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Abstract

Background——Obstructive sleep apnea (OSA) and its features, such as chronic intermittent 

hypoxia (IH), may differentially affect specific molecular pathways and processes in the 

pathogenesis of coronary artery disease (CAD) and influence the subsequent risk and severity 
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of CAD events. In particular, competing adverse (e.g. inflammatory) and protective (e.g. increased 

coronary collateral blood flow) mechanisms may operate, but remain poorly understood. We 

hypothesize that common genetic variation in selected molecular pathways influences the 

likelihood of CAD events differently in individuals with and without OSA, in a pathway-

dependent manner.

Methods——We selected a cross-sectional sample of 471,877 participants from the UK 

Biobank, with 4,974 ascertained to have OSA, 25,988 to have CAD, and 711 to have both. 

We calculated pathway-specific polygenic risk scores (PS-PRS) for CAD, based on 6.6 million 

common variants evaluated in the CARDIoGRAMplusC4D genome-wide association study 

(GWAS), annotated to specific genes and pathways using functional genomics databases. Based on 

prior evidence of involvement with IH and CAD, we tested PS-PRS for the HIF-1, VEGF, NFκB 

and TNF signaling pathways.

Results——In a multivariable-adjusted logistic generalized additive model, elevated PS-PRSs 

for the KEGG VEGF pathway (39 genes) associated with protection for CAD in OSA (interaction 

odds ratio 0.86, p = 6E-04). By contrast, the genome-wide CAD PRS did not show evidence of 

statistical interaction with OSA.

Conclusions——We find evidence that pathway-specific genetic risk of CAD differs between 

individuals with and without OSA in a qualitatively pathway-dependent manner. These results 

provide evidence that gene-by-environment interaction influences CAD risk in certain pathways 

among people with OSA, an effect that is not well-captured by the genome-wide PRS. This invites 

further study of how OSA interacts with genetic risk at the molecular level, and suggests eventual 

personalization of OSA treatment to reduce CAD risk according to individual pathway-specific 

genetic risk profiles.

Introduction

Obstructive sleep apnea (OSA) is a common disorder characterized by recurrent episodes 

of hypoxemia during sleep, sleep fragmentation, and activation of the sympathetic nervous 

system, potentially stimulating pro-inflammatory and pro-thrombotic pathways that drive 

atherosclerosis1. Epidemiological studies implicate OSA as a potentially modifiable risk 

factor for cardiovascular disease (CVD), stimulating research aimed at quantifying the 

impact of OSA and its treatment on both coronary artery disease (CAD) and cerebrovascular 

disease2. While OSA increases the incidence of cerebrovascular disease, weaker and less 

consistent associations support associations between OSA and incident CAD3. Moreover, 

large clinical trials (RCTs) of the effect of positive airway pressure (PAP) treatment of OSA 

on composite CVD outcomes have provided equivocal results, in some cases with point 

estimates in the direction of increased risk in the treatment group4–7.

Potential explanations for disappointing results of PAP RCTs include treatment non-

adherence, non-optimal trial participant selection (e.g. advanced CVD at baseline) and 

limited statistical power8,9. Another possibility is that putative CVD benefits of OSA 

treatment may vary across individuals, influenced by factors related to characteristics 

of OSA-related stress not captured by the traditional metric of OSA severity (apnea 

hypopnea index, AHI), as well as by underlying host characteristics10,11, including genetic 
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predisposition to CVD and genetic variation within known OSA pathways12,13. Moreover, 

some features of OSA might even prove protective for CVD in some individuals, and 

therefore treatment of OSA with PAP could increase CVD risk among those individuals14. 

This hypothesis derives support from human and animal studies showing that exposure to 

intermittent hypoxemia - a cardinal feature of OSA - can promote collateral blood flow, 

reflective of well-known effects of ischemic preconditioning15.

The need to develop a precision medicine-informed approach to CVD risk stratification in 

OSA agrees with data indicating that OSA-related CVD risk varies across subgroups defined 

by biomarkers16,17 or clusters of phenotypic traits18. A central question, and the one that 

we address here, is whether genetic variation in CAD risk interacts with OSA features 

to modulate CAD risk in a pathway-dependent manner19. We conceptualize repeated 

intermittent hypoxia (IH) and reoxygenation as a modifying environment for preexisting 

genetic risk for CAD, locating our analysis within a gene-by-environment (GxE) interaction 

paradigm. Our pathway-level GxE approach provides a new scale on which to study the 

genetic architecture of CAD susceptibility and its modification by OSA.

