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Purpose: The relationship between Obstructive sleep apnea (OSA) and hypercoagulability remains unclear. To address this
uncertainty, the present study combined observational and Mendelian randomization (MR) analyses to assess the associations of
OSA and coagulation markers.

Patients and Methods: We conducted an observational study of 790 patients with OSA, evaluating associations between OSA
severity and coagulation markers, including activated partial thromboplastin time (APTT), prothrombin time (PT), and fibrinogen
(Fib). Multivariate linear regression adjusted for age, gender, body mass index (BMI), and comorbidities. Additionally, we performed
a large-scale Mendelian randomization analysis using two East Asian OSA genome-wide association study (GWAS) datasets (Million
Veteran Program [MVP], n=6550; Taiwan Precision Medicine Initiative [TPMI], n=316351) as exposures, and East Asian coagulation
GWAS data from BioBank Japan (BBJ) as outcomes (APTT: n=37767; Fib: n=18348; PT: n=58110). Multivariable MR (MVMR) with
body mass index (BMI)(TPMI GWAS, n=191458) was performed to assess residual direct effects of OSA.

Results: Severe OSA showed higher Fib (p-value<0.01) and shorter PT (p-value<0.05) and APTT (p-value<0.05) than mild-moderate
OSA. Multivariate regression analysis showed T90 (the percentage of time oxygen saturation is below 90%) and MSaO2 (mean
oxygen saturation) were associated with Fib (B=—0.259; f=—0.224, p-value<0.001). While OSA severity is observationally associated
with subclinical hypercoagulability, these significances vanished after adjusting for BMI and are not supported by genetic evidence
since MR analyses provide no evidence for a moderate or clinically meaningful independent causal effect between genetic OSA
liability and coagulation markers. MVMR confirmed no residual direct effect of OSA on coagulation after accounting for BMI.
Conclusion: Severe OSA is associated with subclinical hypercoagulability, but this relationship is confounded by BMI. Genetic
evidence does not support a moderate or clinically meaningful causal role for OSA in coagulation dysfunction, urging a paradigm shift
toward obesity management as the primary strategy to reduce thrombotic risk in OSA patients.
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Introduction

Obstructive sleep apnea (OSA) is a common sleep disorder affecting approximately 1 billion adults worldwide,
characterized by recurrent upper airway obstructions during sleep that lead to chronic intermittent hypoxia (CIH),
sleep fragmentation, and systemic inflammation.! Epidemiological data show that among individuals aged 30-70
years, the prevalence of OSA was 34% in men and 17% in women.” Accumulating evidence suggests associations
between OSA and hypercoagulability, with hypothesized pathophysiological pathways including platelet activation,
dysregulation of coagulation factors, and impaired fibrinolytic function induced by CIH, sleep fragmentation, and
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systemic inflammation.>* These pathways are theoretical speculations derived from preclinical and observational data,
but whether they translate to a direct causal relationship remains unproven. However, the nature of the relationship
between OSA and hypercoagulability remains controversial, with inconsistent findings across observational studies.*~°
Yet, whether these interactions reflect causal mechanisms or shared confounders such as obesity remains unknown.

Notably, OSA has been linked to an increased risk of venous thromboembolism (VTE), a connection hypothesized to
involve CIH-mediated hypercoagulability, endothelial dysfunction, and venous stasis.”* Observational studies have reported
associations between OSA severity and prothrombotic markers such as elevated fibrinogen (Fib), shortened prothrombin time
(PT), and increased platelet activation, with some suggesting OSA as an independent risk factor for VTE.**"'! However, these
findings are challenged by significant confounding, particularly by obesity, which is highly prevalent in OSA patients and
independently influences coagulation through adipose inflammation and insulin resistance.'? Failure to adequately control for
such confounders has hindered robust conclusions about the direct role of OSA in hypercoagulability.'*'> Moreover, the
causal relationship between OSA and coagulation abnormalities remains unclarified. While observational data imply
associations, but cannot distinguish between causation and shared risk factors.’

Mendelian randomization (MR), a method using genetic variants as instrumental variables to mitigate confounding
and reverse causality, has recently shed new light on OSA-related comorbidities.'®'” By utilizing genetic variants as
instrumental variables, MR can circumvent the confounding biases and reverse causality common in traditional
observational studies, providing genetic evidence for the precise prevention and treatment of OSA.*° Recently,
a bidirectional MR study found no genetic evidence supporting a causal link between OSA and VTE, suggesting that
observed associations might be mediated by confounding factors rather than OSA itself.>' However, similar genetic
investigations into the relationship between OSA and specific coagulation markers—critical intermediaries in thrombotic
pathways—are lacking.'®

To address these gaps, we tested the hypothesis that OSA exerts a direct causal influence on coagulation markers
independent of obesity. We combined an observational study with MR analysis to achieve two key aims: (1) assess the
association between OSA severity and coagulation markers in a clinical cohort; (2) determine whether genetic predis-
position to OSA causally affects coagulation function, after accounting for BMI as a key confounder. This two-stage
design allows us to disentangle confounding by obesity from true causality, providing insights into the underlying
mechanism of OSA-related hypercoagulability.

