from the
OSA GWAS using data from GTEx version 8
(28) as implemented on www.gtexportal.org
using correction for the number of variants
(n=24) and tissues (n = 49) tested, whereby
a Bonferroni-corrected P value <0.05
corresponds to an uncorrected P value
<4.25 X 10~ ° (Table E5 in the data
supplement).

Epidemiological Analyses

We also analyzed the risk for hospitalization
due to COVID-19 among individuals who
had a previous OSA diagnosis and compared
the risk for hospitalization in vaccinated and
nonvaccinated individuals with OSA using
the FinnGen data. Individuals who had died
or moved abroad before January 1, 2020,
were removed from our analyses, reducing
the sample size to 336,867 individuals. We
had information on hospitalization and
vaccination status for the whole population
in FinnGen, and the COVID-19, vaccination
data, and hospitalization data following
COVID-19 were available from February
2020 to May 2022. In these data, there were a

total of 603 patients with OSA who had
contracted COVID-19 and 5,006 individuals
without an OSA diagnosis who had
contracted COVID-19. These study
participants also had information about
vaccination. Individuals were divided into
vaccination status groups according to
whether the vaccination was received before
or after contracting COVID-19 or if the
vaccination had not been taken.

To study the effect of vaccination on
hospitalization among patients with OSA
and those without OSA, we calculated
absolute risk reduction (ARR) implemented
as the arithmetic difference between the
hospitalization rates in the vaccinated
and unvaccinated groups. Similarly, we
compared the relative risk reduction (RRR)
using the grouping as hospitalization rates in
the vaccinated and unvaccinated groups. We
compared baseline characteristics using the
X test for categorical variables and the ¢ test
for continuous variables (Tables 2 and 3).

In addition, we assessed a multivariate
logistic regression model to estimate the
adjusted effect of the vaccine to prevent
COVID-19-related hospital care. In this
analysis, model 1 was adjusted for sex and
age; model 2 was adjusted for age, sex, and
BMI; and model 3 was adjusted for diabetes,
hypertension, coronary heart disease,
asthma, and chronic obstructive pulmonary
disease in addition to the aforementioned
covariates (Tables 4 and 5).

Results

Genome-Wide Association Scan

of OSA

We identified 23 independent genome-wide
significant (P < 5.0 X 10~ %) SNPs (Figure 1A
and Table 1). Although all lead variants
localized at noncoding exons, introns, or
intergenic regions, fine mapping identified six
coding variants among the variant credible
sets at PRUNE2, MECOM, BAZ2A, GIPR,
and GAPVDI loci (Table E6 in the data
supplement). Furthermore, in BMI-adjusted
analysis, an OSA association with SLC9A4
locus (P=4.97 X 10~ ) was still observed.
Another study found an association with
1577375846 (P=1.57 X 10"°) (29). This
variant is in high linkage disequilibrium with
the lead variant rs76229479 from FinnGen
(** =0.96), likely reflecting the same signal
(FinnGen P=9.10 X 10~ ’; BMI-adjusted
OSA P=1.46 X 10~°). In addition, we
replicated 13 of the variants with P < 0.05
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instrumental variables used for MR analysis.

(Table E7 in the data supplement). See data
The enrichment analysis of the variant

in the Million Veteran Program cohort
supplement for full variant association
statistics, fine-mapping results, and

associated genes into functional categories
using FUMA (25) resulted in 28 significantly
overexpressed pathways with several obesity-
related categories such as BMI, waist/hip ratio,
blood pressure, and blood pressure

medication (representative traits are shown in

Figure 1B, and full trait enrichments are
shown in Table E8 in the data supplement).

Concordantly, we observed significant

single-tissue expression quantitative trait loci
tissues that are important in OSA, including
adipose tissue (ACPP, GATSL2, GTF2IRD2,

RCCIL, PMS2P5, GTF2IP1, TSHZ2); brain

and neuronal tissues (GATSL2, GTF2IRD2,

PMS2P5, RCCIL, GAPVDI, OLFML2A,
PRPS1P2, RP11-179B2.2); whole blood

(RCCIL, PMS2P5, GTF2IRD2, GTF2I,
RABEPK, GAPVDI, TSHZ?2); connective

tissue including muscle, skin, fibroblasts, and
esophagus (GATSL2, GTF2IRD2, PMS2P5,

GTF2IP1, RCCIL, SPDYES5, GAPVDI,

CACNB2, FTO, RCC1L, PMS2P5, GTF2I,
SPDYE5, STAG3L2, TSHZ2, PTBP2,

STAG3L2, PRPS1P2, METTL15, SNRPD2,

RABEPK, SYMPK), heart tissue (CCIL,
more than one relevant tissue (see Table E5).