We build on prior work that (1) identified genetic markers for CAD risk involved 

in atherosclerosis, small vessel disease, inflammatory pathways, and angiogenesis, with 

evidence from genome-wide association studies (GWAS), expression studies, animal 

experiments and clinical trials20,21; and (2) showed the influence of IH on a variety 

of pathways (in positive and negative directions) relevant to CAD, including redox, 

inflammatory and angiogenic pathways22.

Our approach considers effect modification of genetic risk, aggregated to the pathway 

level, and investigates pathway-specific polygenic risk scores (PS-PRS) for CAD. PRSs 

have demonstrated success in identifying high risk populations, but may perform poorly 

due to overly simplistic dimension reduction when compared with non-linear methods to 

summarize risk across many alleles23,24. Here we consider a novel PRS approach, where 

we group markers by pathways to create multiple PS-PRSs aligned logically with genetic 

architecture, to facilitate investigation of GxE interaction at the pathway level.

We hypothesized that common genetic variation, in specific molecular pathways for CAD 

that are linked to the pathophysiology of OSA, influences the likelihood of CAD events 

differently in individuals with and without OSA, in a pathway-dependent manner. Our 

work was motivated by the potential for differential effects of OSA on multiple processes 

that impact CAD, such as inflammation and atherosclerosis, thrombosis, collateral vessel 

formation (via angiogenesis), control of coronary artery blood flow, and plaque disruption. 

Of central interest is the idea that OSA could be a “double-edged sword” with both positive 

or negative effects on CAD. In particular, intermittent hypoxia – a physiological stress 

characteristic of OSA – may exert either positive effects through ischemic preconditioning 

or negative effects by boosting atherosclerotic processes including inflammation14,15. We 

pre-selected four regulatory pathways of interest based on our hypotheses of the impacts 

of chronic IH on angiogenic and inflammatory processes in CAD, the HIF-1, VEGF, 

NFκB and TNF signaling pathways. We focused on these four representative pathways 

Goodman et al. Page 3

Circ Genom Precis Med. Author manuscript; available in PMC 2023 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



for their recognized roles in these processes, which have been previously shown to involve 

differential expression of constituent genes in OSA25–32.

By investigating whether OSA enhances, does not change, or ameliorates genetic risk of 

developing CAD among individuals with specific risk allele profiles within these pathways, 

we aim to provide new mechanistic insight into the biological effects of OSA on CAD. 

In addition, we explore the ability to identify patients with OSA who may have either 

protection against or increased risk of CAD events from their OSA status according to 

their specific genetic profile. Ultimately, we propose that this approach provides a novel 

step on the path toward understanding the complex role of OSA in CAD and formulating a 

personalized approach to treatment.

Methods

A full description of data and methods, including version and location of software and 

databases used to conduct the analyses, is available in the supplementary material. Research 

was conducted using de-identified data made available through collaboration with UK 

Biobank. Requests for data access can be made via UK Biobank with application materials 

available at www.ukbiobank.ac.uk. The National Health Service National Research Ethics 

Service (ref. 11/NW/0382) gave approval for the UK Biobank study, with each participant 

providing written informed consent. This project has been reviewed and approved by the 

Mass General Brigham IRB.

Results

Clinical characteristics

Of the 476,851 UK Biobank33 (UKBB) participants in our analytic sample, 4,974 (1.1%) 

were classified to have OSA, 26,699 (5.6%) to have CAD, and 711 both. Phenotype and 

covariate definitions are available in Supplemental Table I. The median (IQR) age was 58 

(50, 63) years with a similar age distribution by OSA status (Table 1). As expected, OSA 

cases tended to have a higher prevalence of several CAD risk factors and comorbidities. 

Additional details are provided in the Supplement.

