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Rationale: Individuals with sleep-disordered breathing (SDB) are at
increased cardiovascular risk, possibly due to SDB-related stresses
contributing to atherosclerosis.

Objectives: We postulate that pathways associated with a prothrom-
botic potential are up-regulated in SDB.

Methods: Morning and evening plasminogen activator inhibitor-1
(PAI-1), morning fibrinogen, and morning D-dimer were measured
in 537 Cleveland Family Study adults. Piecewise multivariable linear
mixed models estimated relative mean change or mean change in
the biomarker per 5-unit increase in apnea-hypopneaindex (AHI) in
two groups: AHl less than 15 and AHI greater than or equal to 15, and
hypoxia defined as percentage of sleep time with Sao, less than 90%
(< 2%, = 2%).

Measurements and Main Results: Nonlinear associations were demon-
strated: morning and evening PAI-1 increased by 12% (95% confi-
dence interval [Cl], 5-20%; P < 0.001) and 11% (95% Cl, 2-20%; P =
0.01), respectively per 5-unit AHl increase until an AHI of 15, when no
further increase in PAI-1 was demonstrated. The association be-
tween AHI and morning PAI-1 remained significant after adjusting
for evening PAI-1 level (10%; 95% Cl, 3-17%; P < 0.01). Morning
fibrinogen increased on average by 8.4 mg/dl (95% Cl, 3.12-13.65;
P = 0.002) per five-unit AHI increase until an AHI of 15. There was
no association between AHI and morning D-dimer. Hypoxia severity
was not associated with thrombotic marker levels.

Conclusions: PAI-1 and fibrinogen levels increase monotonically with
AHI at degrees of SDB considered mildly to moderately abnormal,
suggesting that even mild SDB levels may increase prothrombotic
processes. There may be a plateau in this effect, occurring at levels
considered to reflect only moderate SDB severity. These relation-
ships with mild-to-moderate SDB were not observed with D-dimer.
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Sleep-disordered breathing (SDB) is a prevalent condition
characterized by repetitive complete or partial upper airway
collapse resulting in intermittent hypoxemia and sympathetic
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Sleep-disordered breathing (SDB) is associated with ad-
verse cardiovascular outcomes and increased mortality. The
mechanistic pathways for these associations may include
increased atherothrombotic disease occurring secondary to
SDB-related proinflammatory and prothrombotic stressors.
Prior research has not consistently identified the extent to
which biomarkers associated with cardiovascular disease are
increased in association with SDB.

What This Study Adds to the Field

In the current study, we find that levels of the prothrombotic
biomarkers plasminogen activator inhibitor-1 and fibrinogen
increase with incremental increases in the apnea-hypopnea
index until a plateau is reached at a moderate level of SDB.
Associations persisted after consideration of confounders,
including body mass index, medications, and smoking,
suggesting that the changes in prothrombotic biomarkers
were secondary to mild to moderate levels of SDB-related
stressors and providing support for treating patients with
even modest levels of SDB.

nervous system activation with attendant adverse cardiovascular
outcomes. Studies have demonstrated an association between
SDB and cardiovascular outcomes, including hypertension,
stroke, and heart failure (1-4). Recent longitudinal data have
brought to light the increased risk of cardiovascular mortality
associated with SDB (5-7). Literature also supports an in-
creased risk of death in those with SDB during the 12:00 A.m.
to 6:00 A.M. hours compared with subjects without sleep apnea
(8). The mechanisms of SDB-associated cardiovascular disease
and mortality are uncertain; however, these may involve chronic
SDB-induced atherothrombotic disease and potentially super-
imposed, more immediate processes, such as acute vascular
thrombosis/infarction.

