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SLEEP-DISORDERED BREATHING
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Study Objectives: Data have demonstrated adverse health effects of sleep deprivation. We postulate that oxidative stress and systemic inflammation 
biomarkers will be elevated in relation to short-term and long-term sleep duration reduction.
Methods: We analyzed data from the baseline examination of a randomized controlled trial involving participants with moderate to severe obstructive sleep 
apnea (OSA). Baseline polysomnography provided the total sleep time (PSG-TST, primary predictor); self-reported habitual sleep duration (SR-HSD) data 
was collected. Morning measures of oxidative stress and systemic inflammation included: myeloperoxidase (MPO, pmol/L), oxidized low-density lipoprotein 
(ox-LDL, U/L), F2-isoprostane (ng/mg), paraoxonase 1 (PON1, nmol·min−1·mL−1), and aryl esterase (µmol·min−1·mL−1). Linear models adjusted for age, sex, 
race, body mass index (BMI), cardiovascular disease (CVD), smoking, statin/anti-inflammatory medications, and apnea-hypopnea index were utilized (beta 
estimates and 95% confidence intervals).
Results: One hundred forty-seven participants comprised the final analytic sample; they were overall middle-aged (51.0 ± 11.7 y), obese (BMI = 37.3 ± 8.1 
kg/m2), and 17% had CVD. Multivariable models demonstrated a significant inverse association of PSG-TST and MPO (β [95% CI] = −20.28 [−37.48, −3.08], 
P = 0.021), i.e., 20.3 pmol/L MPO reduction per hour increase PSG-TST. Alternatively, a significant inverse association with ox-LDL and SR-HSD was 
observed (β [95% CI] = 0.98 [0.96, 0.99], P = 0.027), i.e., 2% ox-LDL reduction per hour increase SR-HSD.
Conclusions: Even after consideration of obesity and OSA severity, inverse significant findings were observed such that reduced PSG-TST was associated 
with elevated MPO levels and SR-HSD with ox-LDL, suggesting differential up-regulation of oxidative stress and pathways of inflammation in acute versus 
chronic sleep curtailment.
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INTRODUCTION
Both epidemiologic and experimental data have consistently 
demonstrated adverse health effects of sleep deprivation. This 
translates into an exceptional degree of population-attribut-
able health burden, particularly as the number of US adults 
sleeping 6 h or less in a 24-h period has approximately dou-
bled over the past nearly 30 y, from 38.6 million to 70.1 mil-
lion according to data from the Centers for Disease Control 
and Prevention.1 The negative health consequences of reduced 
sleep duration described in epidemiologic studies are nu-
merous and encompass chronic diseases, including objective 
measures of atherosclerosis2 and cardiovascular disease,3 obe-
sity,4 and increased total mortality5 as highlighted in a joint 
statement by the American Academy of Sleep Medicine and 
Sleep Research Society.6 As an increasing proportion of the 
population experiences sleep restriction, understanding the 
biology underlying the associated negative health outcomes is 
becoming readily apparent.
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Significance
Although data have implicated up-regulation of systemic inflammation and oxidative stress in obstructive sleep apnea (OSA), the extent to which 
polysomnographically-ascertained reduced sleep duration (PSG-TST) versus subjective chronic habitual reduction of self-reported sleep duration 
(SR-HSD) relates to these pathways remain unclear. We identify differential linear increases of oxidative stress and systemic inflammation 
measures—recognized established markers of cardiovascular risk—in relation to reduced sleep duration in moderate to severe OSA. Increases in 
myeloperoxidase levels were observed with reduction PSG-TST versus increases in oxidized LDL with reduction of SR-HSD after consideration of 
confounders including obesity and cardiovascular risk. Future investigation should focus on further clarification of the role of reduced sleep in OSA in 
relation to risk of cardiovascular outcomes.

