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Abstract

Rationale: Obstructive sleep apnea is characterized by frequent
reductions in ventilation, leading to oxygen desaturations and/or
arousals.

Obijectives: In this study, association of hypoxic burden with
incident cardiovascular disease (CVD) was examined and compared
with that of “ventilatory burden” and “arousal burden.” Finally, we
assessed the extent to which the ventilatory burden, visceral obesity,
and lung function explain variations in hypoxic burden.

Methods: Hypoxic, ventilatory, and arousal burdens were
measured from baseline polysomnograms in the Multi-Ethnic
Study of Atherosclerosis (MESA) and the Osteoporotic Fractures
in Men (MrOS) studies. Ventilatory burden was defined as event-

of ventilatory burden, baseline oxygen saturation as measured by
pulse oximetry, visceral obesity, and spirometry parameters.

Measurements and Main Results: Hypoxic and ventilatory
burdens were significantly associated with incident CVD
(adjusted hazard ratio [95% confidence interval] per 1 SD
increase in hypoxic burden: MESA, 1.45 [1.14, 1.84]; MrOS, 1.13
[1.02, 1.26]; ventilatory burden: MESA, 1.38 [1.11, 1.72]; MrOS,
1.12 [1.01, 1.25]), whereas arousal burden was not. Similar
associations with mortality were also observed. Finally, 78% of
variation in hypoxic burden was explained by ventilatory burden,
whereas other factors explained only <2% of variation.

Conclusions: Hypoxic and ventilatory burden predicted CVD
morbidity and mortality in two population-based studies.
Hypoxic burden is minimally affected by measures of adiposity

specific area under ventilation signal (mean normalized, area
under the mean), and arousal burden was defined as the

normalized cumulative duration of all arousals. The adjusted

hazard ratios for incident CVD and mortality were calculated.
Exploratory analyses quantified contributions to hypoxic burden

Obstructive sleep apnea (OSA) is a common
condition associated with an increased risk of
cardiovascular disease (CVD) and mortality
(1, 2). It has generally been accepted that the
conventional metrics of OSA severity, such
as the apnea-hypopnea index (AHI), do not
adequately characterize heterogeneity in
OSA-related physiological stressors and
subtypes (3-5). Furthermore, it has been
speculated that inadequate characterization
of the frequent reductions in ventilation and
ensuing hypoxemia and/or arousals by these
frequency-based metrics may have
contributed to the null findings in the

randomized controlled trials (RCTSs) of
continuous positive airway pressure
(CPAP) therapy, potentially because of
inclusion of low-risk individuals in these
trials (6-11).

OSA is characterized by frequent
reductions in ventilation during sleep,
leading to oxygen desaturations and/or
arousals from sleep. AHI and other
conventional OSA severity metrics do not
provide information on the depth (or

intensity) and duration of ventilatory deficit,

oxygen desaturation, and arousals. Recently,
there has been growing interest to

and captures the risk attributable to ventilatory burden of
obstructive sleep apnea rather than a tendency to desaturate.

Keywords: obstructive sleep apnea; cardiovascular disease; hypoxic
burden; arousals; ventilatory burden

incorporate these important characteristics of
respiratory events to identify individuals with
OSA who are at increased risk of CVD
outcomes. Particularly, indices that quantify
total OSA-related hypoxemia (12-16) have
shown promise to improve risk stratification.
For example, hypoxic burden, defined as the
OSA-related total area under the
desaturation curve, was previously shown to
predict cardiovascular and all-cause
mortality (14) and incident heart failure (15)
in observational cohorts, as well as incident
CVD in a clinical cohort of patients with
OSA (16). In addition, hypoxic burden was
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associated with increased blood pressure

and chronic kidney disease in the MESA
(Multi-Ethnic Study of Atherosclerosis)
cohort (17, 18). In contrast, there have been
limited studies to examine the associations of
other key characteristics of OSA, including
ventilatory burden and arousal burden, with
CVD outcomes. For example, on one hand, a
recent study demonstrated that arousal
burden, a cumulative measure of the
duration of arousals normalized by sleep
time, was associated with CVD-related and
all-cause mortality (19). On the other hand,
the associations of a quantitative measure of
total ventilatory burden with these outcomes
remain unknown. In the present study, our
primary objective was to investigate the
associations of physiological burdens of sleep
apnea (hypoxic burden, ventilatory burden
or ventilatory deficit, and arousal burden)
with incident CVD and all-cause mortality in
two well-defined population studies across
the United States.