Atherothrombosis of the vasculature, including the coronary
and cerebral vessels, is considered a disorder of hemostasis,
inflammation, endothelial dysfunction, and lipid metabolism.
We chose to focus on the role of thrombosis in SDB by
examining the relation of SDB and plasminogen activator
inhibitor-1 (PAI-1), a molecule that inhibits fibrinolysis by
inactivation of tissue plasminogen activator given its described
contribution to atherothrombotic events and associated risk of
recurrent myocardial infarction (9-11). PAI-1 levels have been
shown to vary with measures of hypoxemia (12, 13) as well as
sympathetic nervous system activation (14), both known con-
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sequences of SDB. Although some data suggest increased
PAI-1 levels in those with SDB (15, 16) and improvement with
SDB treatment (17), these studies involved small sample sizes
and individuals referred to sleep centers (15, 16), may have
inadequately controlled for confounding factors (15), lacked
a control group (17), and did not examine diurnal variability.
We also investigated the association of SDB with fibrinogen
given its role in clot formation and association with coronary
artery disease (18). Several small studies have identified an
association with fibrinogen and SDB; however, limitations of
these studies include small sample sizes, lack of clarity regarding
whether these relationships are independent of obesity, and lack
of a comparison group (19, 20). D-dimer is a cross-linked fibrin
degradation fragment that is highly sensitive in the detection of
venous thromboembolic disease and may identify abnormalities
of thrombosis in both the venous and arterial systems (21-23).
The literature regarding an association between SDB and
D-dimer is inconsistent (16, 17, 24).

In the current study, we report cross-sectional associations
between SDB and thrombotic measures from the Cleveland
Family Study, a cohort established to investigate the risk factors
and consequences of SDB, which involves individuals with a
wide spectrum of SDB and incorporates a collection of selective
measures of evening and morning measures of thrombosis. The
wide range of SDB severity in this sample provided an oppor-
tunity to explore the nature of the dose-response association
between apnea-hypopnea index (AHI) and prothrombotic mark-
ers, in particular at the low levels of SDB common in the
community, which have been associated with an increased risk
of cardiovascular disease (3). Some of the results of this work
have been previously reported in the form of an abstract (25).

METHODS

Study Population

The initial Cleveland Family Study cohort was assembled by identify-
ing affected families with a proband with diagnosed sleep apnea, and
neighborhood control subjects were also recruited. Recruitment and
data collection methods have been previously described (26). The
current report involves subjects participating in a clinical laboratory—
based examination conducted between 2001 and 2006 designed to
identify cardiovascular risk factors associated with SDB.

Data Collection

Testing was conducted in the Dahms Clinical Research Unit (Cleve-
land, OH) after obtaining Institutional Review Board approval and
written informed consent from each participant. Height was measured
using a rigid stadiometer, and weight with a calibrated digital scale
using standardized methods, and these measures were used to calculate
body mass index (BMI, kg/m?). Venous blood was sampled between
22:00 and 23:00 in the supine position before sleep onset. Blood was
again drawn, supine, between 7:00 and 8:00 the next morning after
overnight polysomnography and an overnight fast. After centrifuging
and aliquoting using standardized protocols, samples were stored at
—80°C until assayed at the University of Vermont Laboratory for
Clinical Biochemistry Research. PAI-1 (ng/ml), fibrinogen (mg/dl), and
D-dimer (ng/ml) were assayed. PAI-1 was measured by a two-site
ELISA (27) using an assay that was sensitive to free PAI-1 (both latent
and active), but not PAI-1 in complex with tissue plasminogen
activator. Fibrinogen concentrations were quantified by the STa-R
automated coagulation analyzer (Diagnostica Stago, Parsippany, NJ),
which uses the clotting method developed by Clauss (28) in which the
level of fibrinogen is directly correlated with the clotting time of
a diluted plasma sample in the presence of excess thrombin (28). D-
dimer was quantified with the STa-R analyzer using an immuno-
turbidimetric assay (Liatest D-DI; Diagnostica Stago). Timing of the
blood draws, the draw procedure, and sample processing were carefully
monitored and protocols strictly followed to prevent contamination by
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platelets (29, 30). Analytical coefficients of variation for the assays
were: 3.5% for PAI-1, 4.0% for fibrinogen, and 1% for D-dimer.

Overnight 14-channel polysomnography was performed using the
Compumedics E-Series System (Abbotsford, Australia). Studies were
scored using standard approaches (31, 32). Apneas and hypopneas
were defined using Sleep Heart Health Study criteria, modified to
include nasal pressure signal. Hypopneas were identified as a discern-
ible decline in respiratory effort (from inductive respiratory bands) or
airflow (from thermocouple or nasal pressure) for 10 seconds or more
associated with a greater than or equal to 3% oxygen desaturation. The
AHI was used to assess SDB severity, and was defined as the number
of respiratory events (apneas and hypopneas) per hour of sleep, with
the vast majority of apneas categorized as obstructive.