Up-regulation of systemic inflammation has been postu-
lated to represent a key underlying mechanism in sleep depri-
vation-mediated effects of chronic health disease progression. 
Differential findings have been described relative to systemic in-
flammation and subjective chronic habitual reduced sleep dura-
tion versus objective polysomnography (PSG)-identified reduced 
sleep suggesting distinctive mechanistic pathways.7 Overall, the 
understanding of the patterns of biochemical marker alterations 
in acute versus chronic sleep loss is limited. Reduced sleep du-
ration objectively ascertained by PSG in individuals with ob-
structive sleep apnea (OSA) has been understudied. Moreover, 
relationships with OSA have not uniformly been associated 
with increased inflammatory cytokines after correcting for con-
founding influences such as obesity.8 Although reduced sleep is 
considered to represent a pathologic factor in OSA leading to 
adverse cardiovascular health sequela, the relationships of acute 
versus chronic sleep loss in OSA relative to changes in systemic 
inflammation and oxidative stress is unclear.
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Myeloperoxidase (MPO), an enzymatic catalyst for gen-
erating reactive oxidants involved in the promotion of lipid 
peroxidation and a measure of vascular inflammation,9 as 
well as oxidized low-density lipoproteins (Ox-LDL), a reac-
tive oxidant generated by lipid peroxidation of LDL,10–12 are 
well-established markers of oxidative stress and inflamma-
tion that have been implicated in cardiovascular disease and 
its progression. Despite the well-established roles of MPO and 
Ox-LDL, these markers have been relatively understudied in 
terms of reduced sleep duration in those with OSA. Available 
data involve small-scale experimental studies that have dem-
onstrated an increase in MPO and MPO-modified LDL levels 
with polysomnogram-documented sleep restriction in those 
without OSA.13,14 We therefore conducted an examination to 
investigate the relationship of oxidative stress markers with 
a focus on MPO and oxidized LDL relative to sleep duration 
ascertained via PSG and alternatively by self-reported sleep 
duration, the latter to gain a sense of habitual sleep duration. 
We hypothesize that objective PSG-ascertained and subjective 
self-reported sleep loss in individuals with OSA is associated 
with increasing levels of oxidative stress with possible differ-
ential biomarker elevations.

METHODS

Study Sample
Patients with moderate to severe OSA (apnea-hypopnea 
index [AHI] ≥ 15) were recruited from Case Western Re-
serve University affiliated institutions, University Hospitals 
Case Medical Center (UHCMC), and Metro Health Medical 
Center sleep programs as part of a randomized controlled trial 
(Sleep Apnea Stress Study, SASS) aimed to assess the extent to 
which continuous positive airway pressure (CPAP) and sham 
CPAP influences a change of oxidative stress levels in patients 
with OSA (www.clinicaltrials.gov Trial Registration Number: 
NCT00607893). The current study used the baseline data that 
were obtained prior to randomization to CPAP versus sham 
CPAP.

Study Protocol
Participants underwent research-attended PSG and data col-
lection at the University Hospitals Case Medical Center 
Dahms Clinical Research Unit, during which baseline blood 
samples and physiological data were collected and recorded. 
The inclusion criteria were individuals between the ages of 
20–75 y, and those with moderate to severe OSA (AHI > 15) 
established by routine clinical PSG. The exclusion criteria 
included current or planned use of specific OSA treatments, 
supplemental oxygen use, primary sleep disorder other than 
OSA (including shift work sleep disorder), unstable medical 
conditions, inability to provide informed consent, increased 
risk for accidents related to sleepiness, alcohol abuse, preg-
nancy, and potent anti-inflammatory/immunosuppressant 
medications (i.e. prednisone, azathioprine, etc.). After in-
clusion and exclusion criteria were applied, 147 participants 
completed the baseline visit and comprised the final analytic 
sample. Institutional Review Board approval and full written 
informed consent were obtained.

Data Collection

Questionnaires and Anthropometric Measurements
The Case Western Reserve University Sleep and Health Ques-
tionnaire was used in order to assess symptoms of sleep dis-
order breathing, medical history, surgical history, social habits 
(e.g. smoking), and the Epworth Sleepiness Scale (ESS), which 
is a validated measurement to assess subjective sleepiness 
symptoms.15 Self-reported habitual sleep duration (SR-HSD) 
was calculated by a weighted mean of weekday and weekend 
values (5/7 * weekday sleep duration + 2/7 * weekend sleep 
duration) collected in response to the following questions: 

“During the past month, at what time, on average have you gone 
to bed (closed eyes in attempt to fall asleep) and woken up (after 
your sleep period)?” A detailed medical and medication history 
was also obtained including self-reported cardiovascular dis-
ease (CVD) as well as any use of statins or anti-inflammatory 
medications (e.g., nonsteroidal anti-inflammatory medications, 
aspirin, etc.). Cardiovascular disease was defined as self-re-
ported chest pain, angina, carotid endarterectomy, congestive 
heart failure (CHF), coronary angioplasty, coronary artery by-
pass graft surgery, myocardial infarction, or stroke occurrence. 
Height was measured with a wall-mounted stadiometer to the 
nearest centimeter and a calibrated scale was used for the mea-
surements of both weight (nearest 0.1 kg) and body mass index 
(BMI, kg/m2).