Characteristics of the PS-PRSs

Our gene-annotation procedure (Figure 1) for the 6,630,150 single nucleotide variants in 

the previously published CAD PRS described by Khera et al34, based on the LDPred 

algorithm35 and the CARDIoGRAMplusC4D Consortium CAD GWAS36, resulted in the 

assignment of 70.3% of the 6.6M markers to one or more genes (average: 1.1 genes assigned 

per annotated variant). Pathway specific polygenic risk scores (PS-PRSs) were calculated for 

each individual as the effect-weighted sum of the count of risk alleles at each locus across all 

pathway SNVs. Pathway genes, defined with reference to the Kyoto Encyclopedia of Genes 

and Genomes37 (KEGG) are shown in Supplemental Table II. After standardization on the 

cohort as a whole, participants with or without OSA had similar PS-PRS (Table 1).
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Correlations between the PS-PRSs

Due to shared genes between pathway definitions, there was some moderate correlation 

between the genetic risk scores. The NFκB signaling pathway (KEGG hsa04064: 100 

genes) and TNF signaling pathway (KEGG hsa04668: 110 genes) share 29 genes, which 

induced a correlation of 0.39 in the pathway-specific risk scores (Figure 2). The curated 

225-gene OSA/CAD pathway shares 22 genes with the KEGG HIF1 pathway, driving the 

observed correlation of 0.54. Similarly, because VEGF core-genes VEGFA and FLT1 and 

HIF1 core-genes HIF1A and ARNT reside within the HIF1 KEGG pathway, they induce 

correlations of 0.44 and 0.32 respectively. Additional pairwise correlations for pathways, 

genes, and modules is shown in Figure 2 and Supplemental Figure I, and further discussed in 

the Supplement.

Estimated main effects of OSA, PRS and PS-PRSs

As incidental findings, we report estimated OSA and PS-PRS main effects, which were 

ancillary to our primary GxE analysis. We find that OSA associates with higher CAD risk, 

with an approximate odds ratio (OR) of 1.5, and 95% confidence interval (CI) of (1.4, 1.6) 

across all PS-PRS GxE models shown in Table 2, as well as in marginal models fit without 

PS-PRS or GxE terms (Supplemental Table III). Also, as expected, the full genome-wide 

CAD PRS associated strongly with increased CAD risk in both a marginal PRS-only and 

a GxE model. For each standard deviation increase in the CAD PRS, the odds of CAD 

(in OSA and separately in OSA controls) increased by a factor of approximately 1.70 

(Table 2 and Supplemental Table III). Additionally, the PS-PRSs for each KEGG signaling 

pathway associated strongly with CAD both marginally in the combined sample and as a 

genetic main effect, estimated in OSA controls, but had notably smaller estimated odds 

ratios (range 1.040 to 1.062). Core gene modules were also associated both marginally 

and in OSA controls, but had still smaller odds ratios (range 1.019 to 1.032) (Table 2). 

Estimated PS-PRS main effects in OSA controls were not appreciably different from the 

marginal PS-PRS effects from models fit on the combined data without GxE interaction 

terms (Supplemental Table III).

Estimated interaction effects between OSA, and PS-PRSs

In our primary analysis, we find evidence of effect-measure modification of genetic risk by 

OSA status. Specifically, at Bonferroni-corrected significance-level 5E-3, we see significant 

qualitative effect modification in the VEGF KEGG pathway (interaction odds ratio 0.86, p 
= 6E-04), leading to differential genetic effects among participants with and without OSA 

(Table 2). Concretely, among OSA cases, we estimated the odds of CAD decreased, by 

a factor of 0.89 per standard deviation increase in the VEGF KEGG PS-PRS, contrasted 

with an increase of 1.04 among OSA controls. The point estimate for GxE interaction in 

the VEGF core-genes PS-PRS is qualitatively similar but not statistically significant. We do 

not find significant evidence of effect-measure modification between OSA and the KEGG 

HIF1 PS-PRS, TNF PS-PRSs, the NFκB PS-PRSs, nor the full CAD PRS. However, we 

find a nominally significant trend for risk-amplifying effect-measure modification for both 

the HIF1 core-genes PS-PRS (interaction OR 1.1, p = 4.46E-02) and the curated 225 gene 
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PS-PRS based on a literature-derived CAD- and OSA-involved genes (interaction OR 1.1, p 
= 1.8E-02).