Statistical Analysis

Standard descriptive statistics were used to describe the study sample.
Continuous and categorical variables were compared between subjects
with AHI less than 15 and AHI greater than or equal to 15 using
Wilcoxon and Pearson chi-square tests, respectively.

The primary outcomes examined were morning and evening PAI-1
(to capture known diurnal variability in PAI-1), morning fibrinogen,
and morning D-dimer levels. To satisfy model assumptions, morning
and evening PAI-1 and D-dimer levels were log transformed before
model fitting.

To model the association between AHI and each thrombosis
marker, linear mixed models with a compound symmetric covariance
structure to account for within-family correlation were used. To assess
the functional form of AHI relative to markers of thrombosis, a re-
stricted cubic spline model was initially fit and showed an approximate
linear threshold effect at an AHI of 15. Consequently, a piecewise
linear mixed model with one knot at AHI = 15 was used. To facilitate
interpretation, the parameter estimates from these models were used
to estimate the relative (geometric) mean change in level of PAI-1 or
D-dimer or the mean change in morning fibrinogen for each 5-unit
AHI change.

To examine the effect of possible confounders on the association
between AHI and each thrombosis marker, two multivariable models
were also fit. Model 1 adjusted for age, sex, and race only; Model 2
additionally adjusted for BMI, self-reported cardiac/cerebrovascular
disease (i.e., history of angina, coronary angioplasty, coronary artery
bypass graft surgery, myocardial infarction, coronary heart disease,
stroke, carotid endarterectomy, or heart failure), hypertension (blood
pressure = 140 mm Hg or diastolic blood pressure = 90 mm Hg or use
of antihypertensive medication), diabetes mellitus (fasting glucose =
126 mg/dl or oral glucose tolerance test = 200 mg/dl or use of hypo-
glycemic medication), menopausal status (pre- versus postmenopausal
status), smoking status (current smoker versus noncurrent), aspirin use,
and use of oral contraceptive/estrogen replacement therapy. To assess
immediate SDB-related effects on morning PAI-1 levels, an additional
model was fit adjusting for the evening PAI-1 level (Model 3).

The association between hypoxia (percentage of total sleep time <
90% oxygen saturation [dichotomized at 2% given its skewed distri-
bution]) and arousal index (dichotomized at 15) with each thrombotic
marker was also examined. To further examine any confounding
influence of cardiac/cerebrovascular disease or hypertension, sensitivity
analyses were performed excluding those participants with these
respective disorders.

All tests were performed using SAS v 9.2 (SAS Institute Inc., Cary,
NC) for analyses and R 2.9.2 for the graphs.

RESULTS

Primary Analyses

Of the 735 participants in the study, the analyses were restricted
to participants 16 years of age or older (n = 644) and without
severe chronic health conditions, such as systemic lupus eryth-
ematosus, rtheumatoid arthritis, multiple sclerosis, and liver or
renal disease (n = 18) as well as subjects taking oral cortico-
steroids or anticoagulants (n = 36) (see flow diagram in the
online supplement). Individuals who reported regular continu-
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ous positive airway pressure use for sleep apnea and who were
studied when not using continuous positive airway pressure
were excluded (n = 13). The final analytic sample included
those individuals with complete PAI-1, fibrinogen, and D-dimer
data (n = 537). Those individuals with missing (n = 39) versus
nonmissing values were younger (37.0 £ 18.5 vs. 44.6 = 16.8 yr)
and had a lower BMI (30.3 = 9.6 vs. 33.5 + 8.9 kg/m?).

Table 1 shows subject characteristics according to level of
AHI. Subjects were 44.6 £ 16.8 years of age, obese with BMI
33.5 = 8.9 kg/m?, 57.0% women, and 54.9% African American.
As expected, there was a higher percentage of men and subjects
with obesity, diabetes mellitus, hypertension, and cardiac or
cerebrovascular disease in those with AHI greater than or equal
to 15 compared with those with AHI less than 15.