Sleep Parameters
An attended 14-channel PSG (Compumedics E series system, 
Abbotsville, AU) was performed at the baseline visit on all en-
rolled participants. The recording montage consisted of C3/A2 
and C4/A1 electroencephalograms (EEG) (recorded at 128 Hz); 
bilateral electrooculograms; a bipolar submental electromyo-
gram; thoracic and abdominal respiratory inductance pleth-
ysmography; airflow (by nasal-oral thermocouple); oximetry 
(sampling frequency 1 Hz), electrocardiogram (ECG) (recorded 
at 256 Hz); body position (mercury switch sensor); bilateral 
leg movements (piezo sensors) and nasal pressure transducers. 
Sensors were calibrated and signal quality was monitored 
by a certified technician using standardized techniques. The 
studies were scored by a trained, registered polysomnologist 
following the American Academy for Sleep Medicine guide-
lines.16 The PSG total sleep time (PSG-TST) was ascertained 
from the overnight baseline PSG. An apnea was measured by 
using a nasal thermal sensor and defined as a ≥ 90% reduction 
of airflow for ≥ 10 sec.16 A hypopnea was measured by using 
nasal pressure transducer and characterized by a ≥ 30% reduc-
tion in breathing amplitude, which lasts ≥ 10 sec and associ-
ated with ≥ 3% oxygen desaturation.16

Oxidative Stress/Systemic Inflammation Biomarkers
Blood was drawn after overnight fasting (and prior to blood 
pressure monitoring) in the supine position between 07:00–
08:00 the morning after the PSG. In addition, 24-h urine 
samples were collected in the home starting the night prior to 
the overnight Clinical Research Unit visit for F2-isoprostane 
levels. The samples were then centrifuged and aliquoted ac-
cording to standard protocols and stored at −80°C until ready 
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for analysis. All individual samples were collected and sent to 
either the Cleveland HeartLab in Cleveland, OH where MPO, 
paraoxonase 1 (PON1), aryl esterase, and F2-isoprostane bio-
marker levels were analyzed or the University of Vermont 
Clinical Biochemistry Laboratory in Burlington, Vermont 
where ox-LDL levels were analyzed. All samples were batched 
and then sent to the respective laboratories in an attempt to 
limit the amount of measurement variability that could occur 
during analysis. Plasma MPO levels were analyzed with an en-
zyme-linked immunosorbent assay (ELISA)-based assay (Car-
dioMPO Enzyme Immunoassay Reagent Kit) with a total and 
within-run coefficient of variation of 8.2% and 5.5%, respec-
tively.17 MPO has biphasic kinetics with a short half-life of 2 to 
3 h and longer half-life of 8 to 10 h.17 Plasma Ox-LDL levels 
were measured by the use of competitive ELISA (Mercodia 
Oxidized LDL Competitive ELISA, Mercodia AB; Uppsala, 
Sweden) that used monoclonal antibodies. The detectable 
range of Ox-LDL is 32 to 410 U/L with an approximate normal 
range of 40 to 100 U/L. The coefficient of variation is less 
than 10%. F2-isoprostanes levels were analyzed by using an 
established, stable isotope dilution mass spectrometry-based 
approach using high-performance liquid chromatography with 
an on-line electrospray ionization tandem mass spectrometry. 
Samples were analyzed on an AB SCIEX 5000 triple quad-
rupole mass spectrometer. The urinary F2-isoprostanes levels 
were corrected by urinary creatinine to account for differences 
in urine dilution.18 The PON1 activity was measured (Roche 
C3 analyzer) by quantifying serum paraoxonase activity using 
paraoxon as substrate and arylesterase activity using phenyl-
acetate as substrate, as previously described.19 The intra- and 
inter-assay coefficients of variance for the paraoxonase activity 
were 1.9% and 3.3%, respectively; for aryl esterase activity co-
efficients of variation were 3.4% and 3.9%, respectively.

