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Study Objectives: Men with sleep disordered breathing (SDB) may be at increased stroke risk, due to nocturnal hypoxemia, sleep loss or fragmentation, or
other mechanisms. We examined the association of SDB with risk of incident stroke in a large cohort of older men.

Methods: Participants were 2,872 community-dwelling men (mean age 76 years) enrolled in the MrOS Sleep Study, which gathered data from 2003 to 2005
at six clinical sites in the Unites States. SDB predictors (obstructive apnea-hypopnea index, apnea-hypopnea index, central apnea index, and nocturnal
hypoxemia) were measured using overnight polysomnography. Incident stroke over an average follow-up of 7.3 years was centrally adjudicated by physician

review of medical records.

Results: One hundred fifty-six men (5.4%) had a stroke during follow-up. After adjustment for age, clinic site, race, body mass index, and smoking status,
older men with severe nocturnal hypoxemia (= 10% of the night with SpO levels below 90%) had a 1.8-fold increased risk of incident stroke compared to
those without nocturnal hypoxemia (relative hazard = 1.83; 95% confidence interval 1.12-2.98; P trend = 0.02). Results were similar after further adjustment
for other potential covariates and after excluding men with a history of stroke. Other indices of SDB were not associated with incident stroke.

Conclusions: Older men with severe nocturnal hypoxemia are at significantly increased risk of incident stroke. Measures of overnight oxygen saturation may

better identify older men at risk for stroke than measures of apnea frequency.
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Significance

Previous studies have reported increased risk of stroke among adults with sleep disordered breathing (SDB), but this association is not well established
in the elderly. Using data from the MrOS Sleep Study, we examined associations between traditional indices of SDB and nocturnal hypoxemia with risk
of incident stroke, and incident fatal stroke, among community-dwelling older men. Findings showed that nocturnal hypoxemia, but not traditional count-
based indicators of SDB, predicted incident stroke and strongly predicted fatal stroke among older men. Associations were independent of traditional risk
factors as well as potential mediators including sleep disturbance, atrial fibrillation, inflammation, and glucose metabolism. Future studies should explore
if treatment of SDB in older men prevents risk of stroke, and unnecessary death from stroke.

INTRODUCTION

Each year, approximately 800,000 individuals in the United
States will experience a stroke." Stroke is a leading cause of
death and is a significant cause of disability and healthcare
costs.>? Major risk factors for stroke include age, ethnicity, hy-
pertension, high blood cholesterol levels, obesity and physical
inactivity, diabetes, and smoking.*

Evidence has identified sleep disordered breathing (SDB),
and in particular obstructive sleep apnea (OSA), as a risk
factor for stroke. However, the majority of studies have been
limited by either cross-sectional design,” small number of
stroke cases and/or lack of adequate control for potential con-
founding factors,® or inclusion of a composite endpoint (e.g.,
stroke or death).” However, data from the Sleep Heart Health
Study (SHHS), a large population-based prospective study of
middle-aged to older adults, showed a nearly 3-fold significant
increase in ischemic stroke risk among men in the highest quar-
tile of obstructive apnea-hypopnea index (OAHI; OAHI > 19)
compared to those in the lowest quartile (OAHI < 4).* Simi-
larly, in a community-based cohort of middle-aged Australian
adults, moderate to severe OSA was associated with a 3.7-fold
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increase in risk of incident stroke over a 20-year follow-up
period.” However, these findings were based on relatively few
stroke cases (31 cases among 397 people without prior history
of stroke), therefore confidence intervals were wide. In addition,
the stroke outcomes were based on International Classification
of Diseases (ICD)-10 codes from hospital admissions and death
records rather than adjudicated events. The association between
SDB and risk of stroke among community dwelling older men
therefore remains uncertain. Furthermore, no prior study has
reported the association between OSA and risk of fatal stroke.

The mechanisms linking OSA to incident stroke are also un-
certain. Potential pathways may include atrial fibrillation (AF)
or other hemodynamic, neural, circadian, vascular, metabolic,
inflammatory, or thrombotic mechanisms.!’ In addition, sleep
disturbance (e.g., reduced sleep duration or increased sleep
fragmentation) also results from OSA and may contribute to
metabolic abnormalities and risk for diabetes, which are risk
factors for stroke." "

Using the Outcomes of Sleep Disorders in Men (MrOS Sleep)
Study data, we examined the association between indices of
SDB with incident stroke and fatal stroke in a large cohort of
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Men enrolled in MrOS Study (n = 5,994)

Reason not at sleep visit
1,997 Refused
349 Died
39 Terminated
150 Ineligible
324 Not asked. Recruitment goal met.

\J

Men enrolled in ancillary sleep visit (n = 3,135)

—— | Missing polysomnography data (n = 224)

\J

Men with polysomnography data (n = 2,911)

39 Excluded for missing stroke data
17 Cases had a cardiovascular death
listed but adjudication to specific
event type is pending.
22 Unknown cause of cardiovascular
event.

\

Analysis subset (n = 2,872)

Figure 1—Progression of participants through the MrOS and MrOS
Sleep Studies.

community-dwelling older men. We further extended results
from prior studies by testing whether increased risk of stroke as-
sociated with SDB was independent of potential mediators such
as sleep disturbance, AF, inflammation, or glucose metabolism.

METHODS

Participants

During the baseline examination from 2000 to 2002, 5,994
community-dwelling men 65 years or older were enrolled for
the MrOS Study at 6 clinical centers in the United States: Bir-
mingham, Alabama; Minneapolis, Minnesota; Palo Alto, Cali-
fornia; the Monongahela Valley near Pittsburgh, Pennsylvania;
Portland, Oregon; and San Diego, California.'*' In order to
participate, men needed to be able to walk without assistance
and must not have had a bilateral hip replacement.