Material and Methods

Study Design

This two-stage study included an observational analysis (stage 1) and a two-sample MR analysis (stage 2) following the
Strengthening the Reporting of Observational Studies in Epidemiology using Mendelian Randomization (STROBE-MR)
guidelines. The study flowchart is shown in Figure 1.

Observational Study Participants

Between January 2018 and July 2024, we recruited 790 participants from the Sleep Center of China-Japan Friendship
Hospital. The inclusion criteria were: age > 18 years; underwent overnight polysomnography (PSG) and coagulation
function testing. The exclusion criteria were: previous OSA treatment (continuous positive airway pressure CPAP, upper
airway surgery), systemic diseases (such as chronic liver disease, renal insufficiency, neoplasm), psychiatric or neurological
disorders, alcohol intoxication, blood or platelet donation within the past six months, congenital or acquired coagulation
disorders (such as factor deficiencies, disseminated intravascular coagulation), regular use of medications affecting
coagulation (such as aspirin, clopidogrel, low-molecular-weight heparin) or other sleep disorders like narcolepsy.
Demographic data (age, gender, body mass index BMI, and neck circumference) and medical history were collected.

OSA Diagnosis and PSG Assessment

The patients were asked to participate in a sleep study (Nox T3, Nox Medical Co., Iceland) during their routine sleep
hours. Their data were evaluated by experienced PSG technologists based on the revised 2023 American Academy of
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Figure | Study design overview. This flowchart illustrates the two-stage study design. (A) Stage |: Observational study. (B) Stage 2: Mendelian randomization analysis.
Abbreviations: OSA, Obstructive sleep apnea; PSG, Polysomnography; SNP, Single-nucleotide polymorphism.

Sleep Medicine criteria. OSA was defined as an AHI of >5 events/hour; and, OSA severity was defined according to the
following criteria: mild OSA (5 < AHI < 15 events/hour), moderate OSA (15<AHI < 30 events/hour), and severe OSA
(AHI>30 events/hour).”>?*

Coagulation Function Assessment

Fasting venous blood samples were collected between 07:00-08:00 on the morning immediately after overnight PSG
(>8 hours of fasting, no strenuous activity or caffeine intake before sampling) to avoid confounding by diurnal variation
or acute physiological changes. Samples with hemolysis, lipemia, or icterus were excluded to avoid analytical inter-
ference. Coagulation markers were measured using a CS-5100 automated coagulation analyzer (SYSMEX) with
commercially available reagents (Actin FS for APTT, Thrombin Reagent for TT, and Thromborel S for PT; Siemens
Healthcare Diagnostics). Prothrombin time (PT, normal range 11-15 s), activated partial thromboplastin time (APTT,
normal range 28-43.5 s), fibrinogen (Fib, normal range 2—4 g/L), and thrombin time (TT, normal range 14-21 s),
Antithrombin III (ATIIL, normal range 80—120%).

Data Sources

OSA genome-wide association study (GWAS) summary data were obtained from two East Asian ancestry cohorts:
(datasets GCST90477484 from the Million Veteran Program (MVP) and TPMI:327.3 from Taiwan Precision Medicine
Initiative (TPMI), including 6,550 and 316,351 participants with OSA diagnosed by ICD codes as exposure variables.
Three key coagulation indicators were selected as outcome variables, with GWAS summary data derived from BioBank
Japan (BBJ) (all East Asian ancestry), including APTT (sample size = 37,767), Fib (sample size = 18,348), and PT
(sample size = 58,110). Additionally, BMI GWAS summary data (sample size = 191,458) from the Taiwan Precision
Medicine Initiative (TPMI) (East Asian ancestry) were included for multivariable Mendelian randomization analyses. An
additional file shows this in more detail (Supplementary Table 1).
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Mendelian Randomization Analysis

For MR analyses, instrumental variables (IVs) were selected from genome-wide association study (GWAS) datasets
following two criteria: first, single-nucleotide polymorphisms (SNPs) associated with OSA at a genome-wide significance
level (p-value < 5x10°°); second, linkage disequilibrium (LD) pruning with r* < 0.001 and a physical distance > 10 kb to
ensure SNP independence.?* Palindromic SNPs were removed entirely, and no proxy variants were used. For the TPMI
OSA GWAS, using a threshold of P < 5x107°, 100 SNPs were initially selected; after LD clumping, 8 SNPs remained; and
after allele harmonization and filtering, only 2 SNPs were retained. For the GCST90477484 OSA GWAS, 67 SNPs passed
the P < 5x10 " threshold; 12 SNPs remained after LD clumping; and 4 SNPs were retained after harmonization. The inverse
variance weighted (IVW) method was adopted as the primary approach for causal inference. Sensitivity analyses
encompassed MR-Egger regression, weighted median, simple mode, and weighted mode methods to evaluate result
robustness. Heterogeneity among IVs was assessed using Cochran’s Q test, and horizontal pleiotropy was examined
through the MR-Egger intercept and MR-PRESSO.?>® The causal direction of the exposure and outcome was assessed
using Steiger filtering, which compared the total variance explained by the instrumental SNPs in the exposure versus the
outcome.”” A “TRUE” result indicates that the instruments explain more variance in the exposure than in the outcome,
whereas “FALSE” suggests potential reverse direction. Steiger filtering results are presented in Supplementary Table 2.