PMS2P5, GATSL2, GTF2IRD2, SPDYES5);
and lung tissue (GTF2IRD2, GATSL2,
SPDYE5, GAPVDI, PRPS1P2), with several
variants associating with gene expression in
The association of neuronal tissues in

disequilibrium score regression, in which we

observed enrichment across different brain
regions and overall in the brain (fetal brain

particular was seen with stratified linkage

3.26 X 10~ % FDR-corrected P < 0.05;

see Table E4).

P=

Our aim was to examine the potential causal

Estimating Causality between OSA
relationship between OSA and severe

and COVID-19

COVID-19. After harmonization of OSA

and COVID-19 GWAS data, 19 independent
SNPs were qualified as instrumental variables
for univariate MR analysis (14) to predict the
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Figure 1. (A) Manhattan plot for the genome-wide association study of obstructive sleep apnea (OSA) including 38,998 patients with OSA and
336,659 controls. For each genetic variant, the x-axis shows chromosomal position and the y-axis shows the —log10(P) value. The horizontal line
indicates the genome-wide significance threshold of P=5 X 1078, (B) Enrichment analysis of the OSA-related genes into gene sets using the
FUMA web application resulted in 28 significantly overrepresented pathways after false discovery rate correction, with one trait per category or

disease shown here. BMI =body mass index.
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Table 2. Baseline characteristics of individuals with an OSA diagnosis

Characteristic All (n=603)
Male sex 338 (56.1%)
Age, yr 59.2+12.6
BMI, kg/m? 329+73
Diabetes 179 (29.7%)
Hypertension 246 (40.8%)
CHD 7 (9.5%)
Asthma 114 (18.9%)
COPD 8 (4.6%)

Hospitalization 110 (18.2%)

Vaccinated (n=307) Nonvaccinated (n=296) P Value
169 (55.0%) 169 (57.1%) 0.672
59.5+13.1 58.9+12.0 0.553

32 3+6.8 33.4+77 0.093
7 (31.6%) 82 (27.7%) 0.339
131 (42.7%) 115 (38.9%) 0.384
3 (10.7%) 4 (8.1%) 0.333
4 (17.6%) 0 (20.3%) 0.462
14 (4.6%) 4 (4.7%) 1
36 (11.7%) 74 (25.0%) 3.89x10°°

Definition of abbreviations: BMI

OSA = obstructive sleep apnea; SD = standard deviation.
Data presented as mean = standard deviation where applicable. P values were calculated with a X2 test for categorical variables (diabetes,
hypertension, CHD, asthma, COPD) and a ¢ test for continuous variables (age and BMI). Hospitalization data were retrieved as part of the data

that were provided for coronavirus disease (COVID-19)-related events, including hospitalization.

any high effect variant that might be shared
between OSA and cardiometabolic traits
such as high BMI, we computed leave-one-
out analysis by individual variants (23).
Exclusion of any single variant did not
remove the causal association signal between
OSA and severe COVID-19 (Figure 2B).
Furthermore, we estimated potential
pleiotropy with the MR Egger intercept and
did not observe confounding through
pleiotropy (Egger intercept P> 0.05).

It is notable that the variant that had
the strongest association with OSA and
COVID is located at the FTO locus and is
well known for its association with BMI (30).
Furthermore, our scan identified several
other variants that had smaller but significant
effects on BMI and OSA. Although OSA is
not caused exclusively by high BMI and
the effect of craniofacial structures in the
predisposition to OSA is well established, it is

likely that a significant proportion of the
causality on COVID-19 susceptibility is
mediated through BMI.