To initially examine the association between AHI and each
of the markers, an unadjusted mixed model was fit using a
restricted cubic smoothing spline to model AHI. An increase in
AHI was associated with increases in the levels of morning and
evening log PAI-1 as well as morning and evening fibrinogen
until a threshold AHI of 15 was reached, at which point there
appeared to be a plateau (Figures 1 and 2). In contrast, no
association was observed between D-dimer levels and AHI.

Morning and evening PAI-1. Table 2 presents the results
from the piecewise linear mixed models that were developed to
investigate the association between AHI and morning and
evening PAI-1, and Figure 1 presents a scatterplot/graph of
unadjusted and fully adjusted piecewise linear models between
morning and evening PAI-1 (on the log scale) and AHI. For
morning PAI-1, Model 1 demonstrated that at levels of AHI
less than 15, the mean of morning PAI-1 increased by 26%
(95% confidence interval [CI], 17-36%; P < 0.001) per 5-unit
AHI increase. In contrast, at levels of AHI greater than or
equal to 15, the mean of morning PAI-1 remained relatively the
same per S-unit AHI increase (P = 0.43). A test of the
piecewise linear association between AHI and morning PAI-1
was highly significant (P < 0.001), indicating that for a 5-unit
increase in AHI, the relative mean change in morning PAI-1

when AHI less than 15 was significantly different from the
relative mean change in morning PAI-1 when AHI was greater
than or equal to 15. After adjusting for potential confounders,
including BMI, cardiovascular factors, and medications (Model
2), the association with lower levels of SDB (AHI < 15) and
morning PAI-1 was attenuated, but persisted such that the
mean of morning PAI-1 increased, on average, by 12% (95%
CI, 5-20%; P < 0.001) per 5-unit AHI increase.

With respect to evening PAI-1 levels and AHI, the results
were similar to that of morning PAI-1. For evening PAI-1,
Model 1 demonstrated that at levels of AHI less than 15, the
mean of evening PAI-1 increased by 24% (95% CI, 14-36%;
P < 0.001) per 5-unit AHI increase. Alternatively, at levels of
AHI greater than or equal to 15, the relative mean change in
morning PAI-1 remained relatively the same (P = 0.46) per
S-unit AHI increase. The test of the piecewise linear association
between AHI and evening PAI-1 was significant (P < 0.001),
indicating that for a 5-unit increase in AHI, the relative mean
change in evening PAI-1 when AHI was less than 15 was
significantly different from the relative mean change in evening
PAI-1 when AHI was greater than or equal to 15. In Model 2,
after adjusting for potential confounders, the association with
lower levels of SDB (AHI < 15) and evening PAI-1 was atten-
uated (similar to associations noted with morning levels), but
persisted, such that when AHI increased by 5 units, the mean in
evening PAI-1 increased by 11% (95% CI, 2-20%; P = 0.02).

Given the biologic plausibility that morning levels of throm-
botic markers may be increased due to overnight SDB-associated
physiological stressors, and known diurnal variability in PAI-1,
an analysis of PAI-1 morning levels was also performed after
further adjusting for PAI-1 evening levels (Model 3). In this
case, there remained a statistically significant association be-
tween morning PAI-1 and mild degrees of SDB (AHI < 15),
such that when AHI increased by 5 units, the mean in morning
PAI-1 increased by 10% (95% CI, 3-17%; P = 0.002).

Sensitivity analyses of morning and evening PAI-1 excluding
those participants with cardiac/cerebrovascular disease (n =