Additionally, leave-one-out analyses were conducted to measure the influence of individual SNPs on the results with
F-statistics (>10 to exclude weak instruments).>® All MR analyses were carried out using the TwoSampleMR and
MRPRESSO packages in R (version 4.3.2). All the MR estimates reflect the SD change in each coagulation biomarker
per unit increase in OSA genetic liability (log-odds). Multiple-testing adjustment was performed for the primary causal
estimator. As the primary causal estimator, the primary IVW results were corrected by the Bonferroni method across the two
independent OSA genetic instruments (TPMI and GCST90477484) and the three coagulation traits (APTT, fibrinogen, PT).
The resulting corrected significance threshold was o = 0.05/6. Bonferroni correction was applied to the primary IVW

estimator; other MR methods were considered sensitivity analyses and interpreted accordingly.

Power Calculation of MR Analysis

Calculations for statistical power for MR analyses were performed according to Brion et al.>' Power was evaluated for
continuous coagulation traits (APTT, fibrinogen, and PT) under a type I error rate of 0.05. For the OSA GWAS
GCST90477484, the proportion of variance in OSA explained by the included SNPs (n =4) was 0.0144. Power calculations
were performed using the sample sizes of the outcome GWAS: 37,767 for APTT, 18,348 for fibrinogen, and 58,110 for PT.
Under these parameters, our study had 80% power to detect a true causal effect of >0.12 SD for APTT, >0.17 SD for
fibrinogen, and >0.10 SD for PT per unit increase in OSA. These values represent the minimal detectable effect sizes
(MDE) with 80% power. For the OSA GWAS TPMI:327.3, the proportion of variance explained was 0.00015. With this
instrument, 80% power would only be achieved for effects of >1.17 SD for APTT, >1.68 SD for fibrinogen, and >0.95 SD
for PT. These detectable effect sizes are substantially larger than effect sizes typically observed in epidemiological or
genetic studies of coagulation traits. Therefore, analyses based on TPMI instruments should be interpreted as exploratory.

Multivariate MR Analysis

To investigate whether any association between OSA and coagulation function is independent of adiposity, we conducted
multivariable MR (MVMR) analyses with OSA, and BMI modeled jointly as exposures and coagulation markers as
outcomes. We implemented a MVMR framework using GWAS data for OSA, BMI, and each coagulation outcome by the
MVMR R package. A method flow diagram is shown in Supplementary Figure 1. The direct effect estimates of BMI-

adjusted OSA were corrected using the Bonferroni method across the two independent OSA genetic instruments (TPMI
and GCST90477484) and the three coagulation traits (APTT, fibrinogen, and PT). Accordingly, the corrected significance
threshold was set at a = 0.05/6. BMI-adjusted OSA estimates were therefore interpreted as statistically significant only
when p-value < 0.0083.
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Statistical Analysis

Continuous variables were summarized as mean = SD or median (IQR), and categorical variables as counts (%).
Differences across OSA severity groups were evaluated using the Kruskal-Wallis test. Correlations between OSA
parameters (AHI, ODI, LSa0O,, T90) and coagulation markers were assessed using Pearson/Spearman correlations.
Referring to previous population-based research focusing on sleep issues, multiple linear regression models were
constructed to assess the impact of sleep parameters on coagulation markers.>*> Three sequential adjustment models
were used: Crude model: No covariates adjusted; Model 1: Adjusted for age and gender; Model 2: Adjusted for age,
gender, and BMI; Model 3: Adjusted for age, gender, BMI, and comorbidities history (hypertension, diabetes). Exclusion
of statistical outliers (defined as values beyond 3 standard deviations from the mean for continuous variables) and re-
running regression models, with no material changes to core findings. Coefficients (B) and 95% confidence intervals (CI)
were reported, with statistical significance set at p-value < 0.05.

Results

Baseline Characteristics of the Study Population

Of the 790 participants, 317 subjects had mild-moderate OSA and 473 subjects had severe OSA. Patients with severe
OSA were elder, had a more proportion of male, and had higher BMI (28.34 kg/m?, IQR [26.40-31.84] vs 26.12 kg/m?,
IQR [24.16-28.10], p-value < 0.001) and neck circumference (41 cm [IQR 39-43] vs 39 cm [IQR 37-41], p-value <
0.001 than those with mild-moderate OSA. Also, subjects with severe OSA had higher AHI (55.40 [IQR 41.60-70.25] vs
15.80 [IQR 10.30-21.50], p-value < 0.001), ODI (50.40 [IQR 36.30-71.40] vs 11.40 [IQR 5.80-21.40], p-value < 0.001),
T90, and lower MSa02, LSa0, (73% [63-81] vs 88% [84-90], p-value < 0.001) and N3% than subjects with mild-
moderate OSA. The frequency of hypertension and diabetes was comparable between the two groups (Table 1).