In addition, it is plausible that
individuals with similar amounts of upper
airway obstruction, and therefore similar
ventilatory burdens, may exhibit different
hypoxic burdens. Therefore, understanding
the drivers of hypoxic burden is also critical.

Although lack of ventilation may directly
reflect OSA-related pathophysiology,
measures of baseline saturation, degree of
adiposity, and impaired pulmonary function
may increase hypoxic burden via indirect
pathways (20). For example, elevated visceral
obesity could lead to reduced lung volume
and thereby smaller oxygen stores, resulting
in faster desaturations that tend to increase
the hypoxic burden for any given degree of
ventilatory burden (20, 21). Therefore, in our
secondary set of analyses, we sought to
examine the extent to which ventilatory
burden explains the variations in hypoxic
burden in comparison with other
anthropometric/demographic, polysomno-
graphic, and spirometric factors, including
age, sex, race, body mass index (BMI),
abdominal obesity, wakefulness, oxygen
saturation as measured by pulse oximetry
(Spo,); and FVC.

Methods

Study Samples

MESA cohort. This study follows the current
reporting for observational studies (22).
MESA is a community-based, prospective

cohort study designed to examine the risk
factors associated with the development of
subclinical CVD outcomes in middle-aged or
older adults without clinically evident CVD
at baseline (23). During the MESA Exam 5,
2,237 men and women underwent type 2
polysomnograms (PSGs) between 2010 and
2013. All participants completed a
standardized questionnaire to assess their
medical, sleep, and lifestyle habits at Exam 5
(24). Institutional review board approval was
obtained from each study site, and each
participant provided written

informed consent.

Steep sTUDY. A total of 2,035 PSGs are
available on the National Sleep Research
Resource website (www.sleepdata.org) (25).
A 15-channel monitor (Compumedics Ltd.)
was used to collect sleep study data,
including finger pulse oximetry, which was
sampled at 1 Hz; electroencephalography;
electrooculography; chin electromyography;
inductance bands; and a nasal cannula. A
centralized sleep reading center (Brigham
and Women’s Hospital, Boston, MA) scored
the studies using standardized criteria (24).
Respiratory events were identified if
amplitude reduction on the nasal pressure
exceeded 30% for hypopneas and 90% for
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At a Glance Commentary

Scientific Knowledge on the
Subject: Obstructive sleep apnea
(OSA) is associated with increased
risk of cardiovascular morbidity and
mortality. OSA is characterized by
frequent reductions in ventilation
during sleep, leading to oxygen
desaturations and/or arousals from
sleep. However, the apnea-
hypopnea index and other
conventional OSA severity metrics
do not adequately characterize these
downstream effects of airway
obstruction, potentially contributing
to the null findings in the
randomized controlled trials of
continuous positive airway

pressure therapy.

What This Study Adds to the
Field: In this study, physiological
burdens of OSA (ventilatory
burden, hypoxic burden, and
arousal burden) were obtained from
two community-based prospective
cohort studies comprising more
than 4,500 adults. The associations
of these metrics with incident
cardiovascular disease and all-cause
mortality were assessed. Our
findings show that both ventilatory
and hypoxic burdens predict
incident cardiovascular disease and
mortality with similar hazard ratios,
whereas arousal burden does not. In
addition, we examined the extent to
which the hypoxic burden captures
the risk attributable to OSA in
comparison with available measures
of visceral obesity. Our findings
show that the hypoxic burden is
minimally affected by measures of
adiposity, spirometry, and baseline
oxygen saturation and largely
captures the risk attributable to the
ventilatory burden of OSA rather
than a tendency to desaturate.

apneas for at least 10 seconds. AHI
calculation included all apneas plus
hypopneas associated with =3%

desaturation or arousal. In addition, AHI4,

defined as all apneas plus hypopneas

associated with =4% desaturation, was also

calculated. In this study, participants with
follow-up data from MESA Exam 5 (through
2018) were included. The exclusion criteria
were incomplete data for core exposures

and outcomes.

