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Abstract
Background and Objectives: Chronic intermittent hypoxia resulting from obstructive sleep apnea (OSA) may activate multiple carcinogenic pathways and lead to 

cancer development.

Methods: We prospectively examined the association between OSA and cancer risk among 65,330 women in the Nurses’ Health Study who were free of cancer in 

2008 (mean age: 73.3 years). Incident cancer diagnoses were collected until 2016 and confirmed by pathology reports. Clinically diagnosed OSA was self-reported in 

2008 and updated in 2012. We used time-dependent Cox regression to estimate hazard ratios (HR) for the associations of OSA with total and site-specific cancer risk.

Results: We documented 5,257 incident cancer diagnoses during follow-up. In the age-adjusted model, OSA was associated with a 15% (95% CI: 1.03, 1.29) increase in 

total cancer risk. The association became nonsignificant after adjustment for multiple cancer risk factors (HR: 1.08; 95% CI: 0.96, 1.21). When examining cancer risk 

by site, OSA was associated with significantly increased risk for lung (fully adjusted HR: 1.52; 95% CI: 1.07, 2.17), bladder (fully adjusted HR: 1.94; 95% CI: 1.12, 3.35), 

and thyroid cancer (fully adjusted HR: 2.06; 95% CI: 1.01, 4.22) and possibly increased risk for kidney cancer (fully adjusted HR: 1.59; 95% CI: 0.84, 3.01). When grouping 

cancer sites by risk factor profiles, OSA was positively associated with smoking-related cancers (fully adjusted HR: 1.37; 95% CI: 1.11, 1.67), and this association was 

stronger in never smokers than ever smokers.

Conclusion: While OSA was not independently associated with overall cancer risk in older women, significant associations were observed for smoking-related 

cancers, especially in nonsmokers.
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Statement of Significance

The associations between obstructive sleep apnea and cancer risk are heterogeneous by cancer site, with increased risk observed for overall and several individual 

smoking-related cancers susceptible to hypoxia-related pathways, including lung, bladder, and kidney cancers. The findings support hypoxia-induced mechan-

isms of carcinogenesis and may have potential implications for targeted cancer prevention and screening.
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Introduction

The hypoxic microenvironment is an adverse condition that 
triggers adaptive cellular responses. Consequently, cellular ex-
posure to hypoxia activates hypoxia-inducible factor (HIF) and 
leads to multiple downstream physiologic changes, including 
angiogenesis, metabolic reprogramming, genetic instability, 
tissue invasion, and production of reactive oxygen species (ROS) 
[1–7], all critical hallmarks of carcinogenesis that provide a fa-
vorable environment for tumor initiation, growth, and metas-
tasis. In turn, cancerous cells exacerbate the hypoxic condition 
due to accelerated proliferation and excess oxygen consump-
tion, which further promotes malignant progression and treat-
ment resistance [8, 9]. As a result, cancer therapeutics targeting 
tumor hypoxia have been developed to improve prognosis [10], 
although the role of hypoxia in cancer prevention is less studied.

Obstructive sleep apnea (OSA) is a common disorder charac-
terized by chronic intermittent hypoxia that is associated with 
incident cardiometabolic disease risk and mortality [11–13]. 
Emerging evidence from both experimental and epidemiologic 
studies also suggests a potential link between OSA and cancer 
[14, 15]. In mouse models of melanoma and lung cancer, ex-
perimentally induced intermittent hypoxia markedly enhanced 
tumor growth, invasiveness, and metastasis [16–20]. By contrast, 
several epidemiologic studies reported mixed associations be-
tween OSA and cancer outcomes. Although initial studies found 
increased total cancer incidence and mortality associated with 
more severe sleep-disordered breathing [21–24], several later 
population-based studies did not replicate these associations 
[25–29]. Given that cancer is heterogeneous with specific risk 
factor profiles for different cancer sites, elucidating the associ-
ations with specific types of cancer is fundamental for under-
standing the role of OSA in cancer pathophysiology. However, 
there is limited and conflicting evidence regarding the asso-
ciations between OSA and site-specific cancer risk [28–31]. 
Further, most prior studies did not adequately control for cancer 
risk factors, such as smoking and alcohol drinking, which could 
confound or modify the observed associations between OSA and 
cancer risk.

