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Rationale: Obstructive sleep apnea (OSA) is associated with
cardiovascular morbidity and mortality, although the underlying
mechanisms are not well understood.
Objectives:We aimed to determinewhethermore severeOSA,mea-
sured by the Respiratory Disturbance Index (RDI), is associatedwith
subclinical myocardial injury and increased myocardial wall stress.
Methods: A total of 1,645 participants (62.5 6 5.5 yr and 54%
women) free of coronary heart disease and heart failure and partici-
pating in both the Atherosclerosis Risk in the Communities and the
Sleep Heart Health Studies underwent overnight polysomnography
andmeasurementofhigh-sensitivity troponinT(hs-TnT)andN-terminal
pro B-type natriuretic peptide (NT-proBNP).
Measurements and Main Results: OSA severity was defined using
conventional clinical categories: none (RDI < 5), mild (RDI 5–15),
moderate (RDI 15–30), and severe (RDI . 30). Hs-TnT, but not NT-
proBNP, was associated with OSA after adjusting for 17 potential
confounders (P¼ 0.02). Over a median of 12.4 (interquartile range,
11.6–13.1) years follow-up, hs-TnT was related to risk of death or
incidentheart failure in allOSAcategories (P< 0.05 in eachcategory).
Conclusions: In middle-aged to older individuals, OSA severity is in-
dependentlyassociatedwithhigher levelsofhs-TnT, suggestingthat
subclinical myocardial injury may play a role in the association be-
tween OSA and risk of heart failure. OSA was not associated with
NT-proBNP levels after adjusting for multiple possible confounders.
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Obstructive sleep apnea (OSA) affects at least 2–6% of the US
population (1) and is associated with multiple cardiovascular
(CV) comorbidities (2, 3). Epidemiologic studies suggest an

association between OSA and both coronary heart disease
(CHD) and heart failure (HF) (4). Repetitive apneas leading
to intermittent nocturnal hypoxemia and sympathetic hyper-
activity are thought to result in systemic (2) and pulmonary
hypertension (5), with resulting increased myocardial load, wall
stress, and injury. However, a causal relationship between
OSA and CV outcomes has been difficult to establish because of
the strong association of OSA with other CV risk factors.

Cardiac troponins reflect myocardial injury. Previous studies
have not demonstrated a significant association between OSA
severity and troponin levels (6). High-sensitivity troponin T
(hs-TnT) levels, measured by newer assays with a 10-fold lower
detection range than traditional assays, are predictive of both
CHD and HF in the general population (7). However, the re-
lationship between OSA severity and hs-TnT levels has not
been well described (8). N-terminal pro B-type natriuretic pep-
tide (NT-proBNP) levels reflect ventricular wall stress and carry
prognostic value across a spectrum of CV disease (9). Previous
studies of the relationship between natriuretic peptides and
OSA have shown conflicting results (10–12).

We hypothesized that more severe OSA would be signifi-
cantly and independently associated with subclinical myocardial
injury (elevated hs-TnT) and increased ventricular wall stress
(elevated NT-proBNP). We also explored whether the relation-
ship between OSA and these pathway biomarkers would explain
the association between OSA and incident CV disease.

METHODS

Population

The study population was comprised of 1,645 participants in both the
Atherosclerosis Risk in Communities (ARIC) Study and the Sleep Heart
Health Study (SHHS) who underwent overnight home polysomnography
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Obstructive sleep apnea (OSA) is associated with cardio-
vascular morbidity and mortality, particularly heart failure.

What This Study Adds to the Field

We found that after adjustment for potential confounders,
OSA severity was significantly associated with higher levels
of high-sensitivity troponin T, but not N-terminal pro B-type
natriuretic peptide, suggesting that subclinical myocardial
injury caused by OSAmay play a role in the subsequent risk
of heart failure. Our findings suggest that high-sensitivity
troponin T may be an early marker of the adverse myo-
cardial impact of OSA.
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andmeasurement of hs-TnT and NT-proBNP, and were free of prevalent
CHD or HF at baseline assessment. ARIC is a prospective epidemiologic
cohort study designed to investigate the etiology and natural history of
clinical and subclinical atherosclerosis (13). A total of 15,792 middle-
aged participants were enrolled between 1987 and 1989. Between 1996
and 1998, surviving participants underwent a fourth visit at which time
blood samples were obtained from which soluble biomarker levels were
measured (7). The SHHS is a prospective cohort study that recruited
participants older than 40 years from nine cohorts, including 1,920 par-
ticipants from ARIC (from sites in Minnesota and Maryland) (14).
All underwent overnight home polysomnography and lung function
tests between 1995 and 1998 (14). The SHHS visit and the fourth ARIC
visit were performed independently of each other during the same
3-year period. Therefore, assessments of OSA severity and clinical
and laboratory values were not performed at the same time (median
difference of ARIC visit relative to the SHHS visit, 172 d [range251 to
387 d]).