Statistical Methods
The predictors in analyses were the PSG-TST (primary) and 
the self-reported sleep duration (SR-HSD). MPO and Ox-LDL 
were the pre-specified primary outcome biomarkers consid-
ered to reflect oxidative stress and systemic inflammation in 
those with OSA with varying sleep durations. Continuous and 
categorical participant characteristics were compared across 
sleep duration categories using t-tests or Wilcoxon rank sum 
tests and chi-square tests. Logarithmic transformation was 
used before analysis for Ox-LDL to satisfy the normal distribu-
tion assumption, and transformed back for presentation. The 
relationship between sleep duration measures and biomarkers 
were evaluated by Pearson or Spearman correlation coefficients. 
Linear regression analyses were performed for the primary out-
comes, MPO and Ox-LDL. Beta-estimates and 95% confidence 
intervals are presented. The models were adjusted for poten-
tial confounding factors including age, sex, race, BMI, active 
smoking status, self-reported comorbidities including physi-
cian diagnosed hypertension, diabetes mellitus, CVD, use of 
statins (HMG-CoA reductase inhibitors given anti-inflamma-
tory properties) or anti-inflammatory medications (i.e., aspirin 
or nonsteroidal anti-inflammatory medications), ESS score, and 
AHI. PSG-TST and SR-HSD were considered as both as con-
tinuous measures to maximize efficiency and alternatively as 

categorical variables, the latter for ease of clinical interpreta-
tion and P values for linear trends were calculated. Two-sided 
P values were presented, with P < 0.05 considered statistically 
significant. All analyses were performed using JMP version 
Pro 10 and SAS software version 9.4 (SAS Inc., Cary, NC).

RESULTS

Participant Characteristics by Sleep Duration
Overall, the analytic sample was middle-aged (51.0 ± 11.7 
years) with evenly distributed Caucasian and African Amer-
ican race categories, had balanced sex distribution, was 
morbidly obese (BMI = 37.3 ± 8.1), and was without overall 
subjective excessive daytime sleepiness. As expected, given 
the inclusion of those with moderate to severe OSA, there was 
a high percentage of cardiovascular risk (diabetes mellitus: 
20% and hypertension: 64%) and cardiovascular disease (17%). 
Across median sleep duration categories, those with lower 
PSG-TST tended to be older, have more severe OSA, and were 
more likely to be taking statin medications; those with a lower 
SR-HSD were also more likely to be taking statin medications 
(Table 1). The examination of biomarkers relative to subject 
characteristics revealed a significant correlation of MPO with 
BMI and hypoxia (Table 2). The Pearson correlation coefficient 
of PSG-TST and SR-HSD was 0.21, P = 0.013, and absolute 
difference was 1.92 ± 2.74 h. The PSG TST was 6.1 ± 1.4 h and 
the self-reported sleep duration reflective of the PSG night was 
6.2 ± 1.6 h, r2 = 0.49, P < 0.001.

Sleep Duration Measures and Biomarkers of Oxidative Stress 
and Systemic Inflammation
Correlation analysis of the biomarkers demonstrated a very 
low correlation between the five oxidative stress biomarkers 
(r2 < 0.2), suggesting reflection of different intrinsic biologic 
pathways. When considering plausible associations among 
biomarkers and sleep duration, a significant inverse associa-
tion between PSG-TST and MPO (but not Ox-LDL) was ob-
served, which persisted after adjustment for age and BMI 
(P = 0.007) (Table 3, Figure 1). In unadjusted linear regression 
analysis, a significant association of PSG-TST and MPO was 
observed that persisted in the multivariable model even after 
consideration of a host of confounders including BMI, cardio-
vascular risk factors, CVD, and OSA severity defined by AHI 
(Table 4). When PSG-TST increased 1 h, MPO decreased by 
20.3 pmol/L if covariates are held constant (−20.28, −37.48 to 
−3.08, P = 0.021). Conversely, there was no statistically signifi-
cant relationship of SR-HSD and MPO.

A significant inverse association was also observed between 
Ox-LDL and SR-HSD even after adjustment for age and BMI 
(P = 0.028) (Table 3, Figure 1). Multivariable linear regres-
sion analysis was conducted to examine the association of 
SR-HSD and Ox-LDL which remained statistically significant 
even in the multivariable model. Ox-LDL would decrease 2% 
when SR-HSD increased 1 h if covariates held constant (0.98, 
0.96–0.99, P = 0.027). However, there was no significant rela-
tionship observed with PSG-TST and Ox-LDL. There were no 
other significant correlations observed between PSG-TST and 
SR-HSD and the other biomarkers.
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Alternatively, based on previously used cut-offs used in 
prior large, population-based studies and distributional char-
acteristics,20,21 we examined PSG-TST and SR-HSD as cate-
gorical variables (Figure 2), which demonstrated a significant 
linear trend of increased levels of MPO and Ox-LDL across 
progressive reduction in sleep duration categories (P value for 
trend = 0.004 and 0.016 respectively).