To address these limitations, we investigated the associ-
ations between OSA and incident total and site-specific cancer 
risk in a large cohort of US women. We further examined the 
associations with risk of cancers grouped by risk factor pro-
files (e.g. obesity-related cancers) to provide insight into the 
underlying etiology.

Methods

Study population

Established in 1976, the Nurses’ Health Study (NHS) enrolled 
121,700 US female registered nurses aged 30–55  years across 
11 states. At baseline and every 2 years thereafter, participants 
reported health-related information, including disease diag-
noses, medication use, and lifestyle factors, through mailed 
questionnaires. The response rate was generally >85% across 
questionnaire cycles. This analysis included 65,330 women who 
were free of any diagnosed cancers (except nonmelanoma skin 
cancer) at the time of reporting OSA diagnosis in 2008, with in-
cident cancers prospectively identified and ascertained through 
June 2016. The study protocol was approved by the institutional 

review boards of the Brigham and Women’s Hospital (Partners 
Human Research Committee; 1999P011114).

Assessment of cancer incidence

On each biennial questionnaire, participants reported whether 
they had been diagnosed with cancers of the breast, lung, ovary, 
uterus, colon, rectum, cervix, melanoma, or other sites. If can-
cers of other sites were reported, participants were asked to spe-
cify the site. Self-reported cancer diagnoses were confirmed by a 
review of medical records or pathology reports with permission 
from the participants or by linkage to cancer registries or the 
National Death Index. Information on the date of cancer diag-
nosis, anatomical site, and additional tumor characteristics for 
major cancer types were collected and confirmed by collabor-
ating pathologists. International Classification of Diseases, 9th 
Revision (ICD-9) was used to code confirmed cancer cases.

Assessment of OSA

In the 2008 questionnaire, participants were first asked to re-
port whether they had ever had clinically diagnosed sleep 
apnea and the year of the first diagnosis. This information was 
updated in 2012. In a validation study against medical record 
review, 108 randomly sampled nurses with self-reported sleep 
apnea were all confirmed to have the diagnosis based on an 
objective method [32]. Of these, 92% were diagnosed by the 
gold-standard in-lab polysomnography, 98% were classified as 
obstructive and 89% were considered to have a moderate-to-
severe disease (apnea–hypopnea index [AHI ≥  15]). While the 
overall self-reported OSA prevalence in our study population 
was lower compared with the prevalence of moderate-to-severe 
OSA measured by polysomnography in community-based sam-
ples of US women (primarily due to lower BMI distribution), the 
BMI-specific prevalence was highly similar [32, 33]. These data 
suggest that self-reported sleep apnea diagnoses in nurses reli-
ably reflect moderate-to-severe OSA.

Assessment of cancer risk factors

Birth date and height were reported in 1976 and race/ethnicity 
in 1992. Participants reported their current weight biennially; 
self-reported weight was highly correlated with technician-
measured weight (r  =  0.97) [34]. Family history of cancer was 
assessed approximately every 4 years by querying diagnoses of 
common cancers among their biological parents and siblings. 
Baseline assessment of smoking history and updated biennial 
assessment of current cigarette smoking were combined to 
derive lifetime pack-years of smoking. Alcohol intake was as-
sessed using a validated semi-quantitative food frequency ques-
tionnaire in 1984, 1986, and every 4  years thereafter [35], and 
participation in different types of recreational physical activity 
was assessed using a validated questionnaire in 1986, 1988, and 
every 4  years thereafter [36]. Cumulative average alcohol con-
sumption and physical activity were calculated from the first 
available questionnaire for each participant to reflect long-term 
exposure level. Average hours of sleep per day were self-reported 
in 2008 and 2012. On every biennial questionnaire, information 
was collected on duration and type of postmenopausal hor-
mone therapy (HT), regular aspirin use, recent physical exams, 
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and surgical removal of the uterus or ovaries in the past 2 years, 
as well as self-reported diabetes diagnosis which was further 
confirmed by a validated supplemental questionnaire [13].