Table | Baseline OSA Participant Demographics and Sleep
Characteristics
Characteristic Mild/Moderate OSA | Severe OSA
No. of individuals 317 473
Age (years) 40 (33-50) 42 (36-53) ®
Female (no. (%)) 79 (10%) 45 (5.7%) 2
BMI (kg/m?) 26.12 (24.16-28.10) 28.34 (26.40-31.84) *
NC (cm) 39 (37-41) 41 (39-43) *
Diabetes (no. (%)) 33 (10.41) 77 (16.28)
Hypertension (no. (%)) | 89 (28.08) 199 (42.07)

TST (min)

SE (%)

Stage N1 (%)
Stage N2 (%)
Stage N3 (%)
Stage REM (%)
AHI (events/h)
ODI (events/h)
T90 (%)
LSaO2 (%)
MSaO2 (%)

412 (360.00-460.00)
85.40 (75.20-92.10)
10.20 (7.20-15.30)
46.80 (41.40-53.70)
19.05 (13.40-25.10)
20.20 (16.00-24.90)
15.80 (10.30-21.50)
11.40 (5.80-21.40)
0.1 (0.0-0.7)

88 (84-90)

96 (95-97)

420 (375.50-468.00) €
85.90 (78.50-92.35)
22.10 (12.85-33.30) *
43.60 (34.65-50.90) 2
9.40 (2.10-18.50)
19.30 (15.60-23.30)
55.40 (41.60-70.25) 2
50.40 (36.30-71.40) 2
10.1 (2.9-30.1)

73 (63-81)

94 (91-95)

Notes: * p-value < 0.001, ° p-value < 0.01, © p-value < 0.05. Data are presented as No. of
patients or No. (%) or mean (SD) or median (interquartile range) unless otherwise indicated.
Abbreviations: NC, Neck circumference; WC, Waist circumference; HC, Hip circumfer-
ence; SE, Sleep efficiency; AHI, Apnea-hypopnea index; ODI, Oxygen desaturation index; TST,
Total sleep time; REM, Rapid eye movement; T90, The percentage of time oxygen saturation is
below 90%; LSaO2, Lowest oxygen saturation; MSaO2, Mean oxygen saturation.
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Coagulation Parameter Differences Across OSA Stratifications

Severe OSA was associated with higher Fib (3.12 g/L [IQR 2.82-3.47] vs 3.05 g/L [IQR 2.74-3.35], p-value < 0.01), shorter PT
(12.70 s [IQR 12.40-12.90] vs 12.74 s [IQR 12.50-13.10], p-value < 0.05), and lower APTT (35.30 s [IQR 33.60-37.20] vs
35.71 s [IQR 33.60-38.50], p-value < 0.05). Platelet count did not differ significantly between groups (Table 2).

Correlations Between OSA Clinical Characteristics and Coagulation Tests

AHI and ODI correlated positively with Fib (=0.13, p-value < 0.01; =0.12, p-value < 0.01, respectively) and negatively
with PT (»=—0.09, p-value < 0.01; »=—0.09, p-value < 0.01). LSaO, correlated positively with APTT (r=0.09, p-value <
0.05) and PT (#=0.07, p-value < 0.05). T90 was positively associated with Fib (=0.20, p-value < 0.001). In contrast,
MSaO, was negatively associated with Fib (7=—0.018, p-value < 0.01). Additionally, N3% was correlated positively with
TT and ATII (7=0.11, p-value < 0.01; r=0.10, p-value < 0.01, respectively) (Figure 2).

Multivariable Linear Regression Analyses

Multivariate linear regression analysis of sleep parameters and coagulation markers showed that T90 and MSaO, were
significantly associated with Fib in unadjusted models (T90: p=—0.259, p-value<0.01; MSaO,: B=-0.224,
p-value<0.001). N3% was significantly associated with PT (B=—0.089, p-value<0.05). After adjusting for age and gender,
the associations remained significant for T90 (p=—0.197, p-value <0.001) and showed a trend toward significance for
MSaO, (p=—0.176, p-value=0.058). However, further adjustment for BMI attenuated these associations (T90: p-value
=0.190; MSaO,: p-value =0.405). When comorbidities were included in the model (Model 3), all remaining associations
lost statistical significance (Table 3).

Mendelian Randomization Results

After LD clumping, 2 and 4 SNPs were selected as instrumental variables for the two OSA GWAS datasets, all the
instruments satisfied F > 10 and mean F = 23.70 (Table 4). The MR results indicated no evidence of causal effects after
Bonferroni correction. IVW estimates for fibrinogen were = —0.071 (95% CI —0.359 to 0.217, p-value = 0.631) in TPMI
dataset and § = 0.022 (95% CI —0.046 to 0.091, p-value = 0.518) in GCST90477484 dataset. For PT, the IVW estimates
were § = 0.207 (95% CI 0.048 to 0.366, p-value = 0.011) and f = —0.006 (95% CI —0.049 to 0.037, p-value = 0.777).
Cochran’s Q tests showed no heterogeneity, and both horizontal pleiotropy tests and MR-PRESSO detected no evidence of
pleiotropy (all p-value > 0.05). In the MR analysis of TPMI OSA GWAS with PT, the IVW P-value was 0.011, suggesting

Table 2 Coagulation Parameter Differences Across OSA Stratifications

Haematological Parameters

Mild/Moderate OSA

Severe OSA

PLT count (x10°/uL)
PDW (fL)

MPV (fL)

PT (s)

PTA (%)

INR

Fib (g/L)

APTT (s)

TT (s)

D-dimer (mg/L)
FDP (ug/mL)
ATII (%)

243.01 (210.50-277.75)
12.20 (11.20-13.30)
10.42 (9.93—11.00)
12.74 (12.50-13.10)
110 (103-115)