DISCUSSION
In this cohort of moderate to severe OSA, we observed in-
creases in oxidative stress and systemic inflammation unique 
to the type of sleep duration measure considered. Specifically, 
even after consideration of obesity, sleep apnea severity and 
background cardiovascular risk, a significant association was 
observed of objective reduced sleep ascertained by PSG and 
increasing MPO levels. These results were consistent whether 
examining MPO as a continuous outcome and also when exam-
ining levels across decreasing PSG-TST category with analyses 
demonstrating significant linear relationships. These findings 
are not consistent with the well-recognized U-shaped associa-
tion of sleep duration with cardiovascular outcomes, rendering 
those with both short and long sleep at increased cardiovas-
cular risk.3,5 However, these findings are consistent with prior 
observations identifying an association of increased cytokines 

in short and not long sleepers, suggesting different culprit 
mechanisms in short and long sleep.7 Alternatively, reduction of 
sleep duration based on self-report, theoretically a reflection of 
chronic, habitual sleep duration, was associated with increased 
Ox-LDL levels, findings that were most apparent when consid-
ering Ox-LDL and sleep duration as continuous variables, but 
also observed across sleep duration categories.

Markers of systemic inflammation and oxidative stress, of 
which sleep deprivation appears to represent a relevant pro-
moter,22–24 have long been implicated in adverse health out-
comes and development of a whole host of disease entities 
including CVD. Alterations in the oxidative environment 
and up-regulation of systemic inflammation result in micro-
circulatory incompetence and vascular remodeling including 
stiffening of the vessel, atherogenesis, and angiogenesis.25 Al-
though there is biologic plausibility to suspect that biomarkers 
of inflammation and oxidative stress implicated in atheroscle-
rotic disease such as MPO, oxidized LDL, F2-isoprostanes, 
paraoxonase-1, and aryl esterase are dysregulated in the set-
ting of curtailed sleep, only MPO and oxidized LDL were sig-
nificantly associated with objectively and subjectively reduced 
sleep, respectively.

MPO, an integral member of the heme peroxidase-cyclo-
oxygenase superfamily, is expressed by circulating neutrophils, 

Table 1—Participant characteristics by sleep time.

Overall 
(n = 149)

PSG Total Sleep Time (n = 149) Self-Reported Sleep Duration (n = 140)
< 6.3 h (n = 73) ≥ 6.3 h (n = 76) P < 7.6 h (n = 68) ≥ 7.6 h (n = 72) P 

Age, y 51.0 ± 11.7 54.6 ± 11.9 47.6 ± 10.5 0.0002 51.4 ± 11.8 50.0 ± 11.7 0.48
Race (Caucasian) 0.80 0.41

Caucasian 78 (52.4) 39 (53.4) 39 (51.3) 35 (51.5) 42 (58.3)
African American 67 (45.0) 33 (45.2) 34 (44.7) 31 (45.6) 28 (38.9)
Asian 4 (2.7) 1 (1.4) 3 (3.9) 2 (2.9) 2 (2.8)

Sex (male) 80 (54.4) 40 (54.8) 40 (52.6) 0.79 38 (55.9) 38 (52.8) 0.71
Body mass index (kg/m2)

Mean ± SD 37.3 ± 8.1 38.0 ± 8.5 36.6 ± 7.8 0.30 37.6 ± 7.2 36.9 ± 9.1 0.61
BMI ≥ 30 123 (82.6) 59 (80.8) 64 (84.2) 0.59 59 (86.8) 56 (77.8) 0.17

Apnea-hypopnea index
Median (IQR) 19.3 (12.2, 36.7) 21.6 (12.2, 41.2) 18.0 (12.0, 30.2) 0.03 20.8 (15.0, 36.1) 16.5 (11.2, 37.5) 0.92

Severe OSA (AHI ≥ 30) 49 (32.9) 30 (41.1) 19 (25.0) 0.04 23 (33.8) 22 (30.6) 0.68
Epworth Sleepiness Scale 

Mean ± SD 10.4 ± 5.0 10.0 ± 4.8 10.7 ± 5.2 0.38 10.4 ± 5.0 10.5 ± 5.1 0.93
Sleepy (≥ 11) 71 (48.3) 34 (47.2) 37 (49.3) 0.80 31 (45.6) 39 (54.2) 0.31