TABLE 1. SUBJECT CHARACTERISTICS OF THE ANALYTIC SAMPLE DICHOTOMIZED BY APNEA-HYPOPNEA INDEX

Demographics (n = 536) Analytic Sample (n = 536) AHI < 15 (n = 392) AHI = 15 (n = 144) P Value
Subject characteristics
Age, yr 44.6 + 16.8, 45.4 (29.7-55.2) 42.2 = 16.8, 43.0 (25.5-53.2) 51.0 = 15.0, 49.3 (42.6-62.0) < 0.001
Female sex 56.9% 62.8% 41.0% < 0.001
Menopausal status* 35.4% 31.3% 52.5% 0.004
African American race 55.0% 53.3% 59.7% 0.24
BMI, kg/m? 33.5 £ 8.9, 32.2 (27.0-38.7) 32.3 £ 8.9, 30.5 (25.9-36.7) 36.9 = 7.9, 359 (31.2-41.9) < 0.001
Waist circumference, cm 100.2 = 19.6, 98.4 (85.7-112.4) 96.5 = 19.4, 94.0 (81.9-108.8) 110.2 = 16.4, 109.5 (100.4-119.8) < 0.001
Current smoker 27.6% 27.3% 28.5% 0.77
Medical conditions
Hypertension 36.2% 30.6% 51.4% < 0.001
Diabetes mellitus 20.0% 16.1% 30.6% < 0.001
Cardiovascular disease 11.4% 9.2% 17.4% 0.003
Medication use
Aspirin use 28.7% 27.0% 33.3% 0.12
Birth control or HRT use* 12.4% 14.2% 5.1% 0.04
Statins 11.0% 7.1% 21.5% < 0.001
Antihypertension 23.0% 18.6% 34.7% < 0.001
Oral glucose 9.7% 8.4% 13.2% 0.09
Insulin 2.8% 1.8% 5.6% 0.02
Sleep measures
Apnea-Hypopnea Index 13.2 +£19.6, 5.2 (1.6-16.1) 4.3 + 4.0, 2.6 (1.0-6.4) 38.1 + 23.4, 28.2 (20.2-50.2) < 0.001
= 2% of sleep time with 22.7% 8.0% 62.5% < 0.001
oxygen saturation < 90%
Arousal index 16.2 = 9.3, 14.0 (9.7-20.1) 13.5 = 6.4, 12.5 (8.8-16.7) 23.8 + 11.5, 22.0 (14.9-31.0) < 0.001

Definition of abbreviations: AHI = apnea-hypopnea index; BMI = body mass index; HRT = hormone replacement therapy.
For continuous variables, mean * standard deviation, median, and interquartile range are presented. For categorical variables, percentage is presented.

* Among females (n = 305).
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Points represent a scatterplot of (A) morning and (B) evening plasminogen activator inhibitor-1 (PAI-1) (on the log scale) and apnea-

hypopneas index (AHI), and lines represent the model-based unadjusted and fully adjusted piecewise linear association between morning and
evening PAI-1 (on the log scale) and AHI. To ensure normal distribution assumptions of the mixed model are satisfied, PAI-1 values were log

transformed before fitting the piecewise linear association.

475) or excluding those with hypertension (n = 342) revealed
that unadjusted and fully adjusted results were consistent with
those presented in the primary analyses. Tables are included in
the online supplement.

There was no statistically significant association between
percentage of sleep time at less than 90% oxygen saturation or
arousal index with both morning and evening PAI-1 in the
partially or fully adjusted models.

Morning and evening fibrinogen. Although initially both
morning and evening levels of fibrinogen were measured, an
interim analysis showed these analyses to be highly correlated
(r = 0.87; n = 397); therefore, primary analyses reported results
for morning fibrinogen only. Table 3 presents the results from
the piecewise linear mixed models that were developed to
investigate the association between AHI and morning fibrino-

gen levels and Figure 2 presents a scatterplot/graph of un-
adjusted and fully adjusted piecewise linear models between
morning fibrinogen and AHI. For morning fibrinogen, Model 1
demonstrated that at AHI levels less than 15, morning fibrin-
ogen increased on average by 14.4 mg/dl (95% CI, 8.68-20.18;
P < 0.001) per 5-unit AHI increase. Alternatively, no significant
incremental change in morning fibrinogen was observed with
increasing AHI when RDI greater than or equal to 15 (i.e., per
S-unit increment in AHI, morning fibrinogen increased only by
0.3 mg/dl [95% CI, —2.06 to 2.66; P = 0.80]). A test of the
piecewise linear association between AHI and morning fibrin-
ogen was highly significant (P < 0.001), indicating that for a 5-
unit change in AHI, the mean change in morning fibrinogen
when AHI was less than 15 was significantly different from the
mean change in morning fibrinogen when AHI was greater than
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Figure 2. Points represent a scatterplot of morning fibrinogen and apnea-hypopneas index (AHI), and lines represent the model-based unadjusted
and fully adjusted piecewise linear association between morning fibrinogen and AHI.

or equal to 15. After adjusting for potential confounders (Model
2), the association with lower levels of SDB (AHI < 15) and
morning fibrinogen was attenuated, but persisted such that
when AHI increased by 5 units, morning fibrinogen increased
on average by 8.4 mg/dl (95% CI, 3.12-13.65; P = 0.002). Based
on an analytic sample of 397 individuals who had evening levels
assayed, results for evening fibrinogen were similar to morning
fibrinogen. Specifically, after adjusting for covariates, evening

fibrinogen increased on average by 8.7 mg/dl (95% CI, 2.72—
14.62); P < 0.001) (results not shown).