In secondary analysis of module- and gene-specific interactions, adjusting for multiple 

testing, we find statistically significant effect-measure modification in one of the 30 pathway 

submodules (VEGF endothelial migration: CDC42, MAPK11, MAPK12, MAPK13, 
MAPK14, MAPKAPK2, MAPKAPK3, PTK2, PXN) and none of the 268 genes tested 

from the four KEGG pathways of interest (Supplemental Tables IV and V). We also see 

nominally significant effect-measure modification in several pathway modules and genes, 

with estimated effects generally consistent with pathways and modules that contain them. In 

Figure 3, we provide a pathway diagram representing established biological relationships37 

of selected genes, modules, and pathways involved in the analysis.

Sensitivity Analyses

We obtained similar results in sensitivity analyses (Supplemental Table VI). For the analyses 

of males-only, self-reported whites-only, and when adjusting for potentially mediating 

comorbidities, the KEGG VEGF PS-PGRS had consistently Bonferroni-significant risk-

inverting effect-measure modification, while the curated 225 gene CAD- and OSA-related 

pathway had consistently nominally significant risk-amplifying effect modification; the 

females-only analysis was underpowered with only 71 joint OSA/CAD cases, nonetheless 

KEGG VEGF was nominally significant with similar risk-inverting estimated effect.

PS-PRS associations with C-reactive protein

In a supplemental analysis (Supplemental Table VII) we find that CAD risk as quantified 

by PS-PRSs for the KEGG HIF1 and NFκB pathways is associated with increased CRP, 

respectively 4.5% (95% CI: 4.3%, 4.8%) and 0.5% (CI: 0.2%, 0.8%) per standard deviation 

PS-PRS, whereas the VEGF pathway PS-PRS CAD risk is associated with decreased CRP, 

at −0.8% per standard deviation (CI: −1.0%, −0.5%). Associations between log CRP and 

core-genes pathway PS-PRSs are weak or negligible. The genome-wide CAD PRS is not 

associated with CRP, but the PS-PRS for the curated list of 225 OSA-CAD genes is 

positively associated with CRP levels at 1.1% increase per standard deviation (CI: 0.8%, 

1.4%).

Discussion

Overview and context

Using biobank-scale data we tested the hypothesis that genetic variation in specific 

molecular pathways that modulate risk of CAD may influence the propensity for 

CAD differently in individuals with and without OSA—an exposure postulated to have 

complex effects on atherosclerosis, inflammation, and angiogenesis. We demonstrate novel 

interaction effects between OSA and PS-PRS within one pathway (VEGF) postulated a 
priori from current biological understanding to play a role in OSA-related hypoxia in 

CAD. The effect-measure modification of PS-PRS effects suggests that OSA can increase 

or attenuate genetic risk for CAD in a pathway-dependent manner, and, reciprocally, that 

subgroups with specific genetic profiles within certain CAD pathways may experience 
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the influence of OSA differently. Our results also suggest heterogeneity of this effect 

modification across pathways, modules and genes.

Primary and secondary analyses

In our primary analysis, we see Bonferroni-significant evidence of risk-inverting effect-

measure modification in the KEGG VEGF pathway. In secondary analysis we also 

see suggestive evidence of risk-inverting effect-measure modification across multiple 

independent signals within this pathway. This qualitative effect-measure modification in 

the VEGF KEGG pathway suggests that among OSA cases, the direction of effect of the 

VEGF PS-PRS risk alleles, averaged across markers in the pathway, is reversed compared 

with OSA controls. For example, among OSA cases whose VEGF risk score is one standard 

deviation above the mean, we estimate that odds of CAD is decreased by approximately 

14% compared to those with the mean VEGF risk score.

One explanation consistent with these data would be that OSA perturbs the tissue 

environment such that SNVs that increase CAD risk in normoxia on average now 

function to reduce risk under hypoxia. For example, downregulation of a certain gene 

under normoxia may have been deleterious, but becomes beneficial under hypoxia (or 

vice versa). The 39 genes in the KEGG VEGF pathway mediate inflammation and 

angiogenesis, with genes regulating endothelial cell survival, proliferation, and migration as 

well as vascular permeability. Under intermittent hypoxia, angiogenesis may predominate, 

potentially conferring protection from clinically observed or fatal CAD events (ascertained 

in our CAD outcome) due to heart muscle collateralization.