The MrOS Sleep Study, an ancillary study of the parent
MrOS Study conducted between December 2003 and March
2005, recruited 3,135 of these participants for a comprehensive
sleep assessment.'* Men were screened for use of mechanical de-
vices during sleep and were excluded if they could not OK use of
these devices during a polysomnography recording. Of the 2,859
men who did not participate, 349 died before the sleep visit, 39
had already terminated the study, 324 were not asked because
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recruitment goals had already been met, 150 were not eligible,
and 1,997 refused. Of the 3,135 men enrolled, 2,911 had in-home
overnight polysomnography. Of these, 39 were missing data on
incident stroke, leaving 2,872 in the analytic cohort (Figure 1).
All men provided written informed consent, and the study
was approved by the institutional review board at each site.

Polysomnography Parameters
In-home sleep studies were completed using unattended, in-
home polysomnography (Safiro, Compumedics, Inc., Mel-
bourne, Australia). The PSG recordings were to be gathered
within one month of the clinic visit (mean 6.9 + 15.8 days from
visit), with 78% of recordings gathered within one week of the
clinic visit. The recording montage included: Cs/A, and C4/A,
electroencephalograms, bilateral electroculograms and a bi-
polar submental electromyogram to determine sleep status; tho-
racic and abdominal respiratory inductance plethysmography
to determine respiratory effort; airflow (by nasal-oral thermo-
couple and nasal pressure cannula); finger pulse oximetry; lead
I electrocardiogram; body position (mercury switch sensor);
and bilateral tibialis leg movements (piezoelectric sensors).
Staff who performed home visits were centrally trained and
used standardized protocols similar to those in the SHHS."®
Scoring was performed by certified research polysomnologists.
The polysomnography failure rate was < 4%, and > 70% of
studies were rated as excellent or outstanding quality.

Parameters of SDB included measures prespecified as pos-
sible predictors of incident stroke in the aims of the study
grant: the apnea-hypopnea index (AHI, number of apneas plus
hypopneas/h of sleep associated with a desaturation > 3%) and
nocturnal hypoxemia which was expressed as the percent of
time during overnight sleep in which arterial oxygen satura-
tion (SpO,) was < 90% (% of sleep time with SpO, <90%). The
predictors of OAHI (number of obstructive apneas plus hypop-
neas per hour of sleep associated with a desaturation > 3%) and
the central apnea index (CAI, number of central apneas at any
desaturation level per hour of sleep) were also included to ex-
amine if associations were primarily driven by obstructive or
central apnea. Apnea was defined as complete or near complete
cessation of airflow for > 10 sec. The event was categorized
as obstructive if effort persisted on thoraco-abdominal induc-
tance channels or as central if there was no effort detected. Hy-
popneas were scored if clear reductions in breathing amplitude
(> 30% below baseline breathing) occurred, and lasted > 10
sec with a drop in arterial saturation of 3% or more."” The inter-
scorer reliability for apnea and hypopnea indices was high (in-
terclass correlation coefficient = 0.99).1¢18

Sleep duration and sleep fragmentation (sleep efficiency,
the percent of time scored as sleep during the sleep period)
were also measured by polysomnography. Resting SpO- level
was determined just prior to sleep using the polysomnography
recorder’s finger pulse oximeter.

Incident Stroke Events

Participants were surveyed for potential incident cardiovas-
cular events by postcard and/or phone contact every 4 months.
Of the men expected to return the tri-annual postcards (those
still alive and had not terminated the study), the response rate
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was over 99%. Follow-up time was 7.3 + 1.9 years, with 2,089
(73%) alive and active at the end of follow-up. Participants
reported any emergency room visits or hospital admissions
for conditions or surgeries related to the heart. Conditions
included chest pain, heart attack, heart failure, shortness of
breath, stroke, blood clots or blockages in the arteries of the
legs, or related conditions. Surgeries included angioplasty, cor-
onary or peripheral bypass surgery, carotid surgery, or other
surgical procedures. Hospital records regarding these potential
events were collected. Death certificates were also examined
for a primary or underlying cause of death indicating potential
cardiovascular cause. Records were reviewed and events clas-
sified by a centrally trained physician adjudicator.

Two physician adjudicators are responsible for adjudication of
incident events. The primary physician adjudicator reviews and
classifies all events reported. The expert adjudicator indepen-
dently reviews a subset of reported events and is also available to
assist the physician adjudicator when classification is uncertain.
The expert adjudicator independently adjudicates a random set
of events each year. Any disagreements between the expert ad-
judicator and physician adjudicator are discussed and resolved
to ensure the validity of the protocol. Overall agreement has
been excellent, and no protocol adjustments have been neces-
sary. Stroke events were defined as the rapid onset of a persistent
neurologic deficit attributed to an obstruction or rupture of the
arterial system which was not known to be secondary to brain
trauma, tumor, infection or other cause. The deficit must have
lasted more than 24 hours unless death intervened or there was
a demonstrable lesion compatible with an acute stroke on com-
puterized tomography or magnetic resonance imaging. Stroke
events were further adjudicated as fatal or nonfatal.