CLINICAL AND ANTHROPOMETRIC
MEASURES. Baseline characteristics, including
demographic information, medical history,
and smoking, were obtained using
standardized questionnaires. Blood pressure
was measured according to current
guidelines (24), and American Diabetes
Association criteria were used for diabetes
(26). Height, weight, and BMI were
measured in all subjects. In addition, indices
of body fat distribution, such as waist and hip
circumference, were measured with a steel
measuring tape at the umbilicus and hip at
the maximal circumference of the buttocks,
respectively. Body surface area was calculated
using the previously validated methods (27).
Finally, body fat composition was measured
in kilograms via full-body bioelectrical
impedance analysis using the Valhalla
BCS-2 Body Composition Scale and
printer (28).

SpiroMETRY. We used spirometry data
from the MESA Lung Study (29), performed
during MESA Sleep Study (N = 1,433
subjects). Prebronchodilator lung function
was measured following the recommendation
from the American Thoracic Society/
European Respiratory Society guidelines (30).
All spirometry data were reviewed in a central
reading center using a race-neutral
approach (31).

Osteoporotic Fractures in Men Study
cohort. The MrOS (Osteoporotic Fractures
in Men Study) (https://mrosonline.ucsf.edu/;
May 9, 2023) was used to examine the
external validity of the longitudinal
associations in MESA. The parent MrOS is a
community-based, prospective cohort study
of 5,994 men aged =65 years recruited from
six centers across the United States
(2000-2002). It was designed to describe the
epidemiology of osteoporosis and fractures
in older men (32, 33). From 2003 to 2005,
3,135 men from the MrOS cohort
participated in the ancillary MrOS Sleep
Study and underwent comprehensive sleep
evaluations, including full home PSG, as
described previously. Ethical approval was
obtained from local institutional review
boards, and all participants provided
informed consent.

Steep stupy. In-home sleep studies
using one night of unattended PSG (Safiro,
Compumedics, Inc.) were performed with

recording of central electroencephalography,
bilateral electrooculography, chin
electromyography, an electrocardiogram,
nasal pressure and thermistor (for airflow
measurement), chest and thoracic
inductance plethysmography, finger pulse
oximetry, body position, and leg movements.
Similar to the MESA study, apneas were
identified if thermistry-based airflow was
absent or nearly absent for at least

10 seconds. Hypopneas were identified when
there was at least 30% reduction in airflow
(by thermistry or nasal pressure) or
thoracoabdominal movement for at least

10 seconds. In MrOS, Sp, signals were
captured by fingertip pulse oximeters
(Nonin) sampled at 1 Hz.

Of the 3,135 participants who completed
the sleep study, the PSGs of 2,896 were
available on the National Sleep Research
Resource website (25). After excluding 269
individuals with incomplete data, a total of
2,627 participants were included in this
analysis.

OSA-related Physiological Burdens
Hypoxic burden. As described previously
(14, 15, 34), hypoxic burden, calculated from
the pulse oximeter signal, is a single metric
that encapsulates the frequency, depth, and
duration of respiratory event-related oxygen
desaturations. It is defined as the total area
under the desaturation curve of Spo,
associated with respiratory events (all events
based on =30% reduction in airflow,
regardless of desaturation or arousal) per
hour of sleep (14, 15, 34). All individual
desaturations were aligned with respect to
the end of respiratory events and ensemble
averaged (defined as a method to capture the
characteristics of the recurring signal
associated with a respiratory event) to
quantify a subject-specific search window
that is used to measure the total hypoxic
burden (percentage min/h). For the hypoxic
burden, the desaturation duration is based on
the subject-specific search window (see the
online supplement for details on hypoxic
burden calculation).