Statistical analysis

We used Cox proportional hazards model to examine the as-
sociations between OSA and total and site-specific cancer risk. 
Participants contributed person-time of follow-up from the re-
turn date of the 2008 questionnaire to the date of any cancer 
diagnosis (except nonmelanoma skin cancer), death, or the end 
of follow-up (June 2016). In site-specific analyses, we focused on 
cancer types with at least 50 incident cases during the follow-up 
period (Supplementary Table S1); participants were censored at 
the time of diagnosis of any other cancers. We excluded par-
ticipants with hysterectomy in the analysis of uterus cancer 
and participants with bilateral oophorectomy in the analysis 
of ovarian cancer, as these women were at no material risk for 
these cancers but at higher risk for OSA [37]. In the basic model 
(Model 1), we stratified the analysis by age (in months) and cal-
endar time (in years). In the multivariable model, we further ad-
justed for race/ethnicity, BMI, height, family history of cancer, 
pack-years of smoking, alcohol drinking, physical activity, sleep 
duration, duration of HT use by type, history of type 2 diabetes, 
aspirin use, and recent physical examination. All covariates, ex-
cept race/ethnicity, height, and family history, were modeled as 
time-varying in the analysis. As a sensitivity analysis, we ex-
cluded cancer cases diagnosed in the first 2 years of follow-up 
to evaluate the possibility of reverse causation that early symp-
toms of cancer may lead to the occurrence and diagnosis of OSA. 
We further adjusted for several health-seeking behaviors related 
to cancer prevention and screening, including multivitamin use, 
mammograms, and colonoscopy/sigmoidoscopy, to test for po-
tential detection bias.

We conducted similar analyses to evaluate the associations 
with cancer groups sharing a common risk factor. We considered 
obesity-related cancers, smoking-related cancers, and alcohol-
related cancers including additional cancer sites that cannot 
be assessed individually (e.g. oral cancer was included in both 
smoking-related and alcohol-related cancers; Supplementary 
Table S1), according to the summary reports from the National 
Cancer Institute [38]. To assess whether OSA was associated 
with cancer risk independent of the known common risk factor, 
we compared the models with versus without adjustment for 
that specific risk factor. For example, in the analysis of obesity-
related cancers, we estimated their association with OSA with 
versus without adjusting for BMI. We also conducted a post hoc 
subgroup analysis by smoking status (ever smokers and never 
smokers) and BMI (≥25, <25 kg/m2) to evaluate whether smoking 
or BMI level modified the association between OSA and cancer 
risk [39]. Statistical significance of the subgroup heterogeneity 
was evaluated by adding a cross-product interaction term to the 
model and tested using likelihood ratio tests. As both OSA and 
smoking are risk factors for cardiovascular disease (CVD), we 
performed a sensitivity analysis considering major CVD events 
(including coronary artery bypass graft, coronary heart disease, 
stroke, and cardiovascular death) as a competing risk for cancer 
outcomes. Women with prevalent CVD at baseline (n  =  7,984) 
were excluded from this analysis. We used a competing risks 
Cox model [40] to estimate the associations of OSA with cancer 

risk and CVD risk separately. The analysis was conducted in the 
overall population and by smoking status. All analyses were per-
formed using SAS 9.4 (SAS Institute, Cary, NC).