To formally test the connection between
OSA and BMI, we performed the following
analyses. We first computed genetic
correlation between OSA and BMI using
data from GIANT (18) and FinnGen and
discovered a relatively strong positive
correlation between BMI and OSA in both
cohorts (GIANT genetic correlation
rg=0.60; P=6.78 X 10~ '7* FinnGen
rg=0.50; P=6.22 X 10~ °?). Furthermore,
using MR, we showed that BMI is also a risk
factor for OSA (inverse variance weighted
B =0.60; P=3.24 X 10~ *'; MR Egger
B=0.31, P=9.84 X 10~ °). Finally, we
examined if some variants that associate
with OSA fully reflect the signal from higher
BMI using probabilistic modeling (24). We
discovered that, although many variants had

Table 3. Baseline characteristics of individuals without an OSA diagnosis

=body mass index; CHD = coronary heart disease; COPD = chronic obstructive pulmonary disease;

similar effect sizes between OSA and BMI,
two variants were estimated to have a
probability greater than 0.95 to be specific to
BMI or OSA. The first variant was, perhaps
unsurprisingly, the FTO variant that,
according to our analysis, reflects signal from
BMI and likely contributes to OSA through
BMI directly. The second variant was located
in the MECOM locus and had a probability
of more than 0.95 of reflecting signal only
from OSA (BMI-adjusted P=2.69 X 10~ *).
These findings are in line with earlier work
by our group and others on the genetic
etiology of OSA (17, 19, 29).

Given the connection between BMI and
OSA, we also estimated the effect of BMI and
OSA together on severe COVID-19 risk
using MVMR (15) (see Table E2). The effect
of BMI on severe COVID-19 infection was
strong and significant (8 = 0.47; inverse
variance weighted P=5.97 X 10~°). MR

Characteristic All (n=5,006)

Male sex 1777 (35.5%)
Age, yr 50.7 = 16.3
BMI, kg/m? 27.0*+54
Dlabetes 480 (9.6%)
Hypertension 750 (15.0%)
CHD 187 (3.7%)
Asthma 542 (10.8%)
COPD 2 (1.4%)

Hospitalization 429 (8.6%)

Vaccinated (n=2,358) Nonvaccinated (n=2,648) P Value
842 (35.7%) 935 (35.3%) 0.791
51.0+16.4 50.5+16.3 0.295

26.9+5.3 271+54 0.363
253 (10.7%) 227 (8.6%) 1.10x 1072
366 (15.5%) 384 (14.5%) 3.32x10°"

9 (4.2%) 8 (3.3%) 1.20x 107"
252 (10.7%) 290 (11.0%) 0.799

0 (1.7%) 2 (1.2%) 1.84x107"
124 (5.3%) 305 (11.5%) 426x10°1°

Definition of abbreviations: BMI

OSA = obstructive sleep apnea; SD = standard deviation.
Data presented as mean = standard deviation where applicable. P values were calculated with a X2 test for categorical variables (diabetes,

=body mass index; CHD = coronary heart disease; COPD = chronic obstructive pulmonary disease;

hypertension, CHD, asthma, COPD) and a ¢ test for continuous variables (age and BMI). Hospitalization data were retrieved as part of the data
that were provided for coronavirus disease (COVID-19)-related events, including hospitalization.

966 AnnalsATS Volume 21 Number 6 | June 2024



ORIGINAL RESEARCH

Table 4. Results of univariate MR analysis between OSA and severe COVID-19

outcome

Method SNPs B SE P Value
MR Egger 19 0.145 0.313 0.648
Weighted median 19 0.315 0.102 0.002
Inverse variance weighted 19 0.241 0.073 9.41x107*
Simple mode 19 0.207 0.172 0.243
Weighted mode 19 0.417 0.132 0.005

Definition of abbreviations: COVID-19 = coronavirus disease; MR = Mendelian randomization;
OSA = obstructive sleep apnea; SE = standard error; SNP = single-nucleotide polymorphism.

Egger was not significant, although the 8
estimate was consistent in the same direction
(MR Egger causal B = 0.07; P=0.84). Finally,
the BMI-independent effect of OSA was not
statistically significant, as expected (8 =0.13;
P=0.180). Additionally, we tested MVMR
F-statistics for weak instruments (BMI,
F=8.76; OSA, F=4.79) and horizontal
pleiotropy, showing a nonsignificant
pleiotropy estimate (Q-statistic for
instrument validity, 85.35 on 70 degrees of
freedom; P=0.102). Our multivariate MR
analysis suggests that the majority of causal
signal from OSA to severe COVID-19 was
explained by BMI (Table 5).