Ventilatory burden. To quantify
ventilatory burden, all breaths were
automatically identified from the nasal
pressure signal using previously validated
methods (13, 35-38). The detected breaths
were used to measure VE, expressed as the
percentage of eupneic ventilation (35). As
previously described (35, 36), eupneic
ventilation was defined as the mean
ventilation during a 7-minute period. To
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Figure 1. Example of hypoxic burden, ventilatory burden, and arousal burden calculation. Left: The overlaid Ve and oxygen saturation as
measured by pulse oximetry (Spo,) signals associated with all respiratory events for one individual. These signals were synchronized at the
termination of respiratory events (time 0) and averaged to calculate the average event depth and duration and the search window to calculate
the hypoxic burden. Right: A 3-minute period, including EEG with scored arousals, airflow with scored respiratory events, and ventilation and

Spo, signals.

quantify ventilatory burden, similar to
hypoxic burden quantification, all ventilatory
signals were aligned with respect to the end
of events and then ensemble averaged
(Figure 1). For each participant, the average
ventilatory burden per event was defined as
the multiplication of the average ventilation
during the respiratory event (i.e., event
depth [13, 36]) and average duration of
respiratory events. The total ventilatory
burden (percentage eupnea X min/h) for
each participant was defined as the
multiplication of respiratory event rate
(events/h) and average ventilatory area per
event (percentage eupnea X min/event).
For the ventilatory burden, event duration
was based on manual scoring of respiratory
events (see the online supplement for details
on ventilatory burden calculation).

Arousal burden. Arousal burden was
defined as the total duration of all arousals
divided by the total sleep time and expressed
as the percentage of sleep time as previously

described (19).

Outcomes

MESA. Covariates and outcomes were
extracted from the clinical examination,
questionnaires, and adjudication of reported
events. Incident CVD and all-cause mortality
during the follow-up period between the
MESA Sleep Study and the end of 2018 were
extracted from the MESA datasets. As
described previously, the MESA events
committee adjudicated outcomes on the
basis of regular follow-up calls in addition to
review of medical records and death
certificates (27, 39, 40). In MESA, the
primary endpoint was incident hard CVD
(MESA definition of hard CVD), defined as a
composite of myocardial infarction,
resuscitated cardiac arrest, stroke (not
transient ischemic attack), and death
resulting from coronary heart disease (CHD)
or stroke. Secondary outcomes included
incident all CVD (defined as incident hard
CVD, definite angina, probable angina, other
atherosclerotic death, or other CVD death),
hard CHD (defined as myocardial infarction,

Labarca, Vena, Hu, et al.: Physiological Burdens of OSA and Incident CVD

resuscitated cardiac arrest, or CHD death),
and all CHD (defined as hard CHD, definite
angina, or probable angina). For incident
outcomes, those with preexisting CVD or
CHD at MESA Exam 5 were excluded.
MrOS. In MrOS, participants were
contacted every 4 months after the sleep
study. Reported deaths were confirmed with
death certificates and medical records.
Incident CVD events were based on MrOS
sleep visit and adjudication of incident events
by the central coordinating center until 2018
(32, 33). Incident CVD, the primary
endpoint in MrOS, was defined as a
composite of any type of fatal or nonfatal
cardiovascular event, including CHD,
cerebrovascular disease events, peripheral
vascular disease, other CVD events, and any
heart failure. For incident analysis, we
excluded those with preexisting CVD,
defined as self-reported diagnosis of CHD,
cerebrovascular disease, peripheral vascular
disease, and/or heart surgery. Cardiovascular
mortality was based on the underlying cause
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of death as determined by a study physician
adjudicator. Cause of death due to CVD was
broadly categorized by International
Classification of Diseases, Ninth Revision,
codes (codes 396.9-442, 966.71, 785.51),
cancer (codes 141.9-208.0), and other causes
(reported codes not in previous categories).

Statistical Analysis

Descriptive statistics. Baseline characteristics
and PSG parameters are summarized as
mean (*SD) or median (interquartile range
[IQR]) for numerical variables and as
proportions for nominal variables.