Demographics, clinical characteristics, and laboratory values were
obtained from ARIC Visit 4 data. Pulmonary function test results were
obtained from the SHHS visit. Prevalent HF or CHD was defined as
either prevalent HF or CHD at ARIC Visit 1 or incident CHD or
HF between ARIC Visit 1 and the later of either ARIC Visit 4 or
the SHHS visit. Definitions of prevalent HF and CHD, and of incident
events during follow-up, have been previously described (15–18).

Of 1,892 participants who underwent both ARIC and SHHS visits,
201 with prevalent CHD or HF at the time of the last visit performed of
either SHHS or ARIC Visit 4 were excluded. Forty-six were excluded
because of missing hs-TnT data, leaving 1,645 participants in the
hs-TnT analysis, and one additional patient had missing NT-proBNP
data leaving 1,644 participants in the NT-proBNP analysis (see Figure
E1 in the online supplement).

Polysomnography

All participants underwent one overnight full polysomnography, which
was centrally interpreted as previously published (14). Apnea was de-
fined as cessation or nearly complete cessation of airflow. Hypopnea
was defined as less than or equal to 70% reduction for at least 10
seconds. Only events associated with greater than or equal to 4%
oxygen desaturation were included in the Respiratory Disturbance
Index (RDI), a measure of OSA severity (19). The severity of OSA
by RDI was defined using conventional clinical categories: none
(RDI < 5), mild (5 , RDI < 15), moderate (15 , RDI < 30), and
severe (RDI . 30).

Cardiac Biomarkers

We assessed hs-TnT as a marker of subclinical myocardial injury and
NT-proBNP as a marker of increased ventricular wall stress. Importantly,
both biomarkers are prognostic of incident HF and mortality (7, 9).
Blood samples were taken at the time of ARIC Visit 4 and plasma was
stored centrally at 2808C. Hs-TnT was measured using a highly sensi-
tive assay (Elecsys Troponin T; Roche Diagnostics, Indianapolis, IN)
with a lower limit of measurement, as defined by the manufacturer, of
0.003 mg/L (7). NT-proBNP was measured using electrochemilumines-
cent immunoassay (Roche Diagnostics) with a lower detection limit of
less than or equal to 5 pg/ml (7). Participants with undetectable NT-proBNP
were considered to have a level of 2.5 pg/ml.

Clinical Outcomes

CV outcomes assessed were all-cause mortality or incident CHD, all-
cause mortality or incident HF, all-cause mortality, and the composite
of all-cause mortality, incident CHD, and incident HF, occurring after
the later of ARIC Visit 4 or the SHHS visit.

Statistical Analysis

Summary data are presented as the mean and standard deviation for
data that are normally distributed and median and interquartile range
for nonnormally distributed data. Categorical variables are expressed
as proportions. For regression modeling, hs-TnT and NT-proBNP were

modeled separately as outcome variables. RDIwasmodeled continuously
using the log transformed value to achieve normality and was modeled
categorically using clinically defined thresholds as noted previously.
NT-proBNP was modeled continuously using log transformed values.
Hs-TnT was heavily skewed and was modeled as an ordinal categorical
variable using five categories, as explained in the online supplement. Be-
cause the lower limit of measurement may differ from the lower limit of
detection for the Roche hs-TnT assay (20) we repeated our analysis using
a higher threshold, the rational and results of which are shown in the
online supplement. Because many variables associated with OSA may
act as either confounders or mediators of the OSA-biomarker rela-
tionship, we used several additive multivariable models adjusting for
sequentially more variables. Model covariates were selected based on
a priori knowledge and variables significantly associated with the pre-
dictor variable of interest in univariate analysis (see online supple-
ment). For NT-proBNP, linear regression was used. For hs-TnT,
ordinal logistic regression was used. Because an independent relation-
ship was noted between hs-TnT and OSA measures, the association of
hs-TnT levels with risk of CV events within categories of OSA severity
(defined by RDI) was investigated using univariate and multivariable
Cox proportional hazards models. To address potential limitations to
our analysis we performed three different sensitivity analyses to sup-
port the strength of our results, as described in the online supplement.
All analysis was performed using STATA 11.1 (StataCorp LP, College
Station, TX).