Understanding the Role of
Vaccination as a Tool to Prevent
COVID-19 Hospitalization among
Individuals with OSA

We investigated hospitalizations in patients
with OSA in two separate patient groups.
The first group had received the COVID-19
vaccine, whereas the second group had not
been vaccinated. Furthermore, we compared
the risk for hospitalization in these groups
versus the risk for COVID-19
hospitalizations in the general population in
FinnGen without an OSA diagnosis. The
baseline characteristics of the participants are
presented in Table 3. Furthermore, there
were no significant differences at baseline in
medication use among the individuals with

Table 5. Results of BMI-adjusted multivariate MR analysis between OSA and severe

COVID-19 outcome

OSA, whereas metformin and thyroxine use
differed at baseline in individuals without
OSA (Table E9 in the data supplement).

First, we calculated the protection of
the vaccine against hospitalization due to
COVID-19 infection by calculating ARR
in the OSA group. The number of patients
requiring hospital treatment in the
vaccinated group was 36 per 307 vaccinated
individuals (11.7%), compared with 74 per
296 in the nonvaccinated group (25.5%).
Hence, the ARR was 13.3% (95% confidence
interval [CI], 7.2-19.4%) and the number
needed to treat (NNT) was 8 (95% CI,
5.2-14.0). Similarly, we calculated the
relative risk, showing a 53.1% (95% ClI,
32.4-67.4%) RRR.

Correspondingly, we investigated how
the ARR, NNT, and RRR appeared in the
population without an OSA diagnosis. In
these analyses, the number of patients
requiring hospital treatment in the
vaccinated group was 124 per 2,358
vaccinated individuals (5.3%), compared
with 345 per 2,648 in the nonvaccinated
group (11.5%). In this population, the ARR
was 6.3 (95% CI, 4.8-7.8%), NNT was 16
(95% CI, 12.9-21.1), and RRR was 54.3%
(95% CI, 44.2-62.7%).

In addition, sex, age, BMI, and other
demographic factors affect COVID-19
severity (31), and the raw effect estimates
such as ARR, NNT, or RRR do not account

Exposure Outcome
BMI COVID-19
OSA COVID-19

0.473
0.135

B SE P Value
0.097 5.95x%107°
0.10 0.180

Definition of abbreviations: BMI = body mass index; COVID-19 = coronavirus disease;
MR = Mendelian randomization; SE = standard error.
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for these factors. Therefore, we built a
multivariate logistic regression model (Table
6) and used the data of patients with OSA.
The raw model (model 1) was adjusted for
age and sex, and odds were calculated
between hospitalized and nonhospitalized
groups, showing a 65% reduced risk (odds
ratio [OR] =0.35; 95% CI =0.22-0.55;
P=5.74 X 10~ °) for hospitalization if a
patient had received a vaccination. In
addition, we adjusted our model (model 2)
for BMI and showed a similar reduced
reduction (61%) in the risk for hospitalization
(OR=0.39; 95% CI=0.23-0.66; P=5.49 X
10~*). Finally, we adjusted the analysis for
comorbidities shared between OSA and
COVID-19—diabetes, hypertension, coronary
heart disease, asthma, and chronic obstructive
pulmonary disease—and showed a 62%
reduction in risk (OR =0.38; 95%
CI=0.22-0.66; P=0.00596). Similarly, we
calculated corresponding models for the non-
OSA population and showed significant risk
reductions of 65% (OR = 0.35; 95%
CI=0.28-0.45 P<2.0 X 10~ '), 95%
(OR=0.41; 95% CI=0.31-0.54;
P=533x10"'%),and 66% (OR =0.38; 95%
CI=0.29-0.51; P=1.14 X 10" '%], respectively.