Primary analysis: associations of OSA-
related physiological burdens with longitu-
dinal outcomes. Primary exposures were the
“physiological burdens” described above. To
determine the association between the
exposures and incident outcomes, four Cox
regression models with different levels of
adjustment were constructed: Model 1
included age, sex, race/ethnicity, and BMI;
Model 2 included covariates in Model 1 plus
hypertension, diabetes mellitus, and smoking
status; and Model 3 included variables in
Model 2 and baseline Spo, (wakefulness Spo,
in MESA and preevent Spo_ in MrOS).
Model 4 included all the covariates in Model
3 plus the desaturation sensitivity, which was
defined as the ratio of hypoxic
burden/ventilatory burden. We included this
variable to adjust for “tendency to
desaturation.” In additional sensitivity
analyses (MESA only), BMI was replaced
with alternative measures of visceral obesity,
including waist circumference, hip
circumference, waist/hip ratio, waist/height
ratio, and total body fat. Similar to our
previous analyses, all exposures were
logarithmically transformed and
standardized (14, 15, 17). Hazard ratios
(HRs) and 95% confidence intervals (CIs)
were reported. The proportional hazard
assumption (a test to measure if the effect is
not proportional over time) was tested using
the scaled Schoenfeld residuals against the
transformed time.

Secondary analysis: hypoxic
burden/arousal burden versus ventilatory
burden (MESA). To assess the extent to
which ventilatory burden captures the
variability in hypoxic burden (dependent
variable) in unadjusted and adjusted
analyses, multiple linear regression models
were created, and the standardized
coefficient for ventilatory burden and a
measure of the overall fit of each model were
quantified using the MESA dataset. Model 1

806

quantifies the unadjusted association
between hypoxic burden and ventilatory
burden. Model 2 also adjusted for age, sex,
race/ethnicity, BMI, and body surface area.
Model 3 adjusted Model 2 for wakefulness
Spo, and percentage in supine position.
Model 4 was similar to Model 2 but replaced
BMI for waist circumference, a measure of
visceral obesity that may better explain the
lung volume-related variations in hypoxic
burden. Finally, Model 5 adjusted Model 3
for prebronchodilator raw FVC (31).
Additional models in sensitivity analyses
were similar to Model 3, although separately
replacing BMI for the other measures of
visceral obesity described above. The
contribution of each variable to the overall
variation was estimated using partial R*
using the partial eta-square method for linear
models (41). In a sensitivity analysis, to
further investigate whether the association
between hypoxic burden and ventilatory
burden varied by BMI categories, the sample
was stratified into two groups (BMI <32
kg/m” vs. BMI =32 kg/m®), and the linear
regression analysis described in Model 1 was
repeated in each stratum. Finally, similar
models were created to assess the extent to
which ventilatory burden captures the
variability in arousal burden.

Additional exploratory and sensitivity
analyses (MESA). EVENT-LEVEL ASSOCIATION
OF HYPOXIC BURDEN AND VENTILATORY BURDEN.
Linear mixed-effect analyses examined the
within-individual association between
ventilatory burden and hypoxic burden after
considering “subject” as a random effect
(N = 374,399 events). Similar to between-
subject analysis, we used Models 1-5 as
described above (see the SECONDARY
ANALYSIS section).

ASSOCIATIONS OF HYPOXIC BURDEN VERSUS
TOTAL SLEEP TIME WITH OXYGEN SATURATION
BELOW 90% AND CVD (MEsA). Both hypoxic
burden and total sleep time with oxygen
saturation below 90% (T90) have shown
significant associations with incident CVD
(16). Exploratory analyses tested the
association of these two metrics with the
primary CVD outcome, both when modeled
separately and when placed into one model
together. (Absence of collinearity was tested
using variance inflation factor.)

VENTILATORY/HYPOXIC BURDEN AND
CONVENTIONAL OSA METRICS (MESA). The
relationships between ventilatory/hypoxic
burden and conventional OSA metrics,
including AHI, T90, and arousal index, were
examined using regression models, both in

the overall sample and in the OSA subgroup
(i.e., AHI4, =5 events/hour). Finally,
additional sensitivity analyses in MESA
tested the association of ventilatory/hypoxic
burden with longitudinal outcomes after I)
excluding participants who were receiving
CPAP in the baseline sleep study (1 =72) and
2) restricting the sample to OSA (AHI4, =5
events/h). All statistical analyses were
performed using the R statistical software
package (R Foundation for Statistical
Computing; www.r-project.org), and a P
value <0.05 was considered

statistically significant.