0.95 (0.92-0.98)
3.05 (2.74-3.35)
35.71 (33.60-38.50)
16.90 (16.20—17.40)
0.23 (0.19-0.28)
2.00 (2.00-2.11)
102 (97-108)

243.01 (213.00-280.00)
12.10 (11.00-13.40)
10.40 (9.80-10.90)
12.70 (12.40-12.90) ©
11 (105-116)

0.95 (0.92-0.97)

3.12 (2.82-3.47) ®
35.30 (33.60-37.20) ©
16.80 (16.10-17.32)
0.23 (0.19-0.29)

2.00 (2.00-2.13)

101 (94-107) ©

Notes: Data are presented as No. of patients or No. (%) or mean (SD) or median (interquartile range)
unless otherwise indicated. * p-value < 0.001, ° p-value < 0.01, < p-value < 0.05.

Abbreviations: OSA, Obstructive sleep apnea; PLT, Platelet; PDWV, Platelet distribution width; MPV,
Mean platelet volume; PT, Prothrombin time; PTA, Prothrombin time activity; INR, International
normalized ratio; Fib, Fibrinogen; APTT, Activated partial thromboplastin time; TT, Thrombin time;
FDP, Fibrin degradation product; ATIIl, Antithrombin IIl.

6 https:

Nature and Science of Sleep 2026:18



Su et al

>

AHI w5 | o |« [ « N
0.2
TST - * *
N1% *
N2% ok
N3%— % o 0
REM% *
SE — o
ODI- * | * [ % [%x * *
LSa02 - * | * [ * o * | 0
MSa02 - * | e
T90 | * I
T T T T I T I‘ T T T T
S & §<\ /\&o' & \;\\\\Q\f\&@ \§\\

Figure 2 Correlation between OSA clinical characteristics and coagulation tests.
Notes: *p-value < 0.05; **p-value < 0.01.

Abbreviations: AHI, Apnea-hypopnea index; TST, Total sleep time; N 1%, proportion of NI sleep stage;N2%, proportion of N2 sleep stage;N3%, proportion of N3 sleep
stage; REM%, proportion of rapid eye movement sleep stage; SE, Sleep efficiency; ODI, Oxygen desaturation index; LSaO2, Lowest oxygen saturation; MSaO2, Mean oxygen
saturation; T90, The percentage of time oxygen saturation is below 90%; PT, Prothrombin time; PTA, Prothrombin time activity; INR, International normalized ratio; Fib,
Fibrinogen; APTT, Activated partial thromboplastin time; TT, Thrombin time; FDP, Fibrin degradation product; ATIIl, Antithrombin Ill; PLT, Platelet; PDWV, Platelet
distribution width; MPV, Mean platelet volume.

a potential association before Bonferroni correction (Table 5). We conducted multivariable MR including BMI as
a covariate (Table 6). MVMR showed that genetically predicted BMI was not independently associated with PT (§ =
0.020, 95% CI —0.037 to 0.078, p-value = 0.487), and the direct effect estimate for genetically predicted OSA remained
non-significant after adjustment for BMI (f = —0.063, 95% CI —0.163 to 0.037, p-value = 0.218). The result indicates that
neither OSA nor BMI exhibits an independent causal effect on PT when evaluated jointly.

Table 3 Multiple Linear Regression Analyses of Sleep-Related Breathing Indices with Coagulation Marker

AHI oDl T90 LSaO, MSaO, SE N3

Crude

model

PT -0.077 —0.046 0.112 0.039 0.047 -0.015 —-0.089°¢
(—0.006-0.002) (—0.005-0.003) (—0.003-0.10) (—0.004-0.007) (—0.024-0.040) (—0.005-0.003) (-0.010-0.00)

APTT —-0.074 0.081 -0.028 0.093 -0.017 —-0.034 —-0.008
(—0.033-0.013) (—0.011-0.032) (—0.041-0.030) (—0.008-0.057) (—0.201-0.169) (—0.032-0.12) (—0.30-0.025)

Fib 0.118 —0.006 -0.259° —0.068 -0.224° 0.035 0.068
(—0.001-0.006) (—0.004-0.003) | (—0.013- —0.002) | (-0.008-0.002) (-0.066- (—0.003-0.006) (—0.001-0.008)

—0.006)

Model |

PT —0.094 —0.052 0.150 0.039 0.068 0.000 —0.073
(—0.006-0.002) (—0.005-0.003) (-0.001-0.011) (—0.004-0.007) (—0.021-0.044) (—0.004-0.004) (—0.009-0.001)

APTT —0.064 0.088 —-0.087 0.082 —-0.052 —-0.063 —-0.033
(-0.031-0.014) (-0.011-0.033) (—0.052-0.020) (—0.011-0.054) (—0.237-0.135) (—0.041-0.004) (—0.038-0.017)

Fib 0.178 —0.006 -0.197° —0.036 —-0.176 —0.030 0.053
(0.000-0.008) (—0.004-0.003) (-0.012-0.000) (—0.007-0.004) (-0.057-0.001) (—0.005-0.002) (—0.002-0.007)

(Continued)
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Table 3 (Continued).