Discussion

In this study, we performed a large GWAS
for OSA using the FinnGen cohort. We
discovered 23 loci, replicating previously
defined risk loci and identifying 9 novel loci.
Our results portray OSA as a multifactorial
trait with significant correlation with
cardiometabolic traits in particular.
Furthermore, our findings support the
previously reported connection between
OSA and COVID-109. In particular, we
examined the causal relationship between
OSA and severe COVID-19 and estimated
the protection of vaccination against
hospitalization due to COVID-19. We
discovered a causal relationship that was long
suspected, but not previously shown, that
OSA increases the risk for a severe
COVID-19 outcome mainly through BML
Our results indicate that BMI is the main
driver between OSA and COVID-19 severity
in individuals with OSA. Our findings
support the earlier epidemiological literature
that has shown the association between OSA
and severe COVID-19 (8-11). In addition,
we show that individuals with OSA benefit
from vaccination, which offers particular
protection from COVID-19 hospitalization.
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Figure 2. (A) Univariate Mendelian randomization estimates of the causal effect between
obstructive sleep apnea (exposure) and severe coronavirus disease (COVID-19) (outcome)
using genome-wide association study results from FinnGen and the COVID-19 Host Genetics
Initiative with 17 single-nucleotide polymorphisms (inverse variance weighted g =0.241;
P=9.41x 10"*). (B) Leave-one-out analysis removes one variant from the Mendelian
randomization analysis and reestimates the causal effect between obstructive sleep apnea and
COVID-19. MR =Mendelian randomization; SNP = single-nuclectide polymorphism.
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The ARR and NNT results indicated that the
absolute benefit of vaccination in preventing
hospitalization for COVID-19 is greater

for individuals with OSA than for those
without OSA.

Although the association between OSA
and severe COVID-19 has been studied
recently, their causal relationship has not
been formally estimated (8-11). Large
biobank-based datasets and MR as a method
provide us with a basis to investigate this link
without the traditional randomized
experimental design (14). It is important to
note that the causality we found was largely
mediated by obesity. The robustness of BMI
as one of the contributing factors was also
observed from a genetic basis (17), on which
FTO was associated with OSA at a genome-
wide significance level and was also the
strongest genetic instrument in the causality
analysis for severe COVID-19.

Although we observed a significant
causal effect of OSA on severe COVID-19 in
the MR setting, the finding is primarily
related to a higher BMI in the OSA
population. This relationship is further
supported by multivariate MR, in which
primarily BMI was increasing the risk for
severe COVID-19 and the causal effect of
OSA on severe COVID-19 was not
significant after controlling for BMI. These
findings further highlight the strong disease
burden of BMI in OSA.

Our analysis is an example of how
causality analysis by MR can first define a
causal relationship between two diseases
and then begin elucidating deeper biological
relationships. In the case of OSA, it is
clear that, although OSA is a risk factor
for severe COVID-19, this causal
relationship is mediated primarily, if not
fully, by BMI.

Vaccinations have been shown to be
very effective in preventing COVID-19
infection severe enough to require hospital
care (32, 33). However, it remains to be
determined whether vaccination is as
effective in individuals with OSA as in the
general population. In this cohort,
approximately 11.5% of nonvaccinated
individuals without OSA needed

hospitalization. It is noteworthy that the
percentage was higher (25.0%) in the OSA
population. However, the number of
individuals within the OSA population who
were vaccinated and had COVID-19 was
relatively small (n = 42 with one dose and
n =265 with two doses), and we did not see a
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Table 6. ORs associating vaccination status with hospitalization among individuals with and without an OSA diagnosis

Individuals with OSA Diagnosis

Individuals without OSA Diagnosis

OR 95% ClI
Model 1 0.35 0.22-0.55
Model 2 0.39 0.23-0.66
Model 3 0.38 0.22-0.66

P Value OR
574%107° 0.35
0.000549 0.41
0.00596 0.38

95% ClI P Value
0.28-0.45 <2.0%x107'®
0.31-0.54 5.33x1071°
0.29-0.51 1.14x10°1°

Definition of abbreviations: Cl = confidence interval; OR = odds ratio; OSA = obstructive sleep apnea.
Model 1 is adjusted for age and sex; model 2 is adjusted for age, sex, and body mass index; and model 3 is adjusted for diabetes,
hypertension, coronary heart disease, asthma, and chronic obstructive pulmonary disease status in addition to the aforementioned covariates.

significant association for hospitalization
between one versus two vaccine doses in the
individuals who also had OSA (P=0.767).
Our study shows that the ARR for
hospitalization in patients with OSA was
13.3%, compared with 6.3% in the
population without an OSA diagnosis.
Correspondingly, the NNTs were 8 in the
OSA group and 16 in the non-OSA
population. The interpretation of this is that,
if eight patients with OSA are vaccinated,
one hospitalization is prevented. Similarly, in
the non-OSA population, 16 individuals
would need to be vaccinated to prevent one
hospitalization.