Results

At baseline in 2008, of 65,330 women (mean age: 73 years; SD: 
7 years), 3,532 (5.4%) reported having ever received a clinician-
diagnosis of OSA. Compared with those without OSA diagnoses, 
women who reported a prior diagnosis were younger, had higher 
BMI and lower physical activity and alcohol consumption, and 
were more likely to have diabetes history, prior hysterectomy/
oophorectomy, or estrogen-only HT use (Table 1). Excessive day-
time sleepiness and habitual snoring were also more common 
in women with OSA diagnoses.

During 8 years of follow-up (444,771 person-years), 5,257 in-
cident cancers were diagnosed (Table  2). In the age-adjusted 
model, a prior diagnosis of OSA was associated with a 15% (95% 
CI: 1.03, 1.29) increased total cancer risk. Additional adjustment 
for multiple cancer risk factors, particularly BMI, attenuated the 
association (HR: 1.08; 95% CI: 0.96, 1.21).

The site-specific analysis considered 13 cancer sites with 
at least 50 incident cases, including breast cancer, lung cancer, 
melanoma, colorectal cancer, uterine cancer, non-Hodgkin 
lymphoma, ovarian cancer, bladder cancer, pancreatic cancer, 
leukemia, kidney cancer, thyroid cancer, and multiple myeloma 
(Figure 1). OSA was significantly positively associated with four 
cancer sites in age-adjusted analyses. The HR (95% CI) comparing 
women with versus without OSA diagnoses was 1.45 (1.04, 2.04) 
for lung cancer, 1.77 (1.05, 2.97) for bladder cancer, 2.19 (1.20, 4.02) 
for kidney cancer, and 2.50 (1.28, 4.90) for thyroid cancer. Further 
adjustment for cancer risk factors yielded somewhat stronger 
associations for lung (HR: 1.52; 95% CI: 1.07, 2.17) and bladder 
cancer (HR: 1.94; 95% CI: 1.12, 3.35), but weaker associations for 
kidney (HR: 1.59; 95% CI: 0.84, 3.01) and thyroid cancer (HR: 2.06; 
95% CI: 1.01, 4.22). No significant associations were noted for the 
other nine cancer sites examined. The results for total and site-
specific cancer risks were similar when excluding cancer cases 
diagnosed in the first 2 years of follow-up (Supplementary Table 
S2), except that the association for bladder cancer was no longer 
statistically significant and a suggestion of positive association 
emerged for melanoma (HR: 1.45; 95% CI: 0.95, 2.22). Adjustment 
for additional variables related to health-seeking behaviors did 
not change the results (data not shown).

OSA was associated with a 37% increased risk (95% CI: 
1.12, 1.67) of smoking-related cancers, and this association re-
mained unchanged regardless of adjustment for pack-years of 
smoking (Table 3). In contrast, OSA was not strongly associated 
with alcohol-related cancers, with or without controlling for the 
amount of alcohol intake. There was a suggestion of a positive 
association between OSA and obesity-related cancer risk be-
fore adjustment for BMI (HR: 1.13; 95% CI: 0.98, 1.30), although 
this was attenuated after accounting for BMI (HR: 1.05; 95% CI: 
0.91, 1.21).

The multivariable-adjusted association for total cancer risk 
did not differ significantly between never smokers (HR: 1.13; 95% 
CI: 0.95, 1.35) and ever smokers (HR: 1.05; 95% CI: 0.89, 1.22; p for 
interaction = 0.38; Table 4). When further dividing ever smokers 
into current and past smokers, the increased cancer risk asso-
ciated with OSA was suggested only in past smokers (HR: 1.08; 
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95% CI: 0.94, 1.22) but not in current smokers (HR: 0.83; 95% CI: 
0.42, 1.64). For smoking-related cancers as well as lung, bladder, 
and kidney cancers individually, the risk estimates were consist-
ently stronger in never smokers than in ever smokers. The fully 
adjusted HR (95% CI) for smoking-related cancers was 1.75 (1.27, 
2.43) in never smokers and 1.22 (0.94, 1.59) in ever smokers (p for 
interaction = 0.06). The corresponding estimates were 2.96 (1.42, 
6.18) and 1.37 (0.91, 2.06) for lung cancer (p for interaction = 0.09), 
3.97 (1.81, 8.67) and 1.12 (0.50, 2.50) for bladder cancer (p for 
interaction = 0.02), and 2.54 (1.20, 5.37) and 0.52 (0.12, 2.25) for 
kidney cancer (p for interaction = 0.02). However, this difference 
by smoking status was not observed for thyroid cancer (p for 