AHI oDl T90 LSaO, MSaO, SE N3
Model 2
PT —0.094 —-0.052 0.148 0.041 0.064 —0.001 —0.074
(—0.006—-0.002) (—0.005-0.003) (-0.002-0.011) (—0.004-0.007) (-0.022-0.044) (—0.004-0.004) (—0.0009-0.001)
APTT -0.073 0.087 —-0.072 0.081 —-0.033 —0.063 —0.035
(-0.033-0.013) (-0.010-0.033) (-0.051-0.022) (-0.011-0.054) (-0.229-0.152) (—0.042-0.003) (-0.039-0.017)
Fib 0.107 0.009 —-0.125 -0.014 -0.078 —-0.036 0.038
(—0.001-0.006) (—0.003-0.004) (—0.009-0.002) (-0.006—-0.004) (-0.042-0.017) (—0.005-0.002) (—0.002-0.006)
Model 3
PT -0.108 -0.039 0.147 0.040 0.044 —-0.006 -0.70
(—0.007-0.001) (—0.005-0.003) (—.0002-0.011) (—0.004-0.008) (-0.026-0.041) (—0.004-0.004) (—0.009-0.001)
APTT —-0.078 0.098 —0.092 0.083 —0.055 —0.082 —-0.029
(-0.034-0.013) (—0.009-0.035) (-0.054-0.20) (-0.011-0.055) (-0.246-0.140) (—0.048-0.002) (-0.037-0.019)
Fib 0.104 0.012 —-0.106 —-0.001 —-0.063 —0.034 0.039
(—0.001-0.006) (—0.003-0.004) (—0.009-0.002) (-0.005-0.005) (-0.039-0.020) (—0.005-0.002) (—0.002-0.006)

Notes: Values are § (95% Cl) unless otherwise indicated. Crude model: no covariates adjusted. Model |: adjusted for age and gender. Bold text indicates statistically
significant * p-value < 0.001, b p-value < 0.01, © p-value < 0.05. Model 2: adjusted for age, gender, and BMI. Model 3: Adjusted for age, gender, BMI, and comorbidities
history (hypertension, diabetes).

Abbreviations: Cl, Confidence interval; PT, Prothrombin time; APTT, Activated partial thromboplastin time; ATIII, Antithrombin Ill; Fib, Fibrinogen; AHI, Apnea-
hypopnea index; ODI, Oxygen desaturation index.

Table 4 Genetic Instrumental Variables of OSA

GWAS SNP <] Effect_Allele | Other_Allele | N eaf B se r? F

TPMI:327.3 rs| 1638248 1.30E-06 T C 316351 | 0.0693046 | 0.089 0.019 | 6.98E-05 22.091
rs139084276 | 2.11E-07 C A 316351 | 0.025478 0.1540 | 0.030 | 8.09E-05 25.594

GCST90477484 | rs10835664 I.50E-07 | A G 6550 0.4252 —0.206 | 0.039 | 0.004194452 | 27.581
rs13229601 2.77E-06 C T 6550 0.5318 —0.188 | 0.040 | 0.003343349 | 21.966
rs7157531 3.19E-06 G A 6550 0.9464 —0.430 | 0.092 | 0.003301574 | 21.690
rs7866146 1.39E-06 G A 6550 0.3042 —0.230 | 0.048 | 0.003543174 | 23.283

Abbreviations: OSA, Obstructive sleep apnea; SNP, Single-nucleotide polymorphism; GWAS, Genome-wide association study.

Table 5 Mendelian Randomization Analysis of OSA on Coagulation Markers

Exposure | Outcome | Method nSNP | B (95% CI) p-Value | Steiger-Test | Ppe. Poie PMR-PRESSO
OSA:TPMI:327.3
OSA APTT Inverse variance weighted | 2 —0.052 (—0.248, 0.144) | 0.602 TRUE 0.501
Fibrinogen | Inverse variance weighted | 2 —0.071 (—0.359, 0.217) | 0.631 TRUE 0.934
PT Inverse variance weighted | 2 0.207 (0.048, 0.366) 0.011 TRUE 0.894
OSA:GCST90477484
OSA APTT MR Egger 4 0.075 (—0.058, 0.209) 0.382 TRUE 0.368
Weighted median 4 0.013 (-0.032, 0.058) 0.577 TRUE
Inverse variance weighted | 4 0.012 (—0.024, 0.049) 0.509 TRUE 0.402 | 0.436 | 0.552
Simple mode 4 0.035 (-0.037, 0.107) 0.409 TRUE
Weighted mode 4 —-0.011 (-0.079, 0.057) | 0.771 TRUE
(Continued)
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Table 5 (Continued).

Exposure | Outcome | Method nSNP | B (95% CI) p-Value | Steiger-Test | Ppec Poie PMR-PRESSO
OSA Fibrinogen MR Egger 4 —0.133 (—0.334, 0.068) | 0.323 TRUE 0.335
Weighted median 4 0.0001 (—0.067, 0.068) | 0.997 TRUE
Inverse variance weighted | 4 0.022 (—0.046, 0.091) 0.518 TRUE 0.177 | 0.255 | 0.564
Simple mode 4 —0.009 (—0.106, 0.088) | 0.870 TRUE
Weighted mode 4 —0.009 (—0.088, 0.069) | 0.830 TRUE
OSA PT MR Egger 4 —0.036 (—0.220, 0.149) | 0.742 TRUE 0.054
Weighted median 4 0.0003 (—0.040, 0.039) | 0.986 TRUE
Inverse variance weighted | 4 —0.006 (—0.049, 0.037) | 0.777 TRUE 0.104 | 0.776 | 0.796
Simple mode 4 0.007 (—0.058, 0.073) 0.838 TRUE
Weighted mode 4 0.005 (—0.049, 0.060) 0.857 TRUE

Notes: 3, SD units for coagulation markers, log-odds for OSA liability. Py, Cochran’s Q Test P-value, a p-value < 0.05 indicates substantial heterogeneity. The P and Pugr.
presso tests for horizontal pleiotropy; a p-value < 0.05 suggests potential bias.