By contrast we see nominally-significant suggestive evidence of risk-amplifying effect-

modification in the HIF1 core genes module, apparently driven by the ARNT gene, as well 

as in the PS-PRS consisting of 225 curated OSA-CAD genes, suggesting a risk-amplifying 

GxE signal may be more widely distributed. If confirmed these effects are consistent with 

the idea that OSA-related physiological stressors may amplify the deleterious effects of 

certain genetic variants on CAD. For example, ARNT, whose gene-product HIF1-β creates 

a heterodimer with HIF-1α enabling nuclear activation of the HIF1 transcription factor, is 

a plausible key player in the regulatory network immediately upstream of a host of cellular 

responses to hypoxia. Although ARNT is not under direct hypoxic regulation, concentration 

of HIF1-β may serve as a rate-limiter on HIF1’s transcription factor activity specifically 

under hypoxic conditions when HIF1-α concentration is maximized38. Hence, genetic 

effects on ARNT plausibly interact mechanistically with IH-induced effects on HIF1-α. 

Further investigation of OSA’s and IH’s potential for risk-amplifying effect modification 

appears warranted.

If confirmed, differential positive and negative GxE interaction effects, increasing or 

decreasing individuals’ prior genetic risk in separate genes and pathways in OSA, would 

be consistent with the idea of a “double-edged” role of OSA in CAD. In particular, though 

increased concentrations of HIF1 in OSA is expected to augment VEGF, a number of 

considerations could explain why the CAD effects of e.g. of ARNT risk alleles may (on 

average) be either unaffected or amplified by OSA but the effects of VEGF pathway risk 

alleles may (on average) be inverted, including differential downstream effects. This is 
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supported by the association analysis of log CRP levels, where the qualitatively different 

effect of the KEGG VEGF PS-PRS CAD risk variants (CRP reducing), as compared to the 

HIF1, NFκB, and TNFA KEGG pathways of interest (CRP increasing), suggests pathway-

specific mediation of genetic risk by biomarkers such as CRP.

These findings support the potential for CAD susceptibility to depend both on physiological 

stressors, such as those associated with OSA, and underlying genetics, via complex 

interactions between these two sources of risk. Confirmation of the present findings could 

enable clinicians to prioritize patients with genetic risk factors that are amplified under 

response to hypoxia for more aggressive OSA treatment, but manage more conservatively 

those whose genetic risk profile indicates protection under IH and who have few symptoms.

These results open the way to varied experimental studies to probe the potentially novel 

molecular mechanisms that may lead to the observed qualitative effect-measure modification 

and underly the findings. Further study of genes and variants in this pathway and their 

effect on measured biomarkers and gene expression may provide clarification of the genetic 

mediators of CAD risk in OSA, and potentially point to molecular targets for ameliorating 

OSA-related CAD. Additional detail is provided in the Discussion Supplement.

Additional Findings

Testing our primary hypothesis yielded additional interesting findings. We demonstrated 

that a genome-wide CAD PRS associated with CAD in both the OSA cases and controls 

was distributed similarly (in mean and standard deviation) and did not reveal significant 

effect-measure modification by OSA. We also confirmed that the chosen PS-PRSs for 

CAD associate positively with CAD in OSA controls, and that we see similar distribution 

of PRS and PS-PRSs when stratifying by OSA status. Additionally, given that nominally 

significant point estimates of interaction between genetic risk for CAD and OSA differed 

qualitatively across pathways, this suggests analyses ignoring heterogeneity (such as only 

assessing the full PRS) may incorrectly lead to the conclusion that there is no evidence of 

GxE interaction. Lastly, we demonstrated a consistent positive association between OSA 

and CAD, marginally after adjusting for covariates only, as well as in all PS-PRS models 

adjusting for covariates and GxE interaction effects, with a consistent effect size (OR 1.5) 

similar to that previously reported in observational cohort studies39.