Diabetes mellitus 30 (20.4) 19 (26.0) 11 (14.5) 0.08 9 (13.2) 18 (25.0) 0.08
Hypertension 94 (64.0) 51 (70.8) 43 (57.3) 0.09 43 (63.2) 45 (62.5) 0.93
Cardiovascular disease a 25 (17.0) 10 (13.9) 15 (20.0) 0.32 12 (17.7) 13 (18.1) 0.95
High cholesterol 3 (2.0) 2 (2.7) 1 (1.3) 0.88 0 (0.0) 1 (1.4) 0.51
Active smoking 18 (11.7) 9 (12.5) 9 (12.0) 0.93 9 (13.2) 9 (12.5) 0.90
Statin use 60 (40.5) 36 (50.0) 24 (31.6) 0.02 23 (33.8) 35 (49.2) 0.06
Anti-inflammatory medication 61 (41.2) 34 (47.2) 27 (35.5) 0.15 27 (39.7) 32 (45.1) 0.52

a Cardiovascular disease was defined as self-reported history of angina, carotid endarterectomy, coronary angioplasty, coronary artery bypass graft 
surgery, myocardial infarction, or stroke. Anti-inflammatory medication was defined as use of aspirin or nonsteroidal anti-inflammatory medication. Baseline 
characteristics were compared after being divided based on the polysomnography-total sleep time (median of 6.3 h) or the self-reported total sleep time 
(median 7.6 h) using t-tests or Wilcoxon rank sum tests and chi square tests. AHI, apnea-hypopnea index; BMI, body mass index; IQR, interquartile range; 
NSAID, nonsteroidal anti-inflammatory drug; OSA, obstructive sleep apnea; PSG, polysomnography; SD, standard deviation.
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monocytes and tissue macrophages and when released from 
phagocytes can result in tissue damage in large part due to 
inflammation and MPO-derived oxidants.9 MPO therefore 
promotes both inflammation and oxidative stress. Specifi-
cally, MPO plays a role in cytokine secretion and up-regula-
tion of messenger RNA cytokine transcripts26 and catalyzes 
the formation of oxidizing agents, e.g., MPO-dependent oxi-
dation of LDL and high-density lipoprotein.27 In clinic-based 
studies, increased MPO has been identified to be associated 
with objectively identified coronary artery disease on coronary 
angiogram28 and is predictive of subsequent major adverse 
cardiovascular events in those with angina or acute coronary 

syndrome.29,30 The relationship of MPO-modification of pro-
teins in relation to human experimental sleep restriction has 
been described. In a small but rigorously conducted study in-
volving male participants undergoing 11 days and nights of 
continuous EEG and PSG monitoring, MPO-modified LDL 
levels increased during sleep restriction and peaked after 
the first recovery night.13 These findings are corroborated by 
results from another human sleep restriction experimental 
study also demonstrating that neutrophils were the most sen-
sitive leukocyte subtype to be increased in sleep restriction 
and higher MPO levels were observed subsequent to sleep 
restriction.13,14 The results of our study add to this body of 

Table 2—Summary of correlations of biomarkers and subject characteristics.

Marker n Coefficients a 95% CI P 
Myeloperoxidase (pmol/L) 

Age (y) 147 0.03 −0.14, 0.19 0.760
Sex 147 −17.09 −58.26, 24.10 0.410
Race (Caucasian – Other) 147 −22.77 −63.75, 18.20 0.330
Epworth Sleepiness Scale 147 0.14 −0.02, 0.30 0.083 
Body mass index (kg/m2) 147 0.19 0.03, 0.34 0.023 
Apnea-hypopnea index 147 0.15 −0.01, 0.31 0.065 
Percent sleep time with < 90% SaO2 147 0.22 0.06, 0.36 0.009 

Oxidized LDL (U/L)
Age (y) 147 −0.21 −0.36, −0.05 0.011 
Sex 147 0.99 0.92, 1.07 0.870
Race (Caucasian – Other) 147 1.01 0.94, 1.09 0.800
Epworth Sleepiness Scale 145 −0.06 −0.22, 0.10 0.460
Body mass index (kg/m2) 147 −0.01 −0.17, 0.16 0.950
Apnea-hypopnea index 147 0.07 −0.10, 0.23 0.430
Percent sleep time with < 90% SaO2 147 −0.01 −0.17, 0.15 0.880

Paraoxonase (nmol·min−1·mL−1)
Age (y) 142 −0.04 −0.21, 0.12 0.610
Sex 142 −6.48 −28.07, 115.10 0.340
Race (Caucasian – Other) 142 −31.33 −34.47, −28.18 < 0.001
Epworth Sleepiness Scale 142 0.03 −0.13, 0.20 0.680
Body mass index (kg/m2) 142 −0.00 −0.17, 0.16 0.960
Apnea-hypopnea Index 140 0.02 −0.15, 0.18 0.850
Percent sleep time with < 90% SaO2 142 −0.01 −0.18, 0.15 0.870