RESULTS

Demographic, clinical characteristics, and cardiac biomarker lev-
els by OSA category are summarized in Table 1 (see Table E1).
More severe OSA was associated with older age; male sex;
higher body mass index (BMI); a higher prevalence of previous
smoking, hypertension, and diabetes; and a lower estimated
glomerular filtration rate. In unadjusted analysis, higher RDI
was associated with higher hs-TnT levels (Spearman correlation
coefficient ¼ 0.25; P , 0.0001) (Table 2; see Table E2 and
Figure E1). Similarly, based on ordinal logistic regression mod-
els, a doubling of RDI was associated with an odds ratio of 1.24
for being in a higher hs-TnT category. A change from a lower
OSA category to a more severe category was associated with an
odds ratio of 1.45 (1.32–1.60) for being in a higher hs-TnT cat-
egory. The relationship between RDI and hs-TnT remained
significant in multivariable ordinal logistic regression models
adjusting for age, sex, and BMI (Model 2; P ¼ 0.007) (Table 2;
see Table E2) and in fully adjusted models (Model 5; P ¼ 0.02)
(Table 2; see Table E2). This association between RDI and
hs-TnT was driven largely by significantly higher hs-TnT levels
in the severe compared with no OSA group (severe vs. no OSA:
age-, sex-, BMI-adjusted P ¼ 0.03; fully adjusted P ¼ 0.06)
(Figure 1).

In unadjusted analysis, a weak, but significant negative corre-
lation between RDI and NT-proBNP was noted (Pearson cor-
relation coefficient, 20.11; P , 0.0001), suggesting higher
RDI was associated with lower NT-proBNP. This association
remained significant after adjusting for sex and age (P ¼ 0.0007)
(Table 2; see Table E2), but was greatly attenuated after addi-
tional adjustment for BMI (P ¼ 0.05), and was no longer sig-
nificant after further adjustment (P ¼ 0.19 in Model 5) (Table 2;
see Table E2).

Participantswere followed up for amedian of 12.4 (interquartile
range, 11.6–13.1) years with a total of 222 deaths, 212 participants
experiencing incident CHD events, and 122 participants experi-
encing incident HF. A total of 427 participants died or experienced
an incident CV event during the follow-up period. Within each
OSA group, higher hs-TnT level was associated with a higher
hazard ratio for death or incident HF, death or incident CHD,
and the composite of death, incident HF, or incident CHD,
consistently from the unadjusted to the fully adjusted model
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(Table 3; see Table E3). For death or incident HF in particular,
this relationship was most robust in the severe OSA group and
least robust in the no OSA group (P for interaction ¼ 0.04).

Similar results to the primary analysis were found when the
analysis was repeated using 0.005 mg/L as the limit of detection,
instead of 0.003 mg/L (see Tables E1–E3). Sensitivity analyses
restricting the population to participants with RDI and bio-
marker measurement performed within 12 months of each other
(n ¼ 1,025), to participants with complete data (n ¼ 1,630), or to
participants with estimated glomerular filtration rate greater
than or equal to 60 ml/min/1.73 m2 (n¼ 1,568) were all consistent
with the results found in the overall study population. Similarly,
sensitivity analysis using uniform cut-offs for hs-TnT catego-
ries for both sexes demonstrated consistent results (see online
supplement).

DISCUSSION

Among 1,655 community-dwelling participants without prev-
alent CHD or HF, more severe OSA was significantly associ-
ated with higher hs-TnT levels, even after adjusting for 17
potential confounders. Furthermore, hs-TnT levels were as-
sociated with incident CV disease events or death in each
category of OSA severity, especially for incident HF. This
association seemed to be largely driven by higher hs-TnT
in participants with severe OSA compared with the no OSA

group. In contrast, no association was noted between OSA and
NT-proBNP levels after adjusting for potential confounders, most
notably BMI.