Other Measurements
All participants completed questionnaires at the clinic visit in-
cluding items about demographics, medical history, physical
activity, smoking, and alcohol use. All prescription and non-
prescription medications used in the preceding 30 days were
entered into an electronic database. Each medication was
matched to its ingredient(s) based on the lowa Drug Informa-
tion Service Drug Vocabulary (College of Pharmacy, Univer-
sity of Iowa, Iowa City, [A).?° Physical activity was assessed
using the Physical Activity Scale for the Elderly.?! The Ep-
worth Sleepiness Scale was used to classify subjective daytime
sleepiness.”** The Geriatric Depression Scale was used to as-
sess depressive symptoms.?* The Modified Mini-Mental State
examination was administered to assess cognitive function.?
Resting blood pressure, body weight and height were mea-
sured in clinic. Body mass index (BMI) was calculated as
weight in kilograms divided by the square of height in meters.
Prevalent hypertension was defined either self-report of hyper-
tension, antihypertensive medications usage, or systolic or dia-
stolic pressure > 140 or 90 mm Hg. Cholesterol was measured
approximately 3 years earlier using a Roche COBAS Integra
800 automated analyzer that was calibrated daily (Roche Di-
agnostics Cbmiorp, Indianapolis, IN). Total cholesterol (mg/
dL) was calculated as: high-density lipoprotein (mg/dL) + low-
density lipoprotein (mg/dL) + 0.5%(triglycerides, mg/dL). C-
reactive protein was measured using the ELISA assay kit from
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ALPCO (CRP sensitive ELISA), Interleukin-6 and tumor ne-
crosis factor-a were assayed using the Human Prolnflammatory
I 4-Plex Ultra-Sensitive Kit by MSD (catalog #K15009C-4).
Analyses of fasting glucose were performed enzymically on a
YSI 2300 STAT PLUS Analyzer. Insulin concentrations were
measured with a Linco Human-Insulin Specific RIA Kit.

Every 4 months, participants were asked about treatment
for SDB. Twenty-four men reported using continuous positive
airway pressure device (CPAP) at the sleep examination but
were able to OK it during the polysomnography recording, and
290 started CPAP therapy sometime during follow-up.

Statistical Analysis

The polysomnography parameters were expressed as both con-
tinuous and categorical variables (AHI, OAHI as quartiles;
CAI>5 vs. <5; percent of sleep time with SpO, <90% as < 1%,
1 to <3.5%, 3.5 to < 10%, > 10%).

Characteristics of participants were compared across cat-
egories of incident stroke status and category of nocturnal
hypoxemia using y? tests for categorical variables, t-tests or
ANOVA for normally distributed continuous variables, and
Wilcoxon rank sum or Kruskal-Wallis tests for continuous
variables with skewed distributions. Multivariable adjusted
cumulative incidence curves show the events across categories
of nocturnal hypoxemia.

Cox proportional hazards regression was used to assess the
association between SDB and risk of stroke, and results are
presented as hazard ratios (HR) with 95% confidence inter-
vals (CI). Models were minimally adjusted for age, clinic, race,
body mass index, and smoking. Fully adjusted models were
also adjusted for history of diabetes mellitus, congestive heart
failure, hypertension, chronic obstructive pulmonary disease
(COPD), total cholesterol, high-density lipoprotein cholesterol,
and statin use. To assess whether results were explained by
underlying lung impairment, models were further adjusted for
resting SpO, levels.

Similar models were performed for the outcome of incident
fatal stroke.

Sensitivity analyses were performed excluding those with
a self-report of a prior stroke, and truncating follow-up to the
start of CPAP therapy for those 314 men who reported treat-
ment for SDB. This analysis was performed to exclude time
men were on CPAP to avoid confounding by treatment. We
also tested whether associations were similar after excluding
men with a history of COPD. Those men with the highest noc-
turnal hypoxemia (highest 5% of values for percent of sleep
time with SpO, < 90%, > 20%) were excluded in sensitivity
analyses to examine if associations were primarily driven by
those with extreme values.

The effects of possible mediators were explored by adding
one at a time to the multivariable model. These mediators in-
cluded a history of AF, sleep duration, sleep efficiency, inflam-
mation markers (C-reactive protein, Interleukin-6, and tumor
necrosis factor-alpha) and fasting glucose and insulin. The
covariates hypertension and history of diabetes mellitus were
selected to allow results to be comparable to other prior work
examining the association of SDB and stroke.>”* However,
we also examined the possibility of these covariates acting as
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Table 1—Baseline characteristics by incident stroke status.

Characteristic Overall (n = 2,872) No Stroke (n =2,716) Stroke (n = 156) P value®
Age,y 76.34 £5.51 76.21 £5.45 78.67 £5.99 <0.001
Race, categories 0.37