The ARR, RRR, and OR of vaccinations
on hospitalization reflect the phenomenon in
slightly different ways. Thus, we also
investigated the RRR in populations with and
without OSA, showing reductions of 53.1%
and 54.3%, respectively. We also showed,
using the adjusted ORs, that vaccination
was associated with a reduced risk of
hospitalization, reducing the outcome by
61-65% compared with patients with OSA
who did not receive the vaccination. This
reduction was very similar in the non-OSA
population (59-66%). Our results are well in
line with previous publications in which
vaccinations have been estimated to reduce
the risk of hospitalization by 60% in the
general population, especially in older age
groups (32, 34). This is the first study to
demonstrate this risk reduction in the OSA
population.

Our research should be interpreted in
the light of some limitations. Although our
registry data cover a person’s entire life span,
including the information concerning
vaccination, it does not directly tell us
about the severity of OSA. In addition,
asymptomatic COVID-19 admissions are
also possible. Because we used a control
group, we anticipate similar numbers of
asymptomatic admissions in the OSA
and control populations. Furthermore,

Strausz, Agafonova, Tiullinen, et al.. GWAS of 38,998 OSA Patients and 336,659 Controls

our data set is older and enriched with
patients with clinical diagnoses, and
therefore it does not reflect effects at the
population level. Moreover, we did not
collect data for OSA therapy. It would be
interesting to study whether treating OSA
could reduce the risk of severe COVID-19
infection.

A limitation of our study is the lack of
information on compliance with continuous
positive airway pressure (CPAP) use.
However, patients with moderate or severe
OSA in the study population were offered
CPAP in accordance with national
guidelines. Earlier studies in the same
population show compliance rates of 65-67%
and a mean CPAP use duration of at 5 hours,
20 minutes per day (35). Because CPAP is an
efficient treatment for OSA, the compliance
with treatment likely affects our findings,
increasing heterogeneity in the population
between those who use CPAP and those who
do not.

In summary, we show that OSA is a
causal risk factor for severe COVID-19 and
that this risk is mainly mediated by obesity.
The ARR was twice as high in the OSA
population as in the general population
when comparing hospitalizations due to
COVID-19 in vaccinated and nonvaccinated
groups. Our study suggests that prioritizing
patients with OSA as a risk group in the early
stage of the COVID-19 pandemic reduced
the need for hospitalizations due to
COVID-19 infection. l

Author disclosures are available with the
text of this article at www.atsjournals.org.

Acknowledgment: The authors thank the
participants and investigators of FinnGen
study. The following biobanks are
acknowledged for delivering biobank samples
to FinnGen: Auria Biobank (www.auria.fi/
biopankki), THL Biobank (www.thl.fi/biobank),
Helsinki Biobank (www.helsinginbiopankki.fi),
Biobank Borealis of Northern Finland (https://

www.ppshp.fi/Tutkimus-ja-opetus/Biopankki/
Pages/Biobank-Borealis-briefly-in-English.
aspx), Finnish Clinical Biobank Tampere (www.
tays.filen-US/Research_and_development/
Finnish_Clinical_Biobank_Tampere), Biobank of
Eastern Finland (www.ita-suomenbiopankki.fi/
en), Central Finland Biobank (www.ksshp.fi/fi-
Fl/Potilaalle/Biopankki), Finnish Red Cross
Blood Service Biobank (www.veripalvelu.fi/
verenluovutus/biopankkitoiminta) and
Terveystalo Biobank (www.terveystalo.com/fi/
Yritystietoa/Terveystalo-Biopankki/Biopankki/).
All Finnish Biobanks are members of BBMRI. fi
infrastructure (www.bbmri.fi). Finnish Biobank
Cooperative -FINBB (https://finbb.fi/) is the
coordinator of BBMRI-ERIC operations in
Finland. The Finnish biobank data can be
accessed through the Fingenious services
(https://site.fingenious.fi/fen/) managed by
FINBB. The authors thank the Million Veteran
Program participants and staff. This research is
based on data from the Million Veteran
Program, Office of Research and Development,
Veterans Health Administration, and was
supported by award BX004821. This
publication does not represent the views of the
Department of Veteran Affairs or the United
States Government.