Arylesterase (µmol·min−1·mL−1)
Age (y) 142 −0.05 −0.22, 0.11 0.530 
Sex 142 0.45 −9.84, 10.8 0.930
Race (Caucasian – Other) 142 2.50 −7.72, 12.8 0.630
Epworth Sleepiness Scale 140 −0.01 −0.18, 0.15 0.860
Body mass index (kg/m2) 142 −0.08 −0.24, 0.09 0.360
Apnea-hypopnea index 142 0.15 −0.01, 0.31 0.067 
Percent sleep time with < 90% SaO2 142 −0.03 −0.19, 0.13 0.710

F2-isoprostane/Urinary creatinine (ng/mg)
Age (y) 139 0.01 −0.16, 0.17 0.950
Sex 139 −0.37 −0.66, −0.09 0.011
Race (Caucasian – Other) 139 0.01 −0.28, 0.30 0.930
Epworth Sleepiness Scale 137 0.14 −0.03, 0.30 0.110
Body mass index (kg/m2) 139 0.13 −0.04, 0.29 0.120
Apnea-hypopnea Index 139 0.01 −0.15, 0.18 0.860
Percent sleep time with < 90% SaO2 139 −0.02 −0.18, 0.15 0.850 

a Spearman correlation was used based on data distribution. Continuous variables are presented as correlations, categorical variables (sex and race) use 
coefficients from linear regression to show difference on biomarkers among levels. CI, confidence interval; LDL, low-density lipoprotein; SaO2, saturation 
of oxygen.
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knowledge by extending these findings to demonstrate that 
reduction of TST during a single night of PSG in a controlled 
setting was associated with increased morning MPO levels in 
those with moderate to severe OSA in a diverse sample. There-
fore, there is evidence to support that objectively ascertained 
acute sleep loss or sleep reduction in OSA appears to increase 
levels of MPO, an established marker of cardiovascular risk. 
Clinical significance is underscored by MPO levels in those 

with PSG-time < 5 h and 5- to 6-h categories, i.e., in the range 
of levels identified to portend increased risk of acute coronary 
syndrome, i.e. > 350 ug/L.29

Data have amassed in terms of elucidating the effects of 
increased levels of LDL-cholesterol on vascular biology and 
the pathogenesis of atherosclerosis with the oxidatively modi-
fied form considered to be a more potent instigator of ath-
erogenesis than LDL. Ox-LDL augments the expression of 

Table 3—Sleep duration and oxidative stress and systemic inflammation biomarkers.

Markers

Polysomnogram Sleep Duration Self-Reported Sleep Duration
Unadjusted Adjusted a Unadjusted Adjusted a

R P R P R P R P
Myeloperoxidase (pmol/L) −0.248 0.002 −0.222 0.007 0.015 0.861 0.015 0.864
Oxidized low-density lipoprotein (U/L) b 0.038 0.643 −0.033 0.696  −0.178 0.037 −0.188 0.028
Paraoxonase 1 (nmol·min−1·mL−1) 0.076 0.328 0.074 0.382 0.125 0.182 0.113 0.198
Aryl Esterase (µmol·min−1·mL−1) 0.150 0.091 0.120 0.158 −0.122 0.237 −0.104 0.235
F2-isoprostane/Cr (ng/mg) 0.011 0.922 0.025 0.772 0.089 0.298 0.091 0.302

a Age- and body mass index-adjusted Pearson correlation coefficient. b Data were logarithmic transformed before analysis. Bold type indicates statistical 
significance.

Figure 1—Correlation of sleep duration measures relative to myeloperoxidase (top panels) and oxidized low-density lipoprotein (LDL; bottom panels). 
*Oxidized LDL was logarithmic transformed before analysis and transformed back for presentation. MPO, myeloperoxidase; PSG, polysomnography.
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proinflammatory genes, resulting in monocyte recruitment into 
the vessel wall and thereby promoting vascular dysfunction 
and generates free radicals exerting endothelial cell cytotox-
icity,10–12 and its presence has been described in atheromatous 
lesions.32 Oxidized LDL is also considered a marker of not only 
oxidation, but also inflammation, in part by enhancing pro-
inflammatory responses in macrophages and also activates nu-
clear factor-kappa B transcription factor.33 Although there are 
limited and conflicting data relating oxidized LDL to OSA,34,35 
existing sparse data perhaps are even more unclear relative to 
sleep restriction. As discussed, MPO-modified oxidized LDL 
has been observed to be increased with acute sleep restriction.13 
However, in the current work, we identify a significant rela-
tionship of reduction in self-reported sleep duration relative to 
increasing Ox-LDL levels suggesting that chronic curtailment 
of sleep leads to enhanced oxidative stress and may represent 
one of the pathophysiologic pathways by which reduced sleep 
increases adverse cardiovascular outcomes in OSA.

