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Rationale: Sleep-disordered breathing (SDB) has been associated
with total and cardiovascular mortality, but an associationwith can-
cer mortality has not been studied. Results from in vitro and animal
studies suggest that intermittent hypoxia promotes cancer tumor
growth.
Objectives: Thegoalof thepresent studywas toexaminewhetherSDB
is associated with cancer mortality in a community-based sample.
Methods: We used 22-year mortality follow-up data from the Wis-
consin Sleep Cohort sample (n ¼ 1,522). SDB was assessed at base-
line with full polysomnography. SDB was categorized using the
apnea-hypopnea index (AHI) and the hypoxemia index (percent
sleep time below 90% oxyhemoglobin saturation). The hazards of
cancer mortality across levels of SDB severity were compared using
crude and multivariate analyses.
Measurements and Main Results: Adjusting for age, sex, body mass
index, and smoking, SDB was associated with total and cancer mor-
tality in a dose–response fashion. Compared with normal subjects,
the adjusted relative hazards of cancermortalitywere 1.1 (95% con-
fidence interval [CI], 0.5–2.7) formildSDB(AHI, 5–14.9), 2.0 (95%CI,
0.7–5.5) formoderateSDB(AHI,15–29.9), and4.8 (95%CI,1.7–13.2)
for severe SDB (AHI > 30) (P-trend ¼ 0.0052). For categories of in-
creasingseverityof thehypoxemia index, the corresponding relative
hazards were 1.6 (95% CI, 0.6–4.4), 2.9 (95% CI, 0.9–9.8), and 8.6
(95% CI, 2.6–28.7).
Conclusions: Our study suggests that baseline SDB is associated with
increasedcancermortality inacommunity-basedsample.Futurestudies
that replicate our findings and look at the association between sleep
apnea and survival after cancer diagnosis are needed.
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Sleep disordered breathing (SDB) is characterized by recurrent
episodes of total or partial obstruction of the upper airway (apnea
or hypopnea) during sleep that are associated with intermittent
hypoxemia, repeated sleep disruption, and snoring (1). The prev-
alence of moderate to severe SDB has been estimated to be as
high as 6% among U.S. adults and rising as the prevalence of
obesity, a major risk factor for SDB, continues to increase (2–4).

SDB is associated with a variety of psychopathological disorders
(depression, reduced quality of life) and increased risk of occu-
pational and motor vehicle injuries, as well as with a variety of
cardiovascular disease outcomes, hypertension, and the metabolic
syndrome (3, 5, 6). These associations have been explained by the
profound metabolic and sympathetic system disruption associated
with repeated hypoxemic events (6, 7).

Chronic hypoxia, a common feature in solid tumor tissue, has
been associated with therapeutic resistance, tumor progression,
and metastatic potential (8–10). In vitro studies have further
demonstrated that cultured lung cancer cells subject to intermit-
tent hypoxia are more resistant to radiation and apoptosis and
are more prone to metastasis (11).

Recent results from a study using a mouse model for obstruc-
tive sleep apnea showed that intermittent hypoxia was associated
with accelerated cancer progression (12). These effects might be
mediated by the hypoxia-induced increased tumor tissue angio-
genesis and resulting cell proliferation and tumor growth (13–15).

To our knowledge, no epidemiologic studies to date have ex-
plored the possible association between SDB and cancer inci-
dence or mortality in a population sample.

In a community-based cohort we have demonstrated an asso-
ciation between SDB and both total and cardiovascular mortality
(16). We used updated data from this cohort to test the hypoth-
esis that SDB is associated with increased cancer mortality.

METHODS

As described in detail elsewhere (2, 16), the Wisconsin Sleep Cohort
was established in 1988 as a prospective community-based study of pre-
dictors and natural history of sleep disorders. In brief, 30- to 60-year-old
men and women living in south-central Wisconsin were selected from
payroll records of several Wisconsin state agencies with job titles ranging
from unskilled to professional. Of the 2,940 individuals invited to un-
dergo an overnight in-laboratory protocol, 1,546 (53%) agreed to partici-
pate and were successfully studied. Compared with the entire sampling
frame, cohort participants had a slightly healthier profile (2, 17) and
lower death rate (16).
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Results from in vitro and animal studies suggest that inter-
mittent hypoxia promotes cancer tumor growth, but there
are no previous studies in humans on the association between
sleep-disordered breathing (SDB) and cancer incidence or
mortality.