White 2, 605 (90.70) 2, 460 (90.57) 145 (92.95)
Black 97 (3.38) 95 (3.50) 2(1.28)
Asian 83 (2.89) 80 (2.95) 3(1.92)
Hispanic/other 87 (3.03) 81(2.98) 6 (3.85)
Body mass index, kg/m? 2716 £3.78 27.16 £3.78 27.05+3.73 0.71
Smoking status 0.56
Never 1,140 (39.69) 1,079 (39.73) 61(39.10)
Past 1,674 (58.29) 1,584 (58.32) 90 (57.69)
Current 58 (2.02) 53 (1.95) 5(3.21)
Total cholesterol, mg/dL 193.07 + 33.91 193.17 + 34.00 191.26 + 32.39 0.51
HDL, mg/dL 48.91+£13.98 48.98 £ 14.01 47.55 £13.34 0.23
Current use of statins 1,205 (41.96) 1,150 (42.34) 55 (35.26) 0.08
Prevalent hypertension® 1,951 (67.98) 1,832 (67.48) 119 (76.77) 0.02
Resting SpO; level, % 95.07 + 1.66 95.07 + 1.66 94.94 £1.79 0.34
Total sleep time, min 355.87 + 69.36 355.76 + 69.59 357.72 £ 65.47 0.73
Sleep efficiency, % 76.14 £12.01 76.13 £12.01 76.34 £ 11.99 0.82
History of stroke 110 (3.83) 95 (3.50) 15 (9.68) <0.001
History of COPD 150 (5.22) 140 (5.15) 0 (6.45) 0.48
History of congestive heart failure 167 (5.82) 153 (5.63) 14 (9.03) 0.08
History of atrial fibrillation or flutter 293 (11.22) 269 (10.89) 24 (17.02) 0.02
History of diabetes mellitus 377 (13.13) 357 (13.14) 0 (12.90) 0.93
Alcohol intake (drinks/week) 0.75
0-2 1,702 (59.57) 1,613 (59.70) 89 (57.42)
3-13 1,003 (35.11) 947 (35.05) 56 (36.13)
=14 152 (5.32) 142 (5.26) 10 (6.45)
Physical activity score 145.81 £ 71.47 145.85 £ 71.32 14513 £74.27 0.90
Depression® 182 (6.34) 174 (6.41) 8 (5.16) 0.53
3MS (range 0-100) 94 (90-97) 94 (90-97) 94 (90-97) 0.38
Epworth sleepiness scale (range 0-24) 6.17 £3.70 6.16 £ 3.70 6.29 + 3.61 0.66
Epworth sleepiness scale > 10 377 (13.13) 360 (13.25) 17 (10.90) 0.40
CPAP use 314 (10.93) 297 (10.94) 17 (10.90) 0.99
c-reactive protein, ug/mL 1.51 (0.75-3.08) 1.51 (0.75-3.08) 1.47 (0.81-3.40) 0.65
Interleukin-6, pg/mL 1.07 (0.74-1.70) 1.07 (0.73-1.69) 1.24 (0.87-1.87) 0.02
tumor necrosis factor-a, pg/mL 5.13 (4.21-6.25) 5.1 (4.20-6.22) 5.44 (4.50-6.61) 0.01
Fasting glucose, mg/dL 96.50 (88.46-106.36) 96.44 (88.49-106.19) 97.18 (87.17-108.00)  0.77
Fasting insulin, pulU/mL 13.90 (10.39-18.67) 13.89 (10.42-18.63) 14.11(10.08-19.20) 0.90
Apnea-hypopnea index 12.49 (5.86-23.82) 12.41 (5.86-23.77) 14.18 (6.01-24.43) 0.37
Cental apnea index 0.17 (0-0.94) 0.17 (0-0.94) 0.17 (0-1.03) 0.88
Ostructive apnea-hypopnea index 12.60 (6.02-23.25) 12.53 (6.02-23.19) 14.06 (6.41-24.04) 0.43
% of sleep time with SpO, < 90% 1.00 (0-3.50) 1.00 (0-3.10) 1.00 (0-5.00) 0.008
Results shown as n (%), mean SD, or median (interquartile range). 2P values for continuous normally distributed variables from a t-test, skewed variables
from a Wilcoxon rank sum test. P values for categorical variables from a y? test. °Prevalent hypertension is defined as one of more of the following: a self-
report of a history of hyertension, currently taking hypertensives, systolic blood pressure = 140 mmHg or diastolic blood pressure = 90 mmHg. °Geriatric
depression scale score = 6. HDL, high-density lipoprotein; SpO,, oxygen saturation; COPD, chronic obstructive pulmonary disease. 3MS, Modified Mini-
Mental State examination; CPAP, continuous positive airway pressure; SD, standard deviation.

possible mediators by removing them from the multivariable
models to examine if the results were similar in effect size or
statistical significance.

All significance levels reported were two-sided and all anal-
yses were conducted using SAS version 9.2 (SAS Institute Inc,
Cary, NC).
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Table 2—Baseline characteristics by percent of sleep time with SpO, < 90%.

Characteristic <1% (n =1,400) 1t0<3.5% (n=753) 3.5to<10% (n=365) 210% (n = 354) P value®
Age,y 76.06 + 5.52 76.44 £5.49 76.62 + 5.58 76.96 + 5.38 0.02
Race, categories 0.29