The FinnGen study is approved by the Finnish
Institute for Health and Welfare (permit
numbers: THL/2031/6.02.00/2017, THL/1101/
5.05.00/2017, THL/341/6.02.00/2018, THL/
2222/6.02.00/2018, THL/283/6.02.00/2019,
THL/1721/5.05.00/2019 and THL/1524/5.05.00/
2020), Digital and population data service
agency (permit numbers: VRK43431/2017-3,
VRK/6909/2018-3, VRK/4415/2019-3), the
Social Insurance Institution (permit numbers:
KELA 58/522/2017, KELA 131/522/2018, KELA
70/522/2019, KELA 98/522/2019, KELA 134/
522/2019, KELA 138/522/2019, KELA 2/522/
2020, KELA 16/522/2020), Findata permit
numbers THL/2364/14.02/2020, THL/4055/
14.06.00/2020, THL/3433/14.06.00/2020, THL/
4432/14.06/2020, THL/5189/14.06/2020, THL/
5894/14.06.00/2020, THL/6619/14.06.00/2020,
THL/209/14.06.00/2021, THL/688/14.06.00/
2021, THL/1284/14.06.00/2021, THL/1965/
14.06.00/2021, THL/5546/14.02.00/2020,
THL/2658/14.06.00/2021, THL/4235/14.06.00/
202, Statistics Finland (permit numbers:
TK-53-1041-17 and TK/143/07.03.00/2020
(earlier TK-53-90-20) TK/1735/07.03.00/2021,
TK/3112/07.03.00/2021) and Finnish Registry
for Kidney Diseases permission/extract from
the meeting minutes on 4th July 2019. The

969


http://www.atsjournals.org/doi/suppl/10.1513/AnnalsATS.202303-215OC/suppl_file/disclosures.pdf
http://www.atsjournals.org
http://www.auria.fi/biopankki
http://www.auria.fi/biopankki
http://www.thl.fi/biobank
http://www.helsinginbiopankki.fi
https://www.ppshp.fi/Tutkimus-ja-opetus/Biopankki/Pages/Biobank-Borealis-briefly-in-English.aspx
https://www.ppshp.fi/Tutkimus-ja-opetus/Biopankki/Pages/Biobank-Borealis-briefly-in-English.aspx
https://www.ppshp.fi/Tutkimus-ja-opetus/Biopankki/Pages/Biobank-Borealis-briefly-in-English.aspx
https://www.ppshp.fi/Tutkimus-ja-opetus/Biopankki/Pages/Biobank-Borealis-briefly-in-English.aspx
http://www.tays.fi/en-US/Research_and_development/Finnish_Clinical_Biobank_Tampere
http://www.tays.fi/en-US/Research_and_development/Finnish_Clinical_Biobank_Tampere
http://www.tays.fi/en-US/Research_and_development/Finnish_Clinical_Biobank_Tampere
http://www.ita-suomenbiopankki.fi/en
http://www.ita-suomenbiopankki.fi/en
http://www.ksshp.fi/fi-FI/Potilaalle/Biopankki
http://www.ksshp.fi/fi-FI/Potilaalle/Biopankki
http://www.veripalvelu.fi/verenluovutus/biopankkitoiminta
http://www.veripalvelu.fi/verenluovutus/biopankkitoiminta
http://www.terveystalo.com/fi/Yritystietoa/Terveystalo-Biopankki/Biopankki/
http://www.terveystalo.com/fi/Yritystietoa/Terveystalo-Biopankki/Biopankki/
http://www.bbmri.fi
https://finbb.fi/
https://site.fingenious.fi/en/

ORIGINAL RESEARCH

Biobank Access Decisions for FinnGen
samples and data utilized in FinnGen Data
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BB_2018_67, BB2018_71, BB2019_7,
BB2019_8, BB2019_26, BB2020_1, Finnish

Red Cross Blood Service Biobank 7.12.2017,
Helsinki Biobank HUS/359/2017, HUS/248/2020,
Auria Biobank AB17-5154 and amendment #1
(August 17 2020), AB20-5926 and amendment
#1 (April 23 2020) and its modification (Sep

22 2021), Biobank Borealis of Northern

Finland_2017_1013, Biobank of Eastern Finland
1186/2018 and amendment 22 §/2020, Finnish
Clinical Biobank Tampere MH0004 and
amendments (21.02.2020 & 06.10.2020), Central
Finland Biobank 1-2017, and Terveystalo Biobank
STB 2018001 and amendment 25th Aug 2020.
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