interaction = 0.44). Of note, we were not able to evaluate these 
individual cancer types separately in past and current smokers 
as the model did not converge in current smokers who com-
prised only 4% of our sample. Further, the associations of OSA 
with total, obesity-related, and smoking-related cancers were 
similar between women with BMI ≥25 kg/m2 versus <25 kg/m2 (p 
for interaction > 0.22; Supplementary Table S3).

In the sensitivity analysis considering CVD events as a 
competing risk, the associations between OSA and cancer 
risk were similar to those observed in the primary analyses 
(Supplementary Table S4). For example, the HR (95% CI) for total 
cancer comparing women with versus without OSA was 1.12 
(0.99, 1.28) in the age-adjusted model and 1.05 (0.92, 1.20) in 
the multivariable model. By contrast, the HR (95% CI) for CVD 
was 1.49 (1.16, 1.93) and 1.24 (0.96, 1.61), respectively. We also 
observed that the association between OSA and cancer risk 
was somewhat stronger in never smokers compared with ever 
smokers when CVD was modeled as a competing event.

Discussion

In this prospective study among older US women, a history 
of OSA diagnosis was not significantly associated with total 
cancer risk after controlling for established cancer risk fac-
tors. However, the association with OSA was heterogeneous 
across different cancer sites, with increased risk observed for 
lung, bladder, kidney, and thyroid cancers. Further, adjustment 
of pack-years of smoking did not alter the positive association 
between OSA and smoking-related cancers, and the associ-
ations with smoking-related cancers as well as lung, bladder, 

Table 2. OSA and total cancer risk

Cases Person-years Model 1* Model 2†

   HR (95% CI)

OSA status
 No 4,931 420,644 1.00 (ref) 1.00 (ref)
 Yes 326 24,127 1.15 (1.03, 1.29) 1.08 (0.96, 1.21)

*Stratified by age in months and calendar time.
†Model 1 + adjusted for race/ethnicity (white and non-white), BMI (continuous), 

height (continuous), family history of cancer (yes and no), pack-years of 

smoking (none, 0.1–4.9, 5.0–19.9, 20.0–39.9, and ≥40.0 pack-years), physical ac-

tivity (<3.0, 3.0–8.9, 9.0–17.9, 18.0–26.9, and ≥27.0 metabolic equivalents of task 

hours [MET-hours] per week), alcohol consumption (none, 0.1–4.9, 5.0–14.9, 

15.0–29.9, and ≥30.0 g/day), sleep duration (≤5, 6, 7, 8, and ≥9 h/day), duration of 

estrogen-only HT (none, 0.1–4.9, 5.0–9.9, and ≥10.0 years), duration of estrogen 

+ progestin HT (none, 0.1–4.9, 5.0–9.9, and ≥10.0 years), history of diabetes (yes 

and no), aspirin use (yes and no), and recent physical examination (yes and no).