Strengths and weaknesses

This study has several notable strengths. Our methodology offers the opportunity to 

detect distinct positive and negative interaction effects in separate pathways, which might 

otherwise interfere with each other and prevent detection of a GxE interaction at the 

genome-wide PRS level. Furthermore, if our hypothesis holds, environments such as OSA-

related hypoxemia will perturb gene activity across regulatory pathways or submodules 

containing thousands of SNVs. So, we expect aggregating SNV risk to genes, modules, or 

pathways acting together to produce similar downstream biological effects may enhance 

power and reduce the multiple testing burden, as compared with SNV-level interaction 

testing. So, PS-PRS may provide useful intermediate levels between individual genetic 

markers and genome-wide risk scores to study effect-measure modification. And unlike the 
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challenges to studying these regulatory pathways with biological assays in relevant tissues 

and with appropriate timing, our approach extracts additional insights from existing GWAS 

and biobank data.

The study also has several limitations. First, we perform a cross-sectional analysis, due to 

the limited follow-up for incident CAD, as well as the difficulty determining the date of 

onset of sleep apnea. Cross-sectional analysis is commonly used in genetics, including the 

GWAS and PRS analyses on which our PS-PRS were based. While in the GxE context 

ideally the OSA exposure should be established as preceding the CAD outcome, the 

presence of OSA in the medical record generally is believed to reflect disease that occurred 

years earlier40. Second, UK Biobank has several sources of selection bias, including healthy 

volunteer bias, which may limit generalizability. Also, to overcome a limitation of the UK 

Biobank dataset in which sleep apnea is not subclassified as central or obstructive either in 

self-reported or medical records data, we attempted to reduce potential CSA cases, which 

are likely causally downstream of atherosclerosis and CAD, by requiring the presence of 

self-reported snoring, and we further enhanced specificity in the controls by eliminating 

subjects with self-reported snoring and daytime sleepiness. The resulting contrast between 

cases and controls should be interpreted in this context, which we view as indicative of 

clinically diagnosed OSA vs healthy controls. Additional discussion of ascertainment is 

provided in the Discussion Supplement. Further, as discussed above, we selected pathways 

based on literature-supported prior hypotheses, however, we were limited by power and for 

this reason and to minimize multiple comparisons, we did not comprehensively investigate 

sources of pathway-level genetic risk for CAD in OSA. We were also limited by power in 

our ability to look for sex-differences in GxE effects, as further discussed in the Discussion 

Supplement.

In conclusion, this study provides insight into the influence of OSA on CAD and identifies a 

novel mechanism that may explain the evident heterogeneity of CAD risk among individuals 

with OSA. Specifically, we find that OSA status can modify pre-existing genetic risk of 

CAD within the VEGF pathway, and more generally we provide a plausible approach 

to assess stratified genetic risk for CAD in OSA by illustrating a novel method for 

understanding pathway-specific genetic risk and its role in GxE interaction. Future larger 

PS-PGRS GxE studies may allow probing of dose-dependent effects of OSA-related 

intermittent hypoxia on a comprehensive set of CAD pathways, while further study of 

these pathways and genes with additional –omics data or animal studies may further clarify 

our current findings. Having identified genetic pathways whose effect is modified by OSA 

status, we may also identify individuals with OSA who are most susceptible (or resilient) to 

CAD, disentangling their genetic risk, their OSA exposure risk, and the interaction between 

the two. Together these investigations may lead to personalized management of OSA and the 

ability to target treatment toward specific impacted pathways in those at heightened risk.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Nonstandard Abbreviations and Acronyms

BMI body mass index

CAD coronary artery disease

COPD chronic obstructive pulmonary disease

CRP C-reactive protein

CVD cardiovascular disease

GAM generalized additive model

GSRS gene-specific risk score

GWAS genome-wide association study

GxE gene-by-environment interaction

HIF-1 Hypoxia-inducible factor 1

ICD10 International Classification of Diseases, version 10

KEGG Kyoto Encyclopedia of Genes and Genomes

NFκB Nuclear factor kappa-light-chain-enhancer of activated B cells
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OSA obstructive sleep apnea

PAP positive airway pressure

PRS polygenic risk scores

PS-PRS pathway-specific polygenic risk scores

RCT randomized controlled trial

SNV single nucleotide variant

TNF Tumor necrosis factor

UKBB UK Biobank

VEGF Vascular endothelial growth factor
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Figure 1: 
Flow diagram showing the gene annotation process. Gene annotation process, showing data 

sources and sequential priority. Single nucleotide variants (SNVs) available in a given data 

set (“yes”) were annotated to one or more genes and set aside without further annotation. 