White 1, 251 (89.36) 687 (91.24) 341 (93.42) 326 (92.09)
Black 56 (4.00) 24 (3.19) 5(1.37) 12 (3.39)
Asian 45 (3.21) 23 (3.05) 9(2.47) 6(1.69)
Hispanic/other 48 (3.43) 19 (2.52) 10 (2.74) 10 (2.82)
Body mass index, kg/m? 26.03+3.23 2740 + 3.57 2842 +3.79 29.82+4.35 <0.001
Smoking status 0.008
Never 593 (42.36) 294 (39.04) 141 (38.63) 112 (31.64)
Past 780 (55.71) 445 (59.10) 219 (60.00) 230 (64.97)
Current 27 (1.93) 14 (1.86) 5(1.37) 12 (3.39)
Total cholesterol, mg/dL 192.96 + 33.45 193.75 + 34.06 192.65 + 35.51 192.44 + 33.84 0.93
HDL, mg/dL 50.61 + 14.30 48.43 + 13.46 46.10 £ 13.16 46.14 £ 13.70 <0.001
Current use of statins 568 (40.57) 321 (42.63) 151 (41.37) 165 (46.61) 0.22
Prevalent hypertension® 902 (64.47) 527 (69.99) 257 (70.60) 265 (74.86) <0.001
Resting SpO; level, % 95.62 + 1.49 94.91 +1.61 94.60 + 1.44 93.67 + 1.61 <0.001
Total sleep time, min 357.62 £ 69.56 358.61 £ 67.89 351.74 £70.78 347.38 £ 69.64 0.03
Sleep efficiency, % 77.07 £11.83 75.96 £ 11.77 75.44 +12.06 73.52 £ 12.71 <0.001
History of stroke 55 (3.93) 30 (3.98) 15 (4.12) 10 (2.82) 0.77
History of COPD 55 (3.93) 29 (3.85) 0 (5.49) 6 (12.99) <0.001
History of congestive heart failure 64 (4.57) 44 (5.84) 25 (6.87) 4 (9.60) 0.003
History of atrial fibrillation or flutter 154 (11.98) 77 (11.21) 4 (10.40) 28 (8.97) 0.47
History of diabetes mellitus 153 (10.93) 119 (15.80) 6 (12.64) 9 (16.67) 0.002
Alcohol intake (drinks/week) 0.001
0-2 801 (57.58) 439 (58.38) 224 (61.71) 238 (67.81)
3-13 529 (38.03) 262 (34.84) 119 (32.78) 93 (26.50)
=14 61 (4.39) 51(6.78) 20 (5.51) 20 (5.70)
Physical activity score 148.53 +71.38 147.86 + 71.67 140.74 £ 72.45 135.93 + 69.53 0.01
Depression® 81(5.79) 41 (5.44) 27 (7.42) 33(9.35) 0.049
3MS (range 0-100) 94 (91-97) 94 (90-97) 94 (91-97) 94 (90-97) 0.40
Epworth sleepiness scale (range 6.07 £ 3.68 6.09 + 3.59 6.25+3.70 6.64 £3.94 0.07
0-24)
Epworth sleepiness scale > 10 176 (12.57) 90 (11.95) 53 (14.52) 58 (16.38) 0.16
CPAP use 87 (6.21) 99 (13.15) 43 (11.78) 85 (24.01) <0.001
c-reactive protein, pg/mL 1.27 (0.64-2.65) 1.52 (0.75-3.19) 1.69 (0.90-3.06) 2.30 (1.26-5.03) <0.001
Interleukin-6, pg/mL 0.97 (0.71-1.48) 1.11(0.74-1.72) 1.21(0.80-1.79) 1.43(0.93-2.27) <0.001
tumor necrosis factor-a, pg/mL 4.97 (4.08-6.09) 5.20 (4.24-6.33) 5.30 (4.35-6.34) 5.52 (4.46-6.52) <0.001
Fasting glucose, mg/dL 94.86 (87.00-104.25)  97.50 (89.86-108.00) 97.50 (89.22-107.46)  99.14 (90.71-112.00) < 0.001
Fasting insulin, plU/mL 12.74 (9.80-17.03) 14.31(10.39-19.92)  15.32 (11.68-19.93)  16.04 (11.72-21.42) < 0.001
Results shown as n (%), mean SD, or median (interquartile range). 2P values for continuous normally distributed variables from an ANOVA, skewed
variables from a Kruskall-Wallis test. P values for categorical variables from a chi-square test for homogeneity. °Prevalent hypertension is defined as one
of more of the following: a self-report of a history of hyertension, currently taking hypertensives, systolic blood pressure = 140 mmHg or diastolic blood
pressure = 90 mmHg. °Geriatric depression scale score = 6. HDL, high-density lipoprotein; SpO., oxygen saturation; COPD, chronic obstructive pulmonary
disease. 3MS, Modified Mini-Mental State examination; CPAP, continuous positive airway pressure; SD, standard deviation.

RESULTS approximately 91% were white. The median (interquartile

range = IQR) AHI was 12.5 (5.9-23.8) events per hour, and me-
dian (IQR) % of sleep time with SpO, < 90% was 1.0 (0-3.5)%.
Compared to men without a stroke during follow-up, those
with a stroke on average tended to be older, were more likely to
have hypertension and history of AF, had higher levels of in-
flammation, and greater % time spent with SpO, < 90% during

Characteristics

Among the 2,872 men, 156 (5.4%) had an incident stroke (in-
cluding 31 fatal) during a mean of 7.3 + 1.9 years following
the sleep exam. Characteristics of participants are shown in
Table 1. The mean age of the analytic cohort was 76 years, and
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Age-Adjusted Incidence
Rates per 1,000 Person

Years (95% Cl)

7.56 (6.37-8.75)
8.32 (5.22-1141)
6.96 (4.45-9.46)

9.23 (6.49-11.98)
8.13 (5.56-10.71)

7.56 (6.37-8.75)
7.55 (6.30-8.79)
10.43 (4.64-16.21)

7.56 (6.37-8.75)
7.57 (5.13-10.02)
6.78 (4.51-9.06)

8.50 (5.91-11.09)
7.92 (5.44-10.40)

7.56 (6.37-8.75)
6.24 (4.68-7.80)

8.04 (5.64-10.44)
7.60 (4.26-10.95)
11.33 (7.04-15.62)

Hazard Ratio (95% Cl)

Minimally
Adjusted Model?