Sensitivity analyses of morning fibrinogen excluding those
participants with cardiac/cerebrovascular disease (n = 475) or
excluding those with hypertension (n = 342) revealed that
unadjusted and adjusted results were consistent with those
presented in the primary analyses. Tables are included in the
online supplement.

TABLE 2. ESTIMATED RELATIVE MEAN CHANGE IN PLASMINOGEN ACTIVATOR INHIBITOR-1 WHEN
APNEA-HYPOPNEA INDEX IS MODELED USING A PIECEWISE LINEAR ASSOCIATION (N = 536)

Estimated Relative Mean Change
in PAI-1 Given a 5-Unit Increase
in AHI (95% Cl)

Given a 5-Unit Increase in AHI

Test if Relative Mean
Change in PAI-1 is the
Same for Both AHI Groups

Test if No Relative
Mean Change in PAI-1

PAI-T a.m. (ng/ml)*

Model 1
AHI < 15 1.26 (1.17-1.36)"
AHI = 15 1.01 (0.98-1.04)
Model 2
AHI < 15 1.12 (1.05-1.19)
AHI = 15 0.99 (0.97-1.01)
Model 3
AHI < 15 1.10 (1.03-1.17)
AHI = 15 0.99 (0.97-1.01)
PAI-1 p.m. (ng/ml)*
Model 1
AHI < 15 1.25 (1.14-1.36)
AHI = 15 1.01 (0.98-1.04)
Model 2
AHI < 15 1.11 (1.02-1.20)
AHI = 15 0.99 (0.96-1.01)

< 0.001 < 0.001
0.44
0.001 0.002
0.35
0.003 0.01
0.34

< 0.001 < 0.001
0.47
0.01 0.02
0.34

Definition of abbreviations: AHI = apnea-hypopnea index; Cl = confidence interval; PAI-1 = plasminogen activator inhibitor-1.

Model 1: AHI + age, race, sex. Model 2: Model 1 + BMI, cardiac disease/cerebrovascular disease, hypertension, diabetes
mellitus, aspirin use, oral contraceptive use, current smoker status, and menopausal status. Model 3: Model 2 + PAI-1 p.m.

* PAI-T a.m. and PAI-1 p.m. are log transformed to satisfy the assumption of normality in the model. Parameter estimates are

then back transformed for ease of model interpretation.

T For AHI < 15, when AHl increases by 5 units, the mean of PAI-1 a.m. increases by 26% (1.26; 95% Cl, 1.17-1.36) adjusting for

age, race, and sex.
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TABLE 3. ESTIMATED CHANGE IN MORNING FIBRINOGEN WHEN APNEA-HYPOPNEA INDEX IS
MODELED USING A PIECEWISE LINEAR ASSOCIATION (N = 536)

Estimated Mean (mg/dl)
Change in Fibrinogen Given a
5-Unit Increase in AHI (95% Cl)

Test if No Mean Change
in Fibrinogen Given a
5-Unit Increase in AHI

Test if Mean Change in
Fibrinogen is the Same
for Both AHI Groups

Model 1
AHI < 15 14.55 (8.78 to 20.32)*
AHI = 15 0.28 (—2.08 to 2.64)
Model 2
AHI < 15 8.58 (3.33 to 13.83)
AHI = 15 —1.34 (—3.56 to 0.88)

< 0.001 < 0.001
0.81
0.001 0.003
0.24

Definition of abbreviations: AHI = apnea-hypopnea index; Cl = confidence interval.

Model 1: AHI + age, race, sex. Model 2: Model 1 + BMI, cardiac disease/cerebrovascular disease, hypertension, diabetes
mellitus, aspirin use, oral contraceptive use, current smoker status, and menopausal status.