Results

Descriptive Statistics

The study flowchart is shown in Figure 2. In
MESA, 1,973 middle-aged or older men and
women were included, and in MrOS, 2,627
older men were included. The baseline
characteristics of participants in the MESA
and MrOS studies are shown in Table 1. In
MESA, the median [IQR] age was 67 [61-75]
years, 59.5% of participants were aged

=65 years, and 46.4% were male. The
hypoxic burden was 37.5 [19.2-73.0]%
min/h, the median ventilatory burden was
318 [174-619]% eupnea X min/h, and the
median arousal burden was 7.2 [5.1-10.2]%
sleep time. A total of 1,433 participants had
data on spirometry. In this subset, the
median FVC was 3,001 [2,425-3,733] ml. In
MrOS, the median age was 76 [72-80] years.
The hypoxic burden was 43.8 [24.0-77.0]%
min/h, the median ventilatory burden was
457 [241-839]% eupnea X min/h, and the
median arousal burden was 7.5 [5.6-10.0]%
sleep time.

Primary Analysis: Associations of
OSA-related Physiological Burdens
with Longitudinal Outcomes

In MESA, during a median [IQR] follow-up
of 6.9 [6.4-7.4] years, there were a total of
110 new hard CVD events. For secondary
outcomes, there were 75 new CHD hard
events, 145 CVD all events, and 91 CHD all
events. During this period, a total of 196 all-
cause deaths were recorded. The test of
proportional hazard assumption for the
primary outcome was not significant for
individual variables as well as for the overall
model (P=0.84). In all models, higher
hypoxic burden was associated with an
increased risk of CVD (hard and all), all-
cause mortality, and CHD (hard and all). In
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Figure 2. Study sample flowchart. CVD = cardiovascular disease; MESA = Multi-Ethnic Study of
Atherosclerosis; MrOS = Osteoporotic Fractures in Men Study; NSRR = National Sleep Research

Resource; PSG = polysomnogram.

the fully adjusted model, every 1-SD increase
in hypoxic burden was significantly
associated with a 45% (95% CI, 14-84%)
increased risk of incident hard CVD, 33%
(95% CI, 8-63%) increased risk of incident
all CVD events, 21% (95% CI, 2-44%)
increased risk of all-cause mortality, 47%
(95% CI, 11-96%) increased risk of incident
hard CHD, and 42% (95% CI, 10-82%)
increased risk of all CHD (Table 2). It is
worth noting that replacing BMI with other
measures of visceral obesity in the fully
adjusted model did not affect the association
of hypoxic burden with incident CVD and
all-cause mortality (see Table E1 in the online
supplement). Ventilatory burden was also
significantly associated with these outcomes
(hard CVD, 35% [95% CI, 9-67%]; all CVD,
32% [95% CI, 9-59%]; all-cause mortality,
24% [95% CI, 5-45%]; hard CHD, 41% [95%
CI, 8-84%]; and all CHD, 38% [95% CI,
9-76%]; the numbers represent the increased
risk per 1-SD increase in ventilatory burden)
(Table 2). In contrast, there were no
significant associations between arousal
burden and primary or secondary outcomes
in MESA (Table 2).

In MrOS, over a median [IQR] follow-
up of 9.4 [4.4-10.5] years for incident CVD
and 12.0 [7.7-12.6] years for mortality, there

were a total of 382 new CVD events. Hypoxic
burden was associated with an increased risk
of incident CVD (13% [95% CI, 2-26%])
(Table 3), CVD death (22% [95% CI,
10-35%]) (Table 3), and all-cause mortality
(6% [95% CI, 0-12%]). Ventilatory burden
was also associated with incident CVD (12%
[95% CI, 1-25%]) (Table 3), and CVD
mortality (21% [95% CI, 9-35%]) but not all-
cause mortality (5% [95% CI, —1%, 12%]. In
MrOS, arousal burden was associated only
with CVD mortality (11% [95% CI, 0-23%])
(Table 3).