Table 1. Age-standardized characteristics of the study population at baseline

OSA status

 No OSA OSA

N 61,798 3,532
Age, years 73.6 (6.9) 72.1 (6.4)
Non-white, % 6 6
Family history of cancer, % 49 52
Height, cm 163.7 (6.2) 164.2 (6.3)
Body mass index, kg/m2 26.3 (5.2) 30.8 (6.8)
History of diabetes, % 13 26
Current aspirin use, % 58 61
Smoking status, %
 Never 48 47
 Past 47 50
 Current 4 3
Pack-years of smoking* 23.3 (21.2) 24.2 (21.2)
Alcohol use, g/day 5.5 (8.4) 4.1 (7.2)
Sleep duration, h 7.2 (1.2) 7.2 (1.4)
Excessive daytime sleepiness, % 4 13
Habitual snoring, % 16 44
Physical activity, MET-hours/week 18.7 (17.4) 14.3 (13.0)
Ever estrogen-only HT, % 44 52
Duration of estrogen-only HT, months* 123.3 (102.9) 124.1 (102.8)
Ever estrogen-progestin HT, % 39 41
Duration of estrogen-progestin HT, months* 76.9 (56.7) 75.4 (56.6)
Recent physical exams, %† 95 96
Prior hysterectomy, % 43 51
Prior oophorectomy, % 27 32

*Among ever users.
†Included any physical exams in the past 2 years for either screening or symptoms reported by the participants.
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and kidney cancers individually were stronger among never 
smokers compared with ever smokers.

Four prior population-based studies reported dose–re-
sponse relationships of OSA severity, measured by percent 

sleep time with oxygen saturation <90% [21–23] or by frequency 
of apneas and hypopnea [22–24], with total cancer incidence 
or mortality. While these studies did not examine site-specific 
associations, cancers of the lung or respiratory tract were the 

Figure 1. OSA and cancer risk by site. Model 1: Stratified by age and calendar time. Model 2: Model 1 + race/ethnicity, family history of cancer, BMI, height, pack-years 

of smoking, alcohol drinking, physical activity, sleep duration, duration of HT use by type, history of type 2 diabetes, aspirin use, and recent physical examination.
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primary contributors in the analyses examining total cancer 
mortality [22, 23]. Two other studies, which evaluated OSA by 
polysomnographic measures [25] or self-reported symptoms 
[26], did not find an association with overall cancer risk, although 
both studies noted significantly increased risk for smoking-
related cancers. Similar to our results, Kendzerska et al. found 
significant positive associations between AHI or sleep time with 
oxygen saturation <90% and total cancer risk in univariate ana-
lyses, which was attenuated toward the null after adjustment for 
age, sex, BMI, and smoking status [25]. No association between 
OSA and total cancer risk or mortality was observed in several 
larger studies using a health insurance database or national pa-
tient register [27–29]. The results were even more conflicting for 
studies of site-specific cancer risk [28–31], of which two reported 
positive associations with melanoma [28, 29], kidney cancer [28, 

29], and breast cancer [29, 30] and the others individually re-
ported associations with pancreatic cancer [28], uterus cancer 
[29], and central nervous system cancers [31]. In conjunction 
with our results, these findings suggest that associations of OSA 
with cancer risk appear to vary by cancer site, and more studies 
are needed to understand the mechanisms underlying these 
site-specific associations, such as variations in the sensitivity of 
different cancer sites to OSA-activated pathways.

The HIF pathway, which regulates the transcription of nu-
merous downstream genes in a hypoxia-dependent manner, 
is considered as the major mechanism that drives carcinogen-
esis. Increased expression of HIF-α subunits has been shown to 
activate oncogenes (e.g. Ras and Myc) but silence tumor sup-
pressor genes (e.g. p53 and PTEN) [1–3], stimulate angiogenesis 
by upregulating vascular endothelial growth factor (VEGF) [41], 
produce ROS and amplify oxidative stress [42], and promote cell 
mobility, migration, and invasion by enhancing degradation of 
the extracellular matrix [43]. In addition, hypoxia is associated 
with alterations in other cancer-related pathways, such as PI3K/
AKT/mTOR, MAPK, and NFκB, which regulate the cell cycle and 
immune responses [2]. Most relevant to OSA, prior studies have 
linked intermittent hypoxia to greater tumor weight, elevated 
circulating VEGF, and increased lung metastasis in a mouse 
model of melanoma [18, 19]; intermittent hypoxia also leads to 
altered tumor-associated macrophages and increased exosome 
release that enhances malignant potential in a mouse model of 
lung cancer [16, 20]. Experimental evidence also supports a role 
of hypoxia signaling pathways in the pathogenesis of kidney 
cancer, with HIF1α and HIF2α exhibiting potentially distinct 
functions in tumorigenesis [44, 45]. HIF1α-mediated pathways 
have been shown to promote cell migration and invasion in 
bladder cancer [46]. In patients with OSA, CPAP treatment was 
shown to downregulate leukocyte transcriptional profiles in-
volved in the neoplastic process [47]. Further, fragmented and 
disrupted sleep, which is another hallmark of OSA, may con-
tribute to cancer development and progression independent 
of intermittent hypoxia [48, 49]. Other mechanisms, such as 