* For AHI < 15, when AHl increases by 5 units, mean fibrinogen a.m. increases by 14.55 mg/dl (95% Cl, 8.78-20.32) adjusting

for age, race, and sex.

There was no statistically significant association observed
between percentage of sleep time at less than 90% oxygen
saturation or arousal index with the morning fibrinogen in the
partially or fully adjusted models.

Morning D-dimer. In both Models 1 and 2, there was no
significant relationship between morning D-dimer and an AHI
(for a 5-unit increase in AHI: 1.00; 95% CI, 0.99-1.02; P =
0.78). Additionally, there was no statistically significant associ-
ation observed between total sleep time at less than 90%
oxygen saturation and morning D-dimer in the partially and
fully adjusted models. Although there was a significant 4%
increase in the mean of D-dimer for a 5-unit increase in the
arousal index in unadjusted analyses, when taking into account
confounding factors (Model 2), this relationship was no longer
statistically significant.

DISCUSSION

This study provides evidence for a positive linear relationship
between mild to moderate levels of SDB and markers of
thrombosis (both morning and evening PAI-1 levels and
morning levels of fibrinogen), which appear to plateau at an
AHI of approximately 15. These relationships persist even after
extensive consideration of confounding factors, including BMI,
cardiovascular disease, medications that have the potential to
affect thrombotic processes, and smoking. In addition, PAI-1,
which demonstrates large diurnal variability, also appeared to
show morning variability in association with SDB, which was
not explained by evening PAI-1 levels. This may indicate the
sensitivity of PAI-1 levels to the influences of immediate
overnight SDB-physiologic stress. In contrast, unlike PAI-1
and fibrinogen, D-dimer does not demonstrate the same linear
relationships with mild to moderate SDB.

The relationship between morning and evening PAI-1 levels
and increasing severity of SDB in those with mild to moderate
SDB is of particular interest. Tissue plasminogen activator, an
enzyme secreted by endothelial cells, initiates fibrinolysis and
converts plasminogen to plasmin, which then proteolytically
degrades the fibrin that holds the thrombus together. PAI-1
exerts its effects by inactivating tissue plasminogen activator.
This results in a reduction in fibrinolytic activity, which may
lead to increased atherothrombosis due to excess fibrin forma-
tion and to promotion of vascular disease progression. There is
biologic plausibility to support a mechanistic link of hypoxia
and sympathetic nervous system activation (12-14), both known
SDB consequences, with increased PAI-1 activity.

Diurnal variation of PAI-1 activity has been reported such
that higher PAI-1 levels occur in the morning (33-35). We

observed both diurnal variation and variation of both evening
and morning PAI-1 levels in association with increased AHI
levels from 0 to 15. This suggests that overall daily levels of
PAI-1 are elevated in association with mild to moderate SDB.
Also, after adjusting for evening PAI-1 in addition to other
covariates, the relative mean change in morning PAI-1 per 5-
unit AHI increase was not substantively attenuated (10%)
compared with the model that did not adjust for evening PAI-
1 (11%). The persistence of an association between morning
PAI-1 levels and incremental increases in AHI, even after
adjusting for evening levels in conjunction with its relatively
short half-life of 2 to 5 hours (36), suggests that morning PAI-1
may be a useful marker of overnight SDB-related stress. We
have also observed similar relationships of SDB severity and
morning soluble IL-6 receptor levels, although not with IL-6
levels (37).

Fibrinogen has been identified as a risk factor for cardiovas-
cular disease likely due to multiple mechanisms, including:
binding to activated platelets via glycoprotein IIb/IIla, and
contributing to platelet aggregation, promotion of fibrin forma-
tion, enhancing plasma viscosity, and serving as an acute-phase
reactant. In the current study, morning fibrinogen levels were
observed to increase relative to increases in AHI in those with
mild to moderate SDB. Prior research has shown that in-
dividuals with ischemic stroke and SDB have higher levels of
fibrinogen, which correlates with SDB and hypoxia severity
(20).