0.98 (0.83-1.16)

1.00 (reference)

0.80 (0.50-1.28)

1.14(0.73-1.77)

0.96 (0.60-1.53)
0.78

0.98 (0.84-1.16)
1.00 (reference)
1.09 (0.62-1.89)

0.98 (0.83-1.15)

1.00 (reference)

0.87 (0.55-1.38)

1.06 (0.67-1.66)

0.93 (0.59-1.49)
0.99

1.03 (0.89-1.20)

1.00 (reference)

1.29 (0.87-1.92)

1.24 (0.74-2.07)

1.83(1.12-2.98)
0.02

Multivariable
Adjusted Model®

0.96 (0.81-1.14)

1.00 (reference)

0.72 (0.43-1.18)

1.08 (0.68-1.71)

0.85 (0.52-1.39)
0.92

1.00 (0.85-1.18)
1.00 (reference)
1.18 (0.68-2.07)

0.96 (0.80-1.14)

1.00 (reference)

0.79 (0.49-1.28)

1.01 (0.64-1.61)

0.82 (0.50-1.35)
0.69

1.01(0.86-1.20)

1.00 (reference)

1.32 (0.88-1.99)

1.14 (0.66-1.96)

1.66 (0.99-2.79)
0.09

2Adjusted for age, clinic, race, body mass index, and smoking. ®Minimally adjusted model plus history of diabetes mellitus, chronic obstructive pulmonary
disease, congestive heart failure, hypertension, total cholesterol, high density lipoprotein, and statin use. SpO,, oxygen saturation; Cl, confidence interval;

Table 3—The association of sleep disordered breathing and incident stroke.
Predictor # Events/IN

Apnea-hypopnea index
Continuous, per SD increase (15.11) 156/2872
Quartile 1: < 5.86 (reference) 38/718
Quartile 2: 5.86 to < 12.57 32/723
Quartile 3: 12.57 to < 23.91 45/716
Quartile 4: = 23.91 41/715
P trend

Central apnea index
Continuous, per SD increase (4.25) 156/2872
<5 (reference) 142/2659
25 14/213

Obstructive apnea-hypopnea index
Continuous, per SD increase (14.49) 156/2872
Quartile 1: < 6.02 (reference) 38/718
Quartile 2: 6.02 to < 12.65 35/723
Quartile 3: 12.65 to < 23.29 42/714
Quartile 4: = 23.29 41/717
P trend

Percent of sleep time with SpO, < 90%
Continuous, per SD increase (9.63) 156/2872
< 1% (reference) 62/1400
1t0<3.5% 44/753
35t0<10% 21/365
=10% 29/354
P trend

SD, standard deviation.

sleep. In addition, men with stroke events were more likely to
have reported a prevalent stroke.

We also examined characteristics of participants across cat-
egories of % time spent with SpO, <90% during sleep (Table 2).
Those with more severe hypoxemia were on average older and
less active, had higher BMI, lower high-density lipoprotein
cholesterol levels, higher rates of depression, were more likely
to have smoked, and were more likely to be non-drinkers. In
addition, higher hypoxemia levels were associated with a his-
tory of diabetes mellitus, hypertension, and history of COPD
and congestive heart failure. Those who experienced greater
hypoxemia during sleep also had shorter nocturnal sleep dura-
tion and worse sleep efficiency, and were more likely to have
reported initiating use of CPAP during the follow-up period.
Those with more hypoxemia also had higher levels of inflam-
mation and greater levels of impairment in glucose metabolism.

SDB and Incident Stroke

In minimally adjusted models (adjusted for age, clinic site,
race, BMI, and smoking status), there was a significant 1.8-
fold increase in risk of stroke among those who spent > 10%
of sleep time with SpO, <90% (HR = 1.83; 95% CI 1.12-2.98)
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compared to those with little or no hypoxemia (< 1% of time
spent with SpO, < 90%) (Table 3). The effect size remained
similar, though significance was attenuated after further ad-
justment for comorbidities, cholesterol levels, and statin use
(HR = 1.66; 95% CI = 0.99-2.79, P = 0.055). Results were un-
changed after further adjustment for resting SpO; levels. There
were no significant associations between AHI, CAI, or OAHI
and risk of stroke. Figure 2A shows multivariable adjusted cu-
mulative incidence across categories of nocturnal hypoxemia.

SDB and Incident Fatal Stroke

In secondary analyses, we examined the association between
SDB and incident fatal stroke (Table 4). In minimally adjusted
models, those who spent > 10% of sleep time with SpO, <90%
experienced a significant 3.2-fold increase in risk of fatal
stroke compared to those in the lowest category of nocturnal
hypoxemia (HR = 3.18; 95% CI 1.18-8.56; P-trend < 0.01). Al-
though the effect size was attenuated somewhat in the fully ad-
justed model, the trend remained significant (RH = 2.76; 95%
CI 0.91-8.37; P-trend = 0.03). Figure 2B shows multivariable
adjusted cumulative incidence across categories of nocturnal
hypoxemia. Results were similar after adjustment for resting
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SpO; levels. Similar patterns of association were observed for
AHI, CAI, and OAHI, but these trends were not statistically
significant.

Additional Analyses

In sensitivity analyses, we re-analyzed the fully adjusted
models after truncating follow-up to the time of initiation of
CPAP for those who reported beginning CPAP therapy during
follow-up. In addition, we repeated analyses after excluding
men who had reported a history of stroke at the sleep base-
line visit. All results were similar in effect size, although sig-
nificance was diminished in some cases given reduced power.
After exclusion of men with nocturnal hypoxemia values in
the top 5%, results were largely similar for the fatal stroke
outcome, and were actually stronger and statistically signifi-
cant for the any incident stroke outcome. For example, after
excluding these men, those who spent > 10% of sleep with
SpO; levels < 90% had a 2-fold increase in risk of all incident
stroke (multivariable adjusted RH = 2.00; 95% CI 1.13-1.82,
P-trend = 0.04).

We also performed further adjustment of the multivariable
models for the possible mediators (history of AF, sleep dura-
tion, sleep efficiency, inflammation markers, and markers of
glucose metabolism) and removed hypertension and history
of diabetes mellitus from multivariable models. Results were
similar. For example, after adjustment for history of AF, older
men who spent > 10% of sleep with SpO, levels < 90% had a
1.8-fold increase in risk of all incident stroke (RH = 1.78; 95%
CI 1.04-3.00).