TABLE 1. BASELINE DEMOGRAPHICS, CLINICAL CHARACTERISTICS, AND CARDIAC BIOMARKER LEVELS IN THE STUDY POPULATION
OVERALL AND BY CATEGORY OF OSA SEVERITY

Overall (n ¼ 1,655)

OSA Severity

P for TrendNone (n ¼ 910) Mild (n ¼ 476) Moderate (n ¼ 168) Severe (n ¼ 101)

Age, yr 62.5 6 5.5 61.8 6 5.5 63.3 6 5.4 63.4 6 5.3 64.2 6 5.3 ,0.0001

Female 897 (54%) 595 (65%) 208 (44%) 59 (35%) 35 (35%) ,0.0001

White 1,640 (99%) 908 (99.8%) 465 (98%) 167 (99%) 100 (99%) 0.01*

Comorbidities

Hypertension 621 (38%) 301 (33%) 195 (41%) 71 (42%) 54 (53%) ,0.0001*

Diabetes 180 (11%) 65 (7%) 73 (15%) 25 (15%) 17 (17%) ,0.0001*

Prior stroke 23 (1.4%) 10 (1.1%) 8 (1.7%) 3 (1.8%) 2 (2%) 0.26*

Atrial fib/flutter 13 (0.8%) 8 (0.9%) 3 (0.6%) 1 (0.6%) 1 (1%) 0. 88*

Smoking

Current 169 (10%) 118 (13%) 29 (6%) 14 (8%) 8 (8%) 0.0002*

Former 773 (47%) 392 (43%) 247 (52%) 91 (54%) 51 (51%) 0.0004*

Asthma 122 (7%) 62 (7%) 37 (8%) 18 (11%) 5 (5%) 0.37*

COPD 119 (7%) 66 (7%) 39 (8%) 11 (7%) 3 (3%) 0.55*

BMI, kg/m2 28.6 6 5.0 27.0 6 4.3 29.6 6 4.8 31.8 6 5.3 33.4 6 5.0 ,0.0001

SBP, mm Hg 126 6 18 123 6 17 128 6 18 128 6 18 130 6 16 ,0.0001

DBP, mm Hg 71 6 9 70 6 9 71 6 10 73 6 10 73 6 10 ,0.0001

FEV1, L 2.90 6 0.71 2.84 6 0.69 2.97 6 0.71 3.00 6 0.74 2.93 6 0.63 ,0.0001

FVC, L 3.91 6 0.93 3.85 6 0.91 4.00 6 0.93 4.04 6 0.90 3.91 6 0.83 ,0.0003

eGFR, ml/min/1.73 m2 83.3 6 13.1 83.9 6 13.0 82.5 6 13.4 83.7 6 13.0 81.5 6 12.4 0.03

NT-proBNP, pg/ml 67 (34–122) 71 (39–129) 67 (33–119) 50 (24–95) 52 (24–118) ,0.001†

Hs-TnT, mg/L 0.004 (,0.003–0.007) 0.004 (,0.003–0.006) 0.005 (,0.003–0.008) 0.005 (0.003–0.009) 0.006 (0.004–0.010) ,0.0001‡

Hs-TnT category

Undetectable (,0.003 mg/L) 575 (35%) 381 (42%) 132 (28%) 41 (25%) 21 (21%) ,0.0001

M: 0.003–0.005 mg/L 370 (22%) 198 (22%) 117 (25%) 39 (23%) 16 (16%)

F: 0.003–0.004 mg/L

M: 0.006–0.008 mg/L 277 (17%) 139 (15%) 84 (18%) 31 (19%) 23 (23%)

F: 0.005 ng/L

M: 0.009–0.013 mg/L 235 (14%) 108 (12%) 77 (16%) 34 (20%) 16 (16%)

F: 0.006–0.007 mg/L

M: >0.014 mg/L 188 (11%) 78 (9%) 65 (14%) 21 (13%) 24 (24%)

F: >0.008 mg/L

Definition of abbreviations: BMI ¼ body mass index; COPD ¼ chronic obstructive pulmonary disease; DBP ¼ diastolic blood pressure; eGFR ¼ estimated glomerular

filtration rate; hs-TnT ¼ high-sensitivity troponin T; NT-proBNP ¼ N-terminal pro–B-type natriuretic peptide; OSA ¼ obstructive sleep apnea; SBP ¼ systolic blood

pressure.