Secondary Analysis: Physiological
and Other Correlates of Hypoxic
Burden (MESA)

Ventilatory burden was strongly associated
with hypoxic burden, such that 78% of the
variability in hypoxic burden was explained
by ventilatory burden (R* = 0.78) (Table 4,
Figure 3). Adjusting for age, race, sex, BMI,
and body surface area improved the model
by only 2% (Table 4), whereas BMI and
Black race were the additional significant
predictors in this model. The addition of
wakefulness Spo, and percentage in supine
position improved the model by only 2%
(Table 4, Model 3). Further adjustments for
FVC or replacing BMI with measures of
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visceral obesity did not meaningfully change
these observations (Table 4, Models 4 and 5).
When we examined the contribution of each
variable using the partial R* method, in
Model 4, 74% of the variation in hypoxic
burden was explained by the ventilatory
burden; in contrast, only 6%, 2%, and 2% of
the variations were explained by BMI,
wakefulness Spo, and race, respectively
(Table 4). Similar to these between-subject
findings, linear mixed-effect analyses
demonstrated a strong association between
hypoxic burden and ventilatory burden
within individuals and across respiratory
events in all models (Table E2). Finally, the
results of the stratified analysis by BMI (BMI
<32kg/m” vs. BMI =32 kg/m®) revealed a
similar association between the ventilatory
burden and the hypoxic burden (R*=0.79
and 0.77 for BMI <32 kg/m” and BMI

=32 kg/m?’, respectively). In contrast, the
ventilatory burden explained only 26% of the
variability in the arousal burden in all models
(Table E3).

Additional Exploratory and Sensitivity
Analyses (MESA)

In the exploratory analysis, although the
association of T90% with the primary
outcome was significant in the fully adjusted
model (hard CVD: HR, 1.31 [95% CI,
1.04-1.65]), it became nonsignificant after
further adjusting for hypoxic burden (HR,
1.09 [95% CI, 0.81-1.48]; variance inflation
factor, <1.61). The association of hypoxic
burden with the primary outcome was
significant, and the corresponding HR
remained similar before and after adding
T90% to the model (HR, 1.49 [95% CI,
1.15-1.95] vs. 1.40 [95% CI, 1.01-1.96],
respectively).

It is worth noting that the correlation of
ventilatory/hypoxic burden and conventional
metrics of OSA severity were weaker than
those of ventilatory burden and hypoxic
burden and further decreased in individuals
with OSA (Figures E1 and E2). Last, the
association of ventilatory burden/hypoxic
burden with incident outcomes did not
change meaningfully after excluding those
receiving CPAP at the baseline sleep study
visit (Table E4) or restricting the sample to
the OSA subgroup (Table E5).

Discussion

In this study, the main goal was to
understand whether hypoxic burden is likely
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Table 1. Baseline Characteristics of Study Sample in Multi-Ethnic Study of

Atherosclerosis and Osteoporotic Fractures in Men Study

Variable

Demographics
Age, yr
Sex, male, n (%)
Race/ethnicity

Non-Hispanic White, n (%)

Chinese, n (%)

Black, n (%)

Hispanic/Latino, n (%)

Other, n (%)

BMI, kg/m?

Hip circumference, cm
Body surface area, m?
Smoking status

Never smoker, n (%)

Former smoker, n (%)

Current smoker, n (%)

Comorbidities
Hypertension, n (%)
Diabetes, n (%)
COPD, n (%)

Sleep characteristics
TST, min
Time in REM, %
Time in supine position, %
AHI, events/h
AHI4, events/h
% Sleep time <90% Spo,
Baseline Spo,, %*
Ventilatory burden,

% eupnea* min/h
Hypoxic burden, % min/h
Arousal burden, %

ESS score

MESA (N=1,973)

n (%) or Median [IQR]

67 [61-75]
917 (46.4%)

720 (36.5%)
237 (12.0%)
543 (27.5%)
473 (23.9%)
27.9 [24.7-31.8]

103.5 [97.2-112.0]
1.8 [1.7-2.0]

933 (47.2%)
902 (45.7%)
138 (7.0%)

1,118 (56.6%)
218 (11.0%)
33 (1.7%)

369 [315-417]
18.4 [13.9-22.5]
35.1 [12.9-64.2]

17.7 [9.4-32.7]

8.3 [2.9-18.9]
0.62 [0.05-3.37]

96 [95-97]