What This Study Adds to the Field

This population-based epidemiologic study suggests a
strong and dose–response association between SDB and
cancer mortality.
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Data Variables

Consenting participants underwent a baseline overnight 18-channel poly-
somnography (PSG) (Grass model 78; Quincy, MA) at the University
of Wisconsin General Clinical Research Center using a standard proto-
col (2). The PSG recorded sleep state using electroencephalography,
electrooculography, and electromyography; breathing, using respiratory
inductance plethysmography (Respitrace; Ambulatory Monitoring, Ards-
ley, NY) and nasal and oral airflow (ProTec thermocouples; Henderson-
ville, TN); and oxyhemoglobin saturation, using pulse oximetry (Ohmeda
Biox 3740; Englewood, CO). Each 30-second epoch of the polysomno-
graphic recordings was scored for sleep stage and apnea and hypopnea
events by trained technicians and reviewed using standard criteria (18).
Apnea was defined as cessation of nasal and oral airflow for 10 seconds or
more and hypopnea as a discernible reduction in breathing (sum of chest
and abdominal excursions) with a reduction in oxyhemoglobin saturation
of 4% or greater.

The apnea-hypopnea index (AHI) was calculated as the mean num-
ber of apnea and hypopnea events per hour of sleep. As in our previous
analyses of these data (16), AHI was categorized according to widely
used cutpoints in the literature and clinical practice: normal (AHI, 5),
mild SDB (AHI 5–14.9), moderate SDB (AHI 15–29.9), and severe
SDB (AHI > 30). In the present analyses, participants who, by their
request, used their continuous positive airway pressure (CPAP) device
during the baseline overnight PSG study (n ¼ 9) were also included in
the severe SDB category; this inclusion was based on the assumption
that CPAP users have had severe SDB in the more or less recent past
and that our hypothesis relates to chronic effects of intermittent hyp-
oxia on cancer growth and progression.

To examine the association of cancer mortality with oxygen satura-
tion, we used a subset of 1,306 participants with event-by-event satura-
tion data (representing 33 cancer deaths) from which the hypoxemia
index (percent sleep time below 90% oxyhemoglobin saturation) could
be calculated. We defined the hypoxemia index cutpoints based on the
analogous percentile distribution as the above AHI cutpoints in our
study population; the AHI percentiles were: 73% of subjects with AHIs
below 5 events per hour, 90% below 15 events per hour, and 97% below
30 events per hour. The corresponding percentile values for hypoxemia
index were 0.8, 3.6, and 11.2%, respectively.

Standardized interviews and several objective measures and tests
were performed by trained personnel. Information used for this analysis
included alcohol use (number of drinks/wk), cigarette smoking (current,
former, or never), educational level (less than high school or not), self-
rated general health (excellent, very good, good, fair, poor), severe day-
time sleepiness (a “yes” response to the question “During a typical day
do you experience excessive sleepiness when it is difficult to fight an
uncontrollable urge to fall asleep?”), physical activity, history of physician-
diagnosed diabetes, history of physician-diagnosed sleep apnea, and use of
CPAP treatment. Body mass index (BMI; weight in kilograms divided by

height in meters squared), waist circumference, and age (yr) at baseline
were used as continuous variables.

Deaths in the cohort occurring up to November 11, 2011 were iden-
tified by matching social security numbers with two death record sour-
ces: the National Death Index (NDI) and theWisconsin State Bureau of
Health Information and Policy, Vital Records Section. Matches on
social security number were verified with participants’ age and sex. All
deaths in Wisconsin, reported by the vital records of Wisconsin, were also
identified in the NDI; in addition, four deaths occurring outside of Wis-
consin were identified by the NDI. Date of death was available on all
decedents, and underlying and contributory causes of deaths were avail-
able from Wisconsin Vital Statistics. Wisconsin Vital Statistics and the
NDI supplied files with data on each individual death, including the cause
of death and corresponding description as abstracted from individual
death certificates. Cancer mortality was defined as an International Clas-
sification of Diseases (ICD)-9 code 140–239 or ICD-10 codes C00-D48.

Statistical Analysis

A total of 1,522 participants have complete information on the key var-
iables used for the present analyses. Person-years were accumulated
from baseline study to date of death, loss to follow-up date, or November
11, 2011, whichever came first. We computed all-cause and cancer mor-
tality rates (deaths/1,000 person-years) and 95% confidence intervals
(CI) by SDB categories at baseline. Kaplan-Meier techniques were used
to compare survival across SDB categories (19). Cox proportional hazards
regression was used to estimate adjusted hazard ratios and 95% CIs (20).