Abbreviations: OSA, Obstructive sleep apnea; APTT, Activated Partial Thromboplastin Time; Fib, Fibrinogen; PT, Prothrombin Time; SNP, Single-nucleotide polymorphism;
GWAS Genome-wide association study.

Table 6 Multivariable Mendelian Randomization Results for Independent Effects of
BMI and OSA on Coagulation Markers

GWAS Exposure | Outcome | P-Value | B (95% CI) SE

TPMI:BMI BMI PT 0.487 0.020(-0.037,0.078) | 0.029
TPMI:327.3 OSA PT 0.218 —0.063(—0.163,0.037) | 0.051
TPMI:BMI BMI APTT 0.384 0.032(-0.040,0.103) | 0.037
TPMI:327.3 OSA APTT 0.560 —0.037(—0.161,0.087) | 0.063
TPMI:BMI BMI Fibrinogen | 0.085 0.074(-0.010,0.157) | 0.043
TPMI:327.3 OSA Fibrinogen | 0.036 —0.156(—0.302,0.010) | 0.075
TPMI:BMI BMI PT 0.720 —0.010(—0.065,0.045) | 0.028
GCST90477484 | OSA PT 0.386 —0.010(—0.034,0.013) | 0.012
TPMI:BMI BMI APTT 0.449 —0.027(—0.096,0.042) | 0.035
GCST90477484 | OSA APTT 0.759 0.005(—0.025,0.034) | 0.015
TPMI:BMI BMI Fibrinogen | 0.271 —0.046(—0.128,0.036) | 0.042
GCST90477484 | OSA Fibrinogen | 0.102 0.029(—0.006,0.065) | 0.018

Abbreviations: OSA, Obstructive sleep apnea; BMI, body mass index; GWAS, Genome-wide association
study; APTT, Activated Partial Thromboplastin Time; Fib, Fibrinogen; PT, Prothrombin Time. 3, SD units
for coagulation markers, log-odds for OSA liability.

Discussion

Our study combines observational and MR analyses to dissect the relationship between OSA and hypercoagulability,
revealing critical insights into the underlying mechanisms and clinical implications. This study, for the first time,
integrates large-sample clinical data with genetic causal inference to systematically explore the nature of the association
between OSA and hypercoagulability.

The integrated observational and genetic analysis demonstrates that severe OSA correlates with a prothrombotic state,
characterized by elevated fibrinogen, shortened PT and APTT, and reduced ATIII activity. These observational correla-
tions align with the hypothesized pathophysiological pathway wherein OSA-related CIH may promote prothrombosis via
Virchow’s triad—hypercoagulability, endothelial dysfunction, and venous stasis.” CIH activates hypoxia-inducible
factor-1a (HIF-1a) and nuclear factor-kB (NF-«kB) pathways to trigger inflammation and upregulate procoagulant factors

like fibrinogen, which could explain the observed coagulation abnormalities.>®'*>* However, these associations are not
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independent of confounding. Multivariate regression showed that after adjusting for BMI, the significant correlations
between hypoxia indices such as T90, MSaO,, and Fib vanished.

Indeed, severe OSA patients in our cohort had a higher BMI (28.34 vs 26.12 kg/m® p-value<0.001) and neck
circumference (41 vs 39 cm, p-value <0.001), reinforcing obesity’s role as a shared risk factor for both OSA severity and
hypercoagulability.>> Obese OSA patients exhibit greater adipose tissue inflammation and insulin resistance, which
overshadow direct CIH effects.’*®>” Notably, the absolute differences in coagulation markers (Fib: 3.12 g/L [IQR
2.82-3.47] vs 3.05 g/L [IQR 2.74-3.35], p-value < 0.01) remain within normal ranges (2—4 g/L), suggesting limited
clinical relevance in the absence of overt thrombotic events, which underscores the need to contextualize these findings
alongside clinical outcomes.

Additionally, sleep architecture disruption emerges as another potential contributor. Our regression analyses reveal
that sleep fragmentation, reflected by altered sleep stages and increased transition frequency, showed associations with
coagulation markers in unadjusted analyses, but these links were not independent of age and sex, highlighting the
regulatory role of basic demographic factors. Mechanistically, deep sleep is integral to maintaining metabolic and
inflammatory balance.*® Its reduction could disrupt circadian rhythms, altering diurnal cortisol secretion patterns, in
turn regulating coagulation factor activity.** Additionally, sleep fragmentation not only affects sleep quality but also is
closely associated with systemic inflammatory responses, amplifying proinflammatory pathways that promote
coagulation.”” These processes collectively could weaken anticoagulant mechanisms and strengthen procoagulant
activity, aligning with the observed correlations in unadjusted analyses.’