It has been well established in multiple large-scale epide-
miologic studies that sleep curtailment is associated with in-
creased risk of weight gain,4 cardiovascular outcomes,3 and 
mortality.5 As collection of objective sleep measures via physi-
ologic monitoring is cost-prohibitive and often not feasible, 
these studies have for the most part defined sleep duration based 
on self-reported questionnaire data that may reflect chronic, 

habitual sleep duration. Inherent limitations of collection of 
self-reported sleep duration data include inability to differen-
tiate time in bed versus time asleep in bed and lack of charac-
terization of napping patterns. Arguably, a single measure of 
exposure may not effectively capture the long-term effects of 
reduced sleep; however, compared to single-night PSG, self-
reported sleep duration may offer insights into chronic sleep 
duration interrelationships, i.e., as previously described, these 
measures may represent unique biologic constructs.7 Although 
objective sleep testing has been shown to have a high correla-
tion with subjective self-reported sleep duration measures,36,37 
our study suggests that different information may be gleaned 
from objective PSG versus self-reported sleep duration in 
terms of relationship to underlying biochemical mechanisms. 
Furthermore, albeit we have posited that PSG-TST versus SR-
HSD potentially represent acute versus chronic exposure of 
sleep duration, it is possible differences in associations with 
oxidative stress markers may represent residual confounding 
given variation in accuracy of self-reported sleep duration by 
individual characteristics such as age, sex, and/or race.

In summary, our results show inverse, disparate relation-
ships of biologically plausible measures of oxidative stress/
systemic inflammation relative to acute versus chronic reduc-
tion in sleep duration characterized by elevation of MPO with 
progressive reduction in PSG sleep time versus increased in 

Table 4—Linear regression of sleep duration measures relative to myeloperoxidase and oxidized LDL.

Model

Myeloperoxidase (pmol/L) Oxidized Low-Density Lipoprotein (U/L)
Unadjusted
β (95% CI)

Multivariable
β (95% CI)

Unadjusted
β (95% CI)

Multivariable
β (95% CI)

Polysomnogram sleep duration (h) −22.86 (−37.45, −8.28) a −20.28 (−37.48, −3.08) b 1.007 (0.98, 1.03) 1.003 (0.97, 1.03)
Self-report sleep duration (h) 0.88 (−9.07, 10.83) −1.01 (−11.57, 9.55) 0.98 (0.96, 0.99) b 0.98 (0.96, 0.99) b

a P < 0.01; b P < 0.05. Multivariable models were adjusted for age, race, sex, body mass index, diabetes mellitus, hypertension, cardiovascular disease, 
active smoking, use of statin and/or nonsteroidal anti-inflammatory drugs, apnea-hypopnea index, and self-rated Epworth Sleepiness Scale score.  Bold 
type indicates statistical significance. CI, confidence interval.

Figure 2—Myeloperoxidase and oxidized low-density lipoprotein (LDL) biomarkers across sleep duration categories. BMI, body mass index; 
MPO, myeloperoxidase; PSG, polysomnography.
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Ox-LDL with reduction in chronic, habitual sleep duration. 
These relationships persisted after consideration of OSA se-
verity and obesity with no mitigation in point estimates, sug-
gesting independence from the confounding influences of 
these variables. Results are generalizable to an obese group 
with high OSA burden composed of balanced sex represen-
tation and over half of whom were African Americans. The 
graded linear relationships observed in the face of consistent 
literature demonstrating both short and long sleep confer ad-
verse cardiovascular sequelae, i.e., the U-shaped distribution, 
suggest that up-regulation of oxidative stress and systemic in-
flammation may represent a more potent mechanistic pathway 
leading to deleterious health outcomes in short versus long 
sleep. These findings set the stage for future studies to assess 
reproducibility of these findings, particularly in non-obese 
populations and those with lesser degree OSA severity, as well 
as investigation of biomarkers that may serve as prevention or 
therapeutic targets in acute versus chronic sleep deprivation.
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