TABLE 1. CHARACTERISTICS OF THE STUDY POPULATION AND DEATH RATES ACCORDING TO SLEEP-DISORDERED
BREATHING CATEGORIES

All

Sleep-disordered Breathing (AHI Range)

Absent Mild Moderate Severe

(,5) (5–14.9) (15–29.9) (>30)*

No. 1,522 1,157 222 84 59

Age, mean (SD), yr 47.5 (8.1) 46.8 (7.9) 49.8 (8.1) 50.8 (8.6) 49.4 (8.6)

BMI, mean (SD), kg/m2 29.9 (6.6) 28.7 (5.9) 32.3 (6.5) 34.3 (7.1) 38.6 (8.4)

Alcoholic drinks/wk, mean (SD) 3.9 (6.2) 3.8 (6.1) 4.1 (6.7) 4.7 (6.4) 4.4 (7.3)

Male sex, % 55.1 50.8 64.9 72.6 78.0

Education (< high school), % 25.7 24.9 30.6 31.0 30.5

Smoking, %

Current 18.1 18.5 16.7 15.5 18.6

Former 38.6 35.1 41.9 51.2 50.9

Self-rated fair/poor health, % 4.3 3.4 3.3 8.9 19.7

Severe daytime sleepiness, % 24.5 23.1 24.9 32.5 39.7

Mortality rate per 1,000 person-yr (95% CI)

All causes 4.29 (3.54–5.17) 3.24 (2.50–4.12) 6.88 (4.45–10.2) 5.02 (2.02–10.3) 15.57 (8.72–25.7)

Cancer 1.92 (1.42–2.53) 1.54 (1.05–2.19) 1.92 (0.77–3.97) 3.58 (1.16–8,36) 7.27 (2.92–15.0)

Definition of abbreviations: AHI ¼ apnea-hypopnea index; CI ¼ confidence interval.

* Includes participants who were subject to CPAP treatment during the polysomnography study (n ¼ 9).

Figure 1. Survival free of cancer mortality according to categories
of sleep-disordered breathing, Wisconsin Sleep Cohort, 1989–2011.

AHI ¼ apnea-hypopnea index.
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Because of the strong dependence of cancer risk on age, Cox regression
models were based on age as the time scale, allowing for left truncation
(late entry) (21). In addition to the analyses based on the AHI, we also
ran hazard models to predict cancer death using the hypoxemia index
(both as a continuous and as a categorical variable, as defined above) in
the 1,306 participants for whom this information was available.

Models were examined for sex, linear and quadratic terms for BMI,
smoking, alcohol use, physical activity, and educational status as poten-
tial confounding factors. Statistical trends were examined by testing the
significance of SDB (AHI or hypoxemia index categories) as a linear
term. Diagnostic and residual plots were examined to test the propor-
tional hazards assumptions.All statistical analyses were conducted using
SAS software (Version 9.1.3; SAS Institute, Cary, NC).

Analyses were repeated after excluding participants who reported
use of CPAP at any point during the study follow-up period (n ¼
151). In addition, sensitivity analysis including only deaths from solid
cancers as the outcome (i.e., considering the three deaths attributed to
lymphoproliferative malignancies as censored observations) was also
conducted.

RESULTS

Among the 1,522 participants, 365 (24%) had at least mild SDB
and 59 (4%) had severe apnea (AHI> 30 or wore CPAP during
the sleep assessment) (Table 1). Participants with increasing
severity of SDB had significantly higher mean BMI, were more
frequently male, lower educated, self-rated fair or poor health,
and reported severe daytime sleepiness. There were no clear or
consistent differences across SDB categories on age, alcohol
consumption, or smoking.

There were a total of 112 deaths in this cohort; 50 of these
deaths were attributed to cancer. Themost frequent cancer death
was lung (n ¼ 8), followed by colorectal, ovary and endometrial
(4 each), brain, breast, bladder, and liver (3 each), and other
cancer sites with 1 to 2 deaths each.

Both total and cancer mortality increased linearly and signif-
icantly with increasing SDB severity (Table 1). Of the 50 cancer
deaths, 31 occurred in the participants without SDB, 7 in those
with mild SDB, 5 in the moderate SDB group, and 7 in the
severe SDB group. The corresponding rates and 95% CIs are
shown in Table 1. Compared with those without SDB, partic-
ipants in the severe SDB category had a crude relative risk of
mortality of all causes and of cancer mortality of 3.6 and 3.8,
respectively (both P , 0.001).

Kaplan-Meier analysis shows a dose–response decrease in
overall survival free of cancer with the presence and increased
severity of SDB (Figure 1). Adjusted relative hazards of mor-
tality associated with SDB categories are shown in Table 2. After
adjusting for age, sex, BMI, and smoking, a significant trend of
increasing hazards of mortality with increasing SDB severity was
observed for both mortality of all causes (P-trend¼ 0.001) and for

cancer mortality (P-trend ¼ 0.005). Additional adjustment for
physical activity, alcohol use, education, diabetes, waist circum-
ference, or sleep duration did not materially change these results
(not shown). Excluding nonsolid cancers (n ¼ 3), the relative
hazard estimates were virtually identical to those shown in Table
2 (results not shown).