Remaining un-annotated SNVs (“no”) advanced to be considered for annotation using 

potentially less-definitive methods.
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Figure 2: 
Pairwise correlations among selected pathway-specific polygenic risk scores. Pearson 

correlations between participants’ gene- and pathway-specific genetic risk scores (GSRS 

and PS-PRS) in the primary analysis.
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Figure 3: 
Pathway diagram of selected genes and pathways. Pathway diagram showing the 

relationship of selected genes and pathways in the analysis of effect-measure modification 

by OSA on genetic risk of CAD, using pathway-specific polygenic risk scores (PS-PRS) 

and gene-specific risk scores (GSRS). Risk inverting effect-measure modification by OSA 

on the VEGF KEGG pathway PS-PRS attained Bonferroni-corrected statistical significance 

(p<0.005) based on 10 pre-specified tests in the primary analysis. The GSRS for ARNT 
had nominally significant (p<0.05) risk-amplifying effect-measure modification by OSA. 

The HIF1 KEGG pathway contains additional genes and modules not shown, and partially 

overlaps the NFκB and TNF pathways. Estimated PS-PGRS effect modification for HIF-1, 

NFκB and TNF pathways did not meet nominal significance in primary analysis.
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Table 1.

Sample characteristics

OSA control OSA case

N 471,877 4,974

Outcome:

CAD, N (%) 25,988 (5.50) 711 (14.30)

Covariates:

BMI (median [IQR]) 26.67 (24.09, 29.79) 31.61 (28.11, 36.39)

Age (median [IQR]) 58 (50.00, 63.00) 58 (51.00, 63.00)

Male (%) 213,700 (45.30) 3,622 (72.80)

Smoking (%)

 current 36,568 (7.70) 519 (10.40)

 never 259,572 (55.00) 2,162 (43.50)

 occasionally 12,484 (2.60) 183 (3.70)

 previous 163,253 (34.60) 2,110 (42.40)

Self-reported white (%) 397,269 (84.20) 4,054 (81.50)

Genetic PC1 (mean (SD)) −1.53 (53.33) 1.95 (60.96)

Genetic PC2 (mean (SD)) 0.5 (27.38) 0.21 (27.29)

Genetic PC3 (mean (SD)) −0.17 (14.61) 0.82 (15.30)

Genetic PC4 (mean (SD)) 0.13 (10.32) −0.2 (12.07)

Genetic PC5 (mean (SD)) 0.05 (7.57) 0.28 (7.42)

BiLEVE genotype platform (%) 48,528 (10.30) 619 (12.40)

COPD (%) 18,888 (4.00) 608 (12.20)

Asthma (%) 62,630 (13.30) 1,126 (22.60)

Standardized PRS and PS-PRS Exposures:

KEGG hsa04066 HIF1 (mean (SD)) −0.0002 1.000 −0.011 0.985

KEGG hsa04370 VEGF (mean (SD)) −0.0014 1.000 0.029 0.982

KEGG hsa04064 NFκB (mean (SD)) 0.0002 1.000 0.003 1.005

KEGG hsa04668 TNF (mean (SD)) 0.0002 1.000 0.015 1.017

HIF1 core genes (mean (SD)) 0.0018 1.000 −0.016 0.999

VEGF core genes (mean (SD)) 0.0003 1.000 −0.010 0.991

NFκB core genes (mean (SD)) 0.0011 1.000 −0.015 1.006

TNF core genes (mean (SD)) −0.0009 1.000 0.001 0.992

CAD PRS (mean (SD)) 0.0000 0.998 0.034 1.015

OSA genes (mean (SD)) −0.0016 0.999 −0.005 0.997

Outcome, covariate and polygenic risk score distributions by OSA status. OSA: Obstructive sleep apnea, CAD: coronary artery disease, BMI: 
body mass index, PC: principal component, COPD: chronic obstructive pulmonary disease, KEGG: Kyoto encyclopedia of genes and genomes, 
hsa: Homo sapiens pathway reference number, HIF1: hypoxia inducible factor 1, VEGF: vascular endothelial growth factor, NFκB: nuclear factor 
kappa- beta, TNF: tumor necrosis factor, PRS: polygenic risk score, PS-PRS: pathway-specific polygenic risk score.
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