Consistent with observational correlations, MR analyses using genetic variants associated with OSA found no
evidence of a moderate or clinically meaningful independent causal relationship between genetically predicted OSA
and coagulation markers. In multivariable MR analyses, there was no evidence of a residual direct effect of genetically
predicted OSA on any coagulation marker after correction for multiple testing (Bonferroni 0=0.0083). In sensitivity
analyses, the TPMI OSA-fibrinogen association reached nominal significance in BMI-adjusted multivariable MR (P =
0.036, uncorrected for multiple testing, Table 6), but it did not survive Bonferroni correction and should be interpreted as
exploratory given the weak TPMI instrument and limited power. Our null genetic findings align with and extend a recent
bidirectional MR study, which reported no causal link between OSA and venous thromboembolism (VTE).>*' That study
focused on clinical thrombotic outcomes, while our work targets the intermediate coagulation markers (APTT, PT,
fibrinogen) that mediate VTE risk—filling a critical gap in the causal chain. Together, these two MR studies provide
complementary evidence that there is no support for a moderate or clinically meaningful causal influence of OSA on
either coagulation biomarkers or the downstream clinical endpoint of VTE, reinforcing that observed OSA-thrombosis
associations are driven by shared confounders such as obesity rather than OSA itself. This aligns with broader causal
inference literature questioning direct causal roles for OSA in cardiovascular outcomes, such as atrial fibrillation and
atherosclerosis, and underscores the need to prioritize comorbidity management in OSA care. While CIH and sleep
fragmentation may transiently activate coagulation pathways, chronic hypercoagulability in OSA is more likely
a consequence of comorbidities like obesity rather than OSA-specific pathophysiology.”*' This is further supported by
our finding that BMI fully accounts for the association between OSA-related hypoxia indices and fibrinogen, indicating
that metabolic factors overshadow direct hypoxic effects. For the coagulation traits in BioBank Japan (BBJ), rank-based
inverse normal transformation (INT) precludes direct conversion of SD-scale MR estimates to original clinical units
(seconds or g/L), but these standardized effect sizes remain useful for assessing clinical relevance. All our MR estimates
(<0.1 SD) reflect a negligible shift in the population distribution of coagulation biomarkers—far below the threshold for
clinically meaningful changes—supporting that OSA genetic liability has no evidence of a moderate or clinically
meaningful causal effect on coagulation function.

Our findings have important implications for clinical practice. The primacy of BMI as a confounder suggests that
interventions targeting obesity—such as bariatric surgery or GLP-1 agonists may be more effective in mitigating
thrombotic risk in OSA patients than therapies focused solely on OSA, such as continuous positive airway pressure
(CPAP).*>* This aligns with evidence that CPAP has a limited impact on coagulation markers, whereas reducing
adiposity directly improves inflammatory and procoagulant profiles.®> Our results also emphasize the need to consider
OSA as a “comorbidity amplifier” rather than an independent driver of hypercoagulability. In clinical settings, this means
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prioritizing holistic management of metabolic risk factors alongside OSA treatment, particularly in obese patients.
Additionally, sleep architecture disruption correlated weakly with coagulation changes but was mediated by age and
sex, highlighting demographic factors as overlooked modifiers. Future studies should explore whether targeted weight
loss interventions reduce thrombotic events in OSA populations, complementing existing research on OSA-related end-
organ damage.'®

Several limitations of the current study should be mentioned. The observational data are from a single center,
potentially introducing selection bias. MR analyses relied on East Asian ancestry GWAS data, limiting generalizability to
other ethnicities. Additionally, coagulation markers were measured cross-sectionally, precluding assessment of temporal
dynamics. Despite these constraints, the integration of observational and genetic approaches strengthens our conclusions
by isolating confounding from causality.

Conclusion

In summary, while observational data associate severe OSA with subclinical hypercoagulability, Mendelian randomization
analyses provide no genetic evidence for a moderate or clinically meaningful independent causal relationship. These findings
suggest OSA likely exacerbates thrombosis risk through synergistic interactions with comorbid conditions, particularly obesity,
rather than functioning as a standalone etiological driver. Translationally, this highlights that managing obesity may be a more
effective strategy for thrombotic risk reduction in OSA patients than focusing solely on OSA-specific treatments. Future
longitudinal or interventional studies are warranted to further confirm the mediating role of obesity and clarify the underlying
mechanistic pathways.

Abbreviations

AHI, Apnea hypopnea index; APTT, Activated partial thromboplastin time; ATIII, Antithrombin III; BMI, Body mass
index; CPAP, Continuous positive airway pressure; CIH, Chronic intermittent hypoxia; Fib, Fibrinogen; GWAS,
Genome-wide association study; OSA, Obstructive sleep apnea; ODI, Oxygen desaturation index; PSG,
Polysomnography; PT, Prothrombin time; SE, Sleep efficiency; SNP, Single-nucleotide polymorphism; LSaO2, Lowest
oxygen saturation; IQR, Interquartile range; IVW, Inverse variance weighted; MSaO2, Mean Oxygen Saturation; MR,
Mendelian randomization; T90, The percentage of time oxygen saturation is below 90%.
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