Among study participants for whom this information was
available, the hypoxemia index was strongly associated with can-
cer mortality in a dose–response fashion (P for trend ¼ 0.0008)
(Table 3); the adjusted hazard in participants in the top hypox-
emia index category was more than eight times higher than that
in the lower category. When used as a continuous variable, an
increase in one log-unit in the hypoxemia index was associated
with an adjusted hazard ratio of cancer mortality of 1.9 (95%
CI, 1.3–2.9; P ¼ 0.002).

In stratified analyses, a dose–response association between
SDB and cancer mortality was more evident and more clearly
statistically significant among nonobese compared with obese
participants and among participants without perceived daytime
sleepiness compared with participants with perceived daytime
sleepiness (Table 4). However, formal tests for interaction accord-
ing to obesity and sleepiness were both nonsignificant (both P .
0.1). Similarly, no evidence of statistically significant interac-
tion was found in stratified analyses according to sex or age
(not shown).

When participants who used CPAP during follow-up (n ¼
151) were excluded from the analysis, the association of un-
treated SDB and cancer mortality were slightly stronger than
those shown in Table 2 (relative hazards of cancer mortality for

TABLE 2. ADJUSTED RELATIVE HAZARDS OF TOTAL AND
CANCER MORTALITY ACCORDING TO SLEEP-DISORDERED
BREATHING CATEGORIES

SDB (AHI Range) All-Cause Mortality Cancer Mortality

Absent (,5) 1.0 1.0

Mild SDB (5–14.9) 1.8 (1.1–2.8) 1.1 (0.5–2.7)

Moderate SDB (15–29.9) 1.1 (0.5–2.5) 2.0 (0.7–5.5)

Severe SDB (>30)* 3.4 (1.7–6.7) 4.8 (1.7–13.2)

P for trend 0.0014 0.0052

Definition of abbreviations: AHI ¼ apnea-hypopnea index; BMI ¼ body mass

index; CI ¼ confidence interval; CPAP ¼ continuous positive airway pressure;

SDB ¼ sleep-disordered breathing.

Data are presented as adjusted relative hazard (95% CI). Adjusted for age (time

scale), sex, BMI, BMI2, and smoking.

* Includes participants who were subject to CPAP treatment during the poly-

somnography study (n ¼ 9).

TABLE 3. ADJUSTED RELATIVE HAZARDS OF CANCER MORTALITY
ACCORDING TO HYPOXEMIA INDEX

Hypoxemia Index*

Relative Hazards of Cancer

Mortality (95% CI)

Percentile , 73 (,0.8% of the time) 1.0

Percentile 73–89 (0.8–3.6% of the time) 1.6 (0.6–4.4)

Percentile 90–97 (3.6–11.2% of the time) 2.9 (0.9–9.8)

Percentile . 97 (.11.2% of the time) 8.6 (2.6–28.7)

P for trend 0.0008

Definition of abbreviations: AHI ¼ apnea-hypopnea index; BMI ¼ body mass

index; CI ¼ confidence interval.

Adjusted for age (time scale), sex, BMI, BMI2, and smoking. Hypoxemia index ¼
percent sleep time below 90% oxyhemoglobin saturation; analyses based on a sub-

set of 1,306 participants on whom O2 saturation data were available.

* Cut-offs defined according to the same percentile distribution as that result-

ing from the standard AHI cut-offs used in this study (AHI ¼ 5, 15, and 30).

TABLE 4. ADJUSTED RELATIVE HAZARDS OF CANCER MORTALITY
ACCORDING TO SLEEP-DISORDERED BREATHING CATEGORIES
STRATIFIED ACCORDING TO OBESITY STATUS AND PRESENCE OF
SEVERE DAYTIME SLEEPINESS

SDB (AHI Range)

Obesity Present Sleepiness Present

Yes No Yes No

Absent (,5) 1.0 1.0 1.0 1.0

Mild SDB (5–14.9) 1.1 1.1 0.6 1.5

Moderate SDB (15–29.9) 0.5 4.5† 1.0 2.8

Severe SDB (>30)* 4.1† 5.2 3.9 4.9†

P for trend 0.085 0.0171 0.19 0.0124

Definition of abbreviations: AHI ¼ apnea-hypopnea index; CPAP ¼ continuous

positive airway pressure; SDB ¼ sleep-disordered breathing.