* Based on two sample Wilcoxon rank-sum test.
yBased in logarithmic transformed values for biomarkers.
zBased in nonparametric trend test.

TABLE 2. UNIVARIATE AND MULTIVARIABLE MODELS ASSESSING
THE RELATIONSHIP BETWEEN RDI AND CARDIAC BIOMARKERS

Hs-TnT NT-proBNP

N

Beta

Coefficient

6 SE P Value N

Beta

Coefficient

6 SE P Value

Unadjusted 1,645 0.27 6 0.03 ,0.0001 1,644 20.08 6 0.02 ,0.0001

Model 1 1,645 0.15 6 0.03 ,0.0001 1,644 20.06 6 0.02 0.0007

Model 2 1,642 0.10 6 0.04 0.007 1,641 20.04 6 0.02 0.05

Model 3 1,637 0.08 6 0.04 0.03 1,636 20.04 6 0.02 0.04

Model 4 1,633 0.09 6 0.04 0.02 1,632 20.03 6 0.02 0.08

Model 5 1,631 0.09 6 0.04 0.02 1,630 20.02 6 0.02 0.19

Definition of abbreviations: hs-TnT ¼ high-sensitivity troponin T; NT-proBNP ¼
N-terminal pro–B-type natriuretic peptide; RDI ¼ Respiratory Disturbance Index.

Analysis for hs-TnT based on ordinal logistic regression. Analysis for NT-proBNP

based on linear regression using logarithmic transformed values. Model 1: ad-

justed by age and sex. Model 2: additionally adjusted by body mass index. Model

3: additionally adjusted by smoking status, alcohol intake, hypertension, and

diabetes. Model 4: additionally adjusted by pulmonary function tests (FEV1 and

FVC) and chronic lung disease. Model 5: additionally adjusted by systolic blood

pressure; estimated glomerular filtration rate; and blood levels of insulin, total

cholesterol, low-density lipoprotein, high-density lipoprotein, and triglycerides.

Reported regression coefficients are those associated with log (RDI).
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To our knowledge, this community-based study is one of the
first to demonstrate an independent association between sleep
apnea severity and circulating levels of hs-TnT after adjusting
for potential confounders. Because OSA is significantly associ-
ated with multiple established CV risk factors there has been
controversy over whether OSA is causally related to incident
CHD or HF (2, 3). OSA is characterized by repetitive episodes
of nocturnal hypoxemia, with associated sympathetic activation,
hypertension, and tachycardia. The nocturnal hypoxemia likely
contributes to ischemia, as supported by several publications
demonstrating electrocardiogram changes consistent with ische-
mia occurring in association with apneas, although this finding
has not been universal (21). OSA may also cause myocardial
stress and injury because of the increased load on both the right
and left ventricles resulting from marked swings in intrathoracic
pressure during obstructed breathing, and associated paroxysmal
nocturnal and more chronic systemic and pulmonary hyperten-
sion, a mechanism supported by the association of OSA with
biventricular hypertrophy (22, 23). The independent relation-
ship found between OSA severity and higher circulating hs-TnT
would therefore help inform the understanding of the associ-
ation between OSA and CV outcomes by suggesting that
subclinical myocardial injury may be a possible causal link.

Although troponin assays are used commonly in CV research
and clinical settings, there has been little prior research that has
addressed this marker in association with OSA. Previous studies
have not demonstrated a significant relationship between TnT
levels and OSA severity (6); however, newer hs-TnT assays
detect TnT levels in a much higher proportion of disease-free
subjects than traditional TnT assays (8). Similar to our study,
using an hs-TnT limit of measurement of 0.003 mg/L, Randby
and coworkers (8) recently evaluated the association between
OSA severity and the presence of detectable hs-TnT in 505
individuals from a community-based cohort. The association
of OSA with hs-TnT was not significant after adjustment of
potential confounders. Importantly, unlike our study, their pop-
ulation was younger (30–65 yr old) and was enriched for prev-
alent CV disease. Possibly related to the younger age and lower
prevalence of hypertension and diabetes in their population,
only 43% of subjects had detectable hs-TnT, compared with
65% of subjects in our study. Additionally, they examined the
association of OSA severity with the presence of measurable

hs-TnT, whereas we assessed its relationship with both the pres-
ence and the magnitude of hs-TnT level, which should enhance
our study’s power.