Table 4. OSA and cancer risk by smoking status

Cases in OSA/no OSA HR (95% CI)* P for interaction

All cancers   0.38
 Ever smokers 183/2,816 1.05 (0.89, 1.22)  
 Never smokers 143/2,115 1.13 (0.95, 1.35)  
Smoking-related cancers  0.06
 Ever smokers 65/940 1.22 (0.94, 1.59)  
 Never smokers 44/469 1.75 (1.27, 2.43)  
Lung cancer†   0.09
 Ever smokers 28/384 1.37 (0.91, 2.06)  
 Never smokers 9/65 2.96 (1.42, 6.18)  
Bladder cancer†   0.02
 Ever smokers 7/113 1.12 (0.50, 2.50)  
 Never smokers 9/41 3.97 (1.81, 8.67)  
Kidney cancer†   0.02
 Ever smokers 2/47 0.52 (0.12, 2.25)  
 Never smokers 10/48 2.54 (1.20, 5.37)  
Thyroid cancer   0.44
 Ever smokers 6/30 3.21 (1.21, 8.53)  
 Never smokers 4/35 1.43 (0.46, 4.42)  

*Stratified by age and calendar time, and adjusted for race/ethnicity, BMI, height, family history of cancer, physical activity, alcohol consumption, pack-years of 

smoking (in ever smokers), sleep duration, duration of HT by type, diabetes, and regular physical examination.
†Lung cancer, bladder cancer, and kidney cancer were classified as smoking-related cancers.

Table 3. OSA and risk of smoking-related cancers, alcohol-related 
cancers, and adiposity-related cancers

Cases Model 1* Model 2†

  HR (95% CI)

Smoking-related cancers
 No OSA 1,409 1.00 (ref) 1.00 (ref)
 OSA 109 1.37 (1.12, 1.67) 1.37 (1.11, 1.67)
Alcohol-related cancers
 No OSA 2,321 1.00 (ref) 1.00 (ref)
 OSA 151 1.08 (0.91, 1.29) 1.09 (0.92, 1.30)
Obesity-related cancers
 No OSA 3,148 1.00 (ref) 1.00 (ref)
 OSA 212 1.13 (0.98, 1.30) 1.05 (0.91, 1.21)

*Adjusted for covariates in Model 2 except pack-years for smoking-related can-

cers, alcohol consumption for alcohol-related cancers, and BMI for adiposity-

related cancers.
†Stratified by age and calendar time, and adjusted for race/ethnicity, BMI, 

height, family history of cancer, pack-years, physical activity, alcohol consump-

tion, sleep duration, duration of HT by type, diabetes, aspirin use, and recent 

physical examination.
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elevated inflammation, altered immunity, insulin resistance, 
and hormonal dysregulation induced by OSA and associated 
sleep disturbances, may also act as important mediators leading 
to carcinogenesis [50–52].