DISCUSSION

We identified nocturnal hypoxemia as a robust risk factor for
incident stroke among older men, conferring a 1.7 to 1.8-fold
increase in risk among those with the most severe hypoxemia.
Nocturnal hypoxemia was also associated with a significant
2.8 to 3.2-fold increase in risk for fatal stroke. Although there
was a higher prevalence of COPD and CHF among those with
more percent of sleep time with SpO, > 90%, our findings re-
mained significant after adjusting for resting SpO- levels and
after excluding those with self-reported COPD, suggesting that
this result is not explained by underlying lung disecase. Fur-
thermore, results remained significant after excluding those
with a history of stroke at the initial sleep exam. Sleep dura-
tion and sleep efficiency did not explain the increased risk of
stroke associated with hypoxemia, nor did other potential me-
diators such as AF and markers of inflammation and glucose
metabolism.

In contrast to the consistent findings observed with nocturnal
hypoxemia and stroke, in our study measures of obstructive or
central apnea were not significantly associated with stroke in-
cidence. This finding differs from results reported based on the
SHHS dataset.®* Among men in the SHHS, the OAHI was iden-
tified as the strongest risk factor for incident ischemic stroke,
with those in the highest quartile (OAHI > 19) experiencing
a nearly 3-fold significant increase in risk of ischemic stroke,
whereas the association between nocturnal hypoxemia and in-
cident stroke was no longer significant after multivariable ad-
justment. However, only 85 stroke cases occurred among men
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-------- 0to<1% ——1t0<3.5% ----3.5t0<10% =—=10t097%
A s
7 P trend = 0.09

Stroke Events (%)

o)
®

7 P trend = 0.03

Fatal Stroke Events (%)

Follow-up, years

Follow-up, years

No. at risk: 0 1 3 5 7
0to<1% 1,400 1,383 1,299 1,194 1,080
1t0<3.5% 753 744 703 634 582
3.5t0<10% 365 358 336 307 271
10 t0 97% 354 346 317 282 239

Figure 2—Cumulative Stroke Incidence by percent of sleep time with
Sp0; < 90%, adjusted for age, race, clinic, body mass index, smoking
status, history of diabetes, chronic obstructive pulmonary disease,
congestive heart failure, total cholesterol, high density lipoprotein, and
statin use.

in SHHS, and the distribution of SDB exposures was different
given the younger age of the men (mean age approximately
63 years). Our results also differ from those that observed an
association of AHI and incident stroke.>” Of note, there are
differences in study design making direct comparison difficult,
including population differences, differences in the outcome,
and differences in adjustment for confounders. The study by
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Predictor # Events/IN

Apnea-hypopnea index
Continuous, per SD increase (15.11) 31/2871
Quartile 1: < 5.86 (reference) 5719
Quartile 2: 5.86 to < 12.57 10/723
Quartile 3: 12.57 to < 23.91 5/715
Quartile 4: = 23.91 1/714
P trend

Central apnea index
Continuous, per SD increase (4.25) 31/2871
< 5 (reference) 28/2659

>5 3/212
Obstructive apnea-hypopnea index

Continuous, per SD increase (14.49) 31/2871
Quartile 1: < 6.02 (reference) 51719

Quartile 2: 6.02 to < 12.65 9/723

Quartile 3: 12.65 to < 23.29 6/713

Quartile 4: = 23.29 11/716
P trend

Percent of sleep time with SpO, < 90%

Continuous, per SD increase (9.63) 31/2871
< 1% (reference) 11/1401
1t0<3.5% 41753

35t0<10% 7/365

=10% 9/352

P trend

SD, standard deviation.

Table 4—The association of sleep disordered breathing and fatal incident stroke.

Age-Adjusted Incidence
Rates per 1,000 Person

Hazard Ratio (95% Cl)
Minimally Multivariable

Years (95% Cl)

150 (0.97-2.03)
0.95 (0.11-1.80)
1.89 (0.71-3.07)
1.11(0.13-2.09)
1.90 (0.76-3.05)

150 (0.97-2.03)
146 (0.92-2.00)

190 (-0.38 t0 4.17)

1,50 (0.97-2.03)
0.98 (0.11-1.89)
1.71 (0.58-2.84)
1.25 (0.24-2.26)
1.90 (0.76-3.03)

150 (0.97-2.03)
1.06 (0.43-1.69)
0.73 (0.01-1.45)
2.36 (0.52-4.20)
3.21 (1.02-5.40)

Adjusted Model?

1.04 (0.73-1.47)

1.00 (reference)

1.87 (0.63-5.52)

0.98 (0.28-3.46)

1.90 (0.63-5.74)
0.45

0.96 (0.64-1.45)
1.00 (reference)
1.18 (0.35-3.92)

1.07 (0.76-1.51)

1.00 (reference)

1.74 (0.58-5.24)

1.18 (0.35-3.94)

1.93 (0.64-5.81)
0.37

1.16 (0.88-1.52)
1.00 (reference)
0.66 (0.21-2.09)
2.34 (0.86-6.32)
3.18 (1.18-8.56)
<0.01

Adjusted Model®

1.02 (0.69-1.50)

1.00 (reference)

1.54 (0.49-4.82)

0.79 (0.21-3.05)

1.57 (0.50-4.99)
0.65

0.97 (0.64-1.47)
1.00 (reference)
1.42 (0.41-4.89)

1.06 (0.72-1.54)

1.00 (reference)

1.36 (0.42-4.38)