Adjusted for age (time scale), sex, BMI, BMI2, and smoking.

* Includes participants who were subject to CPAP treatment during the poly-

somnography study (n ¼ 9).
y P , 0.05.
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increasing severity of untreated SDB categories of 1.2, 2.7, and
5.0, respectively; P-trend ¼ 0.005).

DISCUSSION

To our knowledge, this is the first population-based cohort study
documenting an association between baseline SDB and cancer
mortality over a follow-up period lasting up to 22 years. Remark-
ably, the association was stronger in relative terms than that of
SDB with mortality from all causes (Table 2) as well as that
previously observed for cardiovascular mortality in this cohort
(16) and in other studies (22–26).

The association remained significant after adjusting for possible
confounding variables including age, sex, smoking, BMI, physical
activity, diabetes, waist circumference, and sleep duration. The as-
sociation remained evident when restricted to solid cancers only
and persisted when patients treated with CPAP were excluded
from the analyses.

Our decision to characterize SDB based on the baseline rather
than in the most recent time-dependent values was made a priori
with the goal of minimizing the likelihood of reverse causation
bias. Because of a potentially long and protracted natural history,
cancer patients may lose weight years before their death, which in
turn might result on an improvement of SDB, thus making a more
recent measurement less relevant than earlier SDB assessments.

Because this is the first study documenting the association of
SDB and cancer mortality, replication of these findings in other
populations and settings is critical. However, our observations
are consistent with our a priori hypothesis, grounded on evi-
dence from recent in vitro and animal studies on the effects of
hypoxia in cancer progression. Cancer cells subjected to either
chronic (8–10) or intermittent hypoxia (11) show increased resis-
tance to therapy (e.g., radiation) and malignant progression. Fur-
thermore, recent experiments in a melanoma-injected mouse
model demonstrate that intermittent hypoxia mimicking sleep
apnea in humans increases tumor growth (12). This association
might be explained by the increased angiogenesis associated with
tissue hypoxemia (13–15). Hypoxia induces overexpression of
hypoxia-inducible factor (HIF-1a), which in turn triggers up-
regulation of proangiogenic mediators, such as vascular endothe-
lial growth factor, in tumor cells (15). Newly formed vascular
networks, however, usually present structural and functional ab-
normalities that lead to reduced perfusion and oxygen delivery to
the tumor tissue leading to necrosis (27), which is a predictor of
aggressive cancer progression and poor prognosis (28). Consistent
with the experimental evidence from the intermittent hypoxemia
models, in our study the association with cancer mortality was
even stronger when, instead of the AHI, SDB was characterized
using the hypoxemia index (percent sleep time below 90% oxy-
hemoglobin saturation) in the subset of participants for whom this
information was available (Table 3).

Our study is limited by the lack of data on cancer incidence in
the members of our cohort. Studying the survival after cancer
incidence or diagnosis would be the most appropriate study de-
sign to address the relevance of the above hypothesis to humans.
However, until a cohort study of patients in whom cancer was re-
cently diagnosedwho are subjected to a PSG study and followed to
mortality becomes available, our study results offer indirect evi-
dence in support of the study hypothesis. Indeed, assuming that
SDBdoes not affect cancer incidence, studying overall cancermor-
tality offers a valid surrogate for a cancer survival study.

Another limitation of our study is the relatively small number
of events. However, the strong statistical significance of the
results supports the robust nature of our findings. Nevertheless,
our study might have had inadequate power to detect statistically
significant interactions (such as those suggested by the results

presented in Table 4). Furthermore, the study did not have suffi-
cient statistical power for analysis of SDB with site-specific cancer
mortality. This limitation, however, is an unlikely explanation for
the strong associations observed in this study. If associations are
specific for distinct cancer sites but not others, combining all can-
cer mortality will result in dilution of effects and thus tend to bias
the results toward the null.

Strengths of our study include the population-based nature of our
cohort, thus free of selection biases potentially affecting clinic-based
samples of patients, the state-of-the-art methods used to assess SDB,
and the virtually complete follow-up of our study participants.

In summary, this is the first study documenting an association
between SDB and risk of cancer mortality in a population-based
sample. Replication of these findings would be necessary, particu-
larly in studies that examine the role of treated and untreated sleep
apnea in predicting survival in patients diagnosed with cancer.

The potential implications of this finding are important. SDB
is strongly associated with obesity, and it might be one of the
mechanisms explaining the well-documented but not entirely un-
derstood association between obesity and cancer mortality (29).
Furthermore, if this association is validated in further clinical and
population-based studies, diagnosis and treatment of SDB in can-
cer patients may be indicated to prolong survival in cancer patients.

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