Interestingly, the observed positive associations between 
OSA and smoking-related cancers remained essentially un-
changed after accounting for smoking exposure and were 
largely observed in never smokers. It is well known that smoking 
leads to substantial tissue hypoxia both acutely and chronically 
[53–55]. Although the contributions of hypoxia-related path-
ways in smoking-induced carcinogenesis are unclear, OSA may 
promote the development of smoking-related cancers through 
hypoxia-activated pathways, particularly considering that in-
dividual types of smoking-related cancers associated with OSA 
in this study, including lung, bladder, and kidney cancers, are 
known to be highly sensitive to hypoxia and HIF signaling [1–7, 
44–46]. However, the potent and long-lasting effects of known 
tobacco carcinogens on DNA damage likely override those from 
intermittent hypoxia among ever smokers, thus masking the as-
sociations with OSA among smokers. Smoking-related cancers 
also tended to occur at a younger age in ever smokers prior to 
the study baseline, resulting in exclusion of these participants 
from the current analysis and undermining our ability to assess 
OSA-cancer associations in ever smokers. Further, the associ-
ations of OSA with lung and bladder cancers were somewhat 
strengthened after adjustment for smoking. Such “negative con-
founding” may be explained by the inverse association between 
current smoking and OSA previously reported in this cohort and 
by others [32, 56]. Other cancer risk factors that attenuated the 
associations for other cancer sites, such as obesity, were in gen-
eral not strong risk factors for these cancers [38].

Study strengths included the prospective study design, large 
sample size, ascertainment of cancer endpoints, and updated 
assessment of cancer risk factors. However, several limitations 
should be borne in mind when interpreting the results. First, al-
though our prior work supports the reliability of self-reported 
OSA in nurses [32], misclassification due to undiagnosed mild-
to-moderate OSA may result in underestimation of the associ-
ations if milder forms of sleep-disordered breathing also increase 
the risk of certain cancers. Also, we did not have quantitative 
measures of intermittent hypoxia or OSA treatment (i.e. CPAP 
use), and future studies are needed to evaluate these to provide 
further insights into the underlying mechanisms. Second, re-
verse causation and detection bias may play roles in some of 
the associations we observed. For example, enlarged neck mass, 
a key sign of thyroid cancer, may precipitate the occurrence of 
OSA by narrowing the upper airway; women who reported OSA 
diagnoses may be more likely to have an earlier cancer diag-
nosis due to more frequent/regular clinic visits. However, lagged 
analysis excluding incident cases diagnosed in the first 2-years 
of follow-up and additional adjustment for health-seeking be-
haviors suggested that the observed associations were unlikely 
to be explained by reverse causation or detection bias. Third, it 
should be noted that our study included predominantly white, 
older female registered nurses, which had limited generaliz-
ability to other populations. Notably, some prior studies suggest 
that associations between OSA and cancer may be stronger in 
men and younger individuals [21, 57], although a recent study re-
ported higher cancer prevalence in women with OSA [58]. Thus, 
replication of our findings in other populations encompassing 
both men and women with a wider age range and more diverse 

racial/ethnic composition is warranted. Finally, we had limited 
statistical power for the analyses of certain cancer sites and by 
smoking status (particularly for current smokers). For example, 
melanoma has been associated with intermittent hypoxia in 
animal models and with OSA in several epidemiologic studies 
[18, 19, 28, 29]. While our results were consistent with a potential 
positive association between OSA and melanoma risk, the asso-
ciation did not reach statistical significance.

In summary, while OSA was not independently associated 
with total cancer risk, OSA was associated with increased risk 
of thyroid cancer as well as overall and several smoking-related 
cancers, including those regulated by HIF-1 pathways. Further, 
the positive associations of OSA with overall and several 
smoking-related cancers were more apparent in never smokers 
than in ever smokers. Whether OSA and smoking share certain 
common pathways of carcinogenesis requires further investiga-
tion. More studies are needed to confirm the observed hetero-
geneity in the association by cancer sites and identify additional 
heterogeneity by immunohistochemical, molecular, and genetic 
features for individual cancer sites.

Supplementary material

Supplementary material is available at SLEEP online.
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