0.98 (0.27-3.49)

1.61(0.51-5.13)
0.52

1.14 (0.86-1.50)
1.00 (reference)
0.55(0.15-2.08)
2.61(0.91-7.51)
2.76 (0.91-8.37)
0.03

2Adjusted for age, clinic, race, body mass index, and smoking. ®Minimally adjusted model plus history of diabetes mellitus, chronic obstructive pulmonary
disease, congestive heart failure, hypertension, total cholesterol, high density lipoprotein, and statin use. SpO,, oxygen saturation; Cl, confidence interval;

Yaggi and colleagues was comprised of patients referred to a
sleep clinic for evaluation of SDB and combined stroke and
death in one outcome, rather than examining incident stroke
independently.” The study by Arzt and colleagues did find and
association of AHI and incident stroke after adjustment for
age and sex, but the association was attenuated after further
adjustment for BMI. This study was comprised of both men
and women who were much younger in age than the current
study (47 + 8 vs. 76 £ 6, respectively).’ Munoz and colleagues
observed an association in older men and women, but results
were only adjusted for gender.

Older men have a higher prevalence of OSA and also more
variable levels of lung function. Our findings suggest that
among older men, traditional SDB metrics that are comprised
of counts may be less informative than more direct measures
of nocturnal hypoxemia in predicting cerebrovascular disease
risk. There are several possible explanations. Physiological
stresses associated with SDB are likely mediated through
surges in sympathetic activation that result from hypoxemia,
arousal, or changes in intrathoracic pressure. Levels of such
physiological stresses may not be consistently measured by
count-based exposures that may result in variable degrees of
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desaturation depending on apneic duration, baseline saturation
levels and other factors. Thus, a direct measure of overnight
hypoxemia in an elderly population may more directly reflect
the relevant physiological stresses. Nocturnal hypoxemia
could also reflect general pulmonary impairment rather than
SDB, however our findings persisted after accounting for self-
reported COPD and resting SpO, levels, and excluding men
with COPD. We also found a high frequency of CPAP use in
those with more nocturnal hypoxemia.

The importance of nocturnal hypoxemia as a marker of ad-
verse health in older adults is also supported by prior research
showing its association with cognitive impairment among
older men,* and incident mild cognitive impairment and de-
mentia among older women.?”” These prior findings are consis-
tent with our findings of an association between hypoxemia
and incident stroke because dementia shares common vascular
pathology with stroke.

Ours is the first population-based study of older men to ex-
amine the association of SDB with incident fatal stroke. We
report a significant approximate 3-fold increase in risk of fatal
stroke among those with severe hypoxemia, suggesting that the
presence of nocturnal hypoxemia may increase susceptibility
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to death in those experiencing an incident stroke, and that suc-
cessful treatment of SDB may prevent unnecessary death from
stroke in older men.

The mechanisms for the association of SDB with incident
stroke remain uncertain. SDB is associated with nocturnal hy-
poxemia, arousals from sleep, and hemodynamic changes. In
addition, activation of the sympathetic nervous system occurs,
leading to increased blood pressure and heart rate. SDB is also
associated with increased inflammation and metabolic abnor-
malities, both of which are associated with stroke risk. In our
study, we found that the associations of nocturnal hypoxemia
and incident stroke were not explained by inflammation, glu-
cose metabolism, AF, or the duration or fragmentation of sleep.
Future studies are needed to further investigate mechanisms
linking SDB to risk of stroke.

Our study has several strengths, including the prospec-
tive design, large sample size, the older age of the cohort, and
rich characterization for potential confounding factors and
mediators. Nonetheless, there are some limitations. Results
cannot be generalized to younger or middle-aged adults or to
women. In addition, we did not sub-classify strokes as isch-
emic or hemorrhagic, although the vast majority of strokes (at
least 85%) are ischemic.?® Exposure information on SDB and
nocturnal hypoxemia was based on a single overnight assess-
ment, which may have resulted in some misclassification. Al-
though there is rationale to support our findings that nocturnal
hypoxemia (and not AHI) may be the most relevant physio-
logical stress among older men, these results contradict those
of other studies showing the AHI strongly predicted incident
stroke in somewhat younger adults. Therefore, these findings
require confirmation in other cohorts of older adults. COPD
was gathered by self-report and may have recall bias, although
agreement of self-reported and physician diagnosed lung dis-
ease has been shown to have a high concordance in commu-
nity dwelling elderly (92%).” Finally, power was limited for
analyses of fatal stroke and for subsets of older men without
history of stroke and COPD.

In conclusion, nocturnal hypoxemia (independent of resting
saturation levels and COPD) is associated incident stroke, and
strongly predicts incident fatal stroke among older men. Re-
sults from this study, and our previous findings, suggest that
hypoxemia during sleep may represent a more sensitive indi-
cator for severity of SDB among older adults relative to the
traditional count-based indices of SDB. Treatment of SDB in
older men may prove effective in reducing the risk of stroke,
and preventing unnecessary death from stroke.

ABBREVIATIONS

AF, atrial fibrillation

AHI, apnea-hypopnea index

BMI, body mass index

CAl, central apnea index

CI, confidence interval

COPD, chronic obstructive pulmonary disease
CPAP, continuous positive airway pressure device
HR, hazard ratio

ICD, International Classifications of Diseases
IQR, interquartile range
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MrOS Sleep Study, the Outcomes of Sleep Disorders in Men
Study

OAHI, obstructive apnea-hypopnea index

OSA, obstructive sleep apnea

SpO,, arterial oxygen saturation

SDB, sleep disordered breathing

SHHS, Sleep Heart Health Study
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