Further supporting a mechanistic link between OSA, hs-TnT,
and CV events (and consistent with findings in the overall ARIC
population) hs-TnT level was a significant predictor of incident
CHDandHF in our study population. In addition, hs-TnT remained
a significant predictor within each category of OSA severity, with
greater risk associated with elevated hs-TnT levels in more severe
OSA categories. The significant interaction found between OSA
severity and hs-TnT levels in predicting incident HF suggests the
possibility that hs-TnT levels may be a particularly important prog-
nostic marker in patients with severe OSA.

We observed a negative association between OSA severity
and NT-proBNP levels in unadjusted analysis. However, BMI
is a key confounder of this relationship, because obesity
is a powerful risk factor for OSA (24) but also associated
with inappropriately low NT-proBNP levels (25). Indeed, in
our study, the negative association between OSA severity
and NT-proBNP levels was markedly attenuated after adjust-
ment by BMI and no longer significant after further adjustment.
Although previous studies have shown conflicting results (10–12),
our results are concordant with those of the largest prior study by
Patwardham and coworkers (11) who found no independent
association between OSA severity and circulating natriuretic
peptides levels in the Framingham-Offspring/SHHS study.

Several limitations of this analysis should be noted. Our anal-
ysis was cross-sectional in design and precludes conclusions
regarding causality. Although multiple additive multivariable
models were used, residual confounding cannot be excluded.
Conversely, many potential confounders may also act as medi-
ators between OSA and the outcomes of interest, potentially
leading to greater type 2 error. Biomarkers were not measured
coincident with polysomnography, with a difference between the
two measurements of greater than 1 year in many participants.
Although biomarker levels may change over time, individuals
with intercurrent CV events between polysomnography and bio-
marker assessment were excluded. In addition, prior studies sug-
gest that sleep apnea classification remains largely stable over
several months to years (26, 27) suggesting that at the time of
biomarkers determination OSA status was similar to that assessed
at the time of the polysomnography. Additionally, a sensitivity

Figure 1. Whisker box-plot of high-sensitivity troponin
T (hs-TnT) levels by obstructive sleep apnea (OSA) cate-

gory. Hs-TnT is shown using a logarithmic scale. Values

under the limit of detection (0.003 mg/L) are assigned to
a value of 0.002 mg/L). *Unadjusted ordinal logistic

regression. yMultivariable ordinal logistic regression

adjusted by age, body mass index, smoking status, al-

cohol intake, hypertension, diabetes, chronic lung dis-
ease, pulmonary function tests, estimated glomerular

filtration rate, systolic blood pressure, and blood levels

of total cholesterol, low-density lipoprotein, high-density

lipoprotein, triglycerides, and insulin (Model 5).
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analysis restricting the population to those with sleep variables
and soluble biomarkers ascertained within 1 year of each other
demonstrated concordant results with the primary analysis. Infor-
mation regarding the time of collection of blood was not available.
Although NT-proBNP has the longest half-life of the natriuretic
peptide biomarkers, it is still short at approximately 120 minutes
(28). This may diminish our ability to detect an association of
OSA severity with NT-proBNP levels (11). Although our study
is one of the largest to our knowledge to assess the relationship
between uniformly assessed OSA severity and hs-TnT, the limited
number of participants in the most severe OSA category may
limit our power to detect associations.

Conclusions

After adjustment for potential confounders, OSA severity is as-
sociated with higher levels of hs-TnT in middle-aged to older
individuals, suggesting that subclinical myocardial injury caused
by OSA may play a role in the subsequent risk of HF. Further
research is needed to identify the role of subclinical ischemia in
OSA, and the potential usefulness of monitoring hs-TnT levels as
a prognostic marker in individuals with OSA but without prev-
alent CV disease.

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