Unlike PAI-1 and fibrinogen, D-dimer did not demonstrate
a significant association with mild to moderate SDB, which is
consistent with previously published findings. D-dimer is a break-
down product of a stabilized fibrin mesh and has been measured
clinically as a highly sensitive marker of venous thromboembo-
lism and disseminated intravascular coagulation (21, 23). Because
elevations may occur generally with aging and in settings of
venous disease (the latter of which has not been commonly
reported in association with SDB), its use as a marker of SDB
may be limited.

Perhaps the most interesting aspect of our findings was
evidence for a plateau effect at an AHI of approximately 15.
There is much uncertainty regarding thresholds and dose-
response relationships between indices of SDB and various
health outcomes. Understanding the levels of SDB that are
associated with increased risk of cardiovascular disease is
needed to most effectively target groups likely to benefit from
SDB interventions. Most clinic-based samples have reported
increased risk of adverse cardiometabolic outcomes at the
severe levels of SDB common in referred samples (5, 38).
However, our findings are consistent with the cross-sectional
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data from the Sleep Heart Health Study, which also showed an
increase in the prevalence of cardiovascular disease at low
levels of SDB, with further risk plateauing at an AHI of
approximately 11 (3). It is possible that there is a physiologic
threshold effect of hypoxic and sympathetic nervous system
surges on the thrombotic milieu such that more severe levels of
SDB may not be associated with progressive increases in
thrombotic biomarkers. Counterregulatory mechanisms may
potentially manifest after a certain level of SDB-physiologic
burden is realized, such that thrombotic risk may plateau, and
therefore higher levels of SDB may not be associated with
a graded increase in thrombotic risk. Although clinical trials are
needed to shape intervention guidelines, these data suggest that
individuals with even modest levels of SDB (which describes
a large proportion of the adult population) may have an
enhanced prothrombotic biochemical profile, increasing their
cardiovascular disease risk.

In addition to examining the AHI as the primary metric of
SDB exposure, we also examined associations with levels of
hypoxia, as ascertained by percentage of total sleep time at
oxygen saturation less than 90% and the arousal index. Mod-
eling percentage time in desaturation is challenging due to the
marked skewness of this measure. When analyzing the di-
chotomized values, we did not observe associations with any
thrombotic measure. This may reflect the more limited in-
formation and ability to fully model appropriate dose-response
associations with use of this metric, or the limited power in the
current sample to detect effects related to large degrees of
hypoxia. Compared with time in desaturation, the AHI may
more specifically measure stresses associated with intermittent
hypoxia, which may be the relevant stimulus for adverse
inflammatory/prothrombotic responses. Although arousals
may be associated with surges in sympathetic nerve activity,
the arousal index, which reflects sleep disruption occurring with
or without airway obstruction, may not reflect SDB prothrom-
botic stresses as well as the AHI, which reflects disturbances
specific to airway occlusion.

Several study limitations need to be acknowledged. Given
the cross-sectional design, causality is uncertain. Inferences
regarding dose-response relationships at the highest levels of
the AHI distribution were based on a relatively modest sample
size and it is possible that more significant associations with
higher levels of AHI or levels of hypoxia with each biomarker
may have been observed had the sample included larger
numbers of individuals with severe SDB. Although we adjusted
for many known confounders, residual confounding nonetheless
may have influenced our results. Both PAI-1 and fibrinogen
have been implicated in both incident and recurrent cardiovas-
cular events (9, 39). Our results were primarily attributed to
associations observed in individuals without established cardiac
or cerebrovascular disease, and thus best address SDB as
a putative antecedent risk factor for cardiovascular disease.
Our findings may differ from those of other epidemiological
studies demonstrating increased cardiovascular risk and mor-
tality (6, 7) due to the relatively young age of our cohort
members. Strengths of the current study include the moderately
large sample size, rigorous collection of data, collection of
evening and morning levels to assess diurnal variability, and
analysis of data from a nonreferral sample. This is the largest
study to date to examine the associations between fibrinogen
and PAI-1 relative to SDB.

In summary, these data suggest that, at low-modest levels of
SDB, incremental increases in AHI are associated with in-
creases in levels of two prothrombotic biomarkers associated
with cardiovascular disease. Future directions include exploring
whether treatment of even mild to moderate levels of SDB

improves biomarkers of thrombosis, and performing further
work to understand the specific pathways and pathobiology of
SDB-related increased risk of thrombosis.
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