318 [174-619]

37.5 [19.2-73.0]
7.2 [5.1-10.2]
5.0 [3.0-8.0]

MrOS (N =2,627)

n (%) or Median [IQR]

76 [72-80]
2,627 (100%)

2,383 (90.7%)
76 (2.9%)
92 (3.5%)
48 (1.8%)

28 (1%)
27 [25.0-29.0]
102 [97.0-107]

1,054 (40.1%)
1,525 (58.0%)
48 (1.8%)

1,303 (49.8%)
358 (13.3%)
134 (5.1%)

361 [317—401]
19.6 [14.7-23.8]
30.2 [11.2-57.6]

13 [6.0-24.0]

8.0 [3.0-12.6]

1.0 [0.0-4.0]
95 [94.6-96.8]
457 [241-839]

43.8 [24.0-77.0]
7.5 [5.6-10.0]
6.0 [3.0-8.0]

Definition of abbreviations: AHI = apnea-hypopnea index based on 3% drop in Spo, or arousal;

AHI4 = apnea-hypopnea index based on 4% drop in Spo,; BMI =body mass index;

COPD = chronic obstructive pulmonary disease; ESS = Epworth Sleepiness scale; MESA = Multi-

Ethnic Study of Atherosclerosis; MrOS = Osteoporotic Fractures in Men Study; Spo, = oxygen

saturation as measured by pulse oximetry; TST =total sleep time.

*Baseline Spo, was defined as wakefulness Spo, in MESA and preevent Spo, in MrOS.

operating as a specific measure of OSA-
related stress. We found that the hypoxic
burden predicted incident CVD and
all-cause mortality in two diverse
community-based samples (Table 2).
Moreover, OSA-related ventilatory burden
also predicted incident CVD, CVD-related
mortality, and all-cause mortality but was
slightly weaker than the hypoxic burden
(Tables 2 and 3). Adjusting for desaturation
sensitivity (“propensity to desaturate”) or an
alternative measure of adiposity did not
alter these findings. Finally, our data revealed
that the ventilatory burden (i.e., total
OSA-related reduction in airflow) explained
about 80% of variability in hypoxic burden;
other factors, including obesity measures
(e.g., BMI, waist/height ratio, total body fat),

baseline Spo, and FVC, explained <2% of
the observed variability in the hypoxic
burden. This study provides additional
population-based evidence that hypoxic
burden is associated not only with mortality
and incident heart failure but also with
incident CVD and CHD (novel finding) in a
large, well-characterized, and diverse
community-based cohort of middle-aged or
older adults. For the first time, to our
knowledge, we have demonstrated that
hypoxic burden is negligibly affected by
available measures of adiposity, lung
function, and baseline oxygen saturation and
largely captures the risk attributable to
ventilatory burden of OSA rather than
tendency to desaturate. These findings have
important implications for both clinical

practice and the future design of clinical trials
in sleep apnea.

Hypoxic Burden and Incident
CVD/Mortality

There has been a growing interest in better
identifying high-risk individuals with OSA,
mainly because of lack of RCT-level evidence
regarding the efficacy of OSA treatment in
preventing adverse cardiovascular events (6,
11, 42-45). This issue was recently
highlighted in the Agency for Healthcare
Research and Quality report (46). One
potential reason for the null findings in
CPAP RCTs is the use of AHI, a frequency-
based metric, to select and enroll participants
in these trials. For any given AHI, there are
substantial variations in the degree of
ventilatory deficit, hypoxic burden, and
arousal characteristics (7, 45, 47). The
inability to capture these interindividual
OSA-related variations makes the AHI
potentially a less informative metric of OSA
severity. For example, studies from our
group and others (12, 14, 19, 48, 49) have
demonstrated that hypoxic burden,
independent of AHI and other metrics of
OSA, was cross-sectionally associated with
increased blood pressure (17) and chronic
kidney disease (18) and was longitudinally
associated with CVD mortality and incident
heart failure (in men) (15) in community
cohorts and with incident CVD in a clinical
cohort of individuals with OSA (16). The
findings of the present study expand these
observations by identifying hypoxic burden
as a predictor of incident CVD and all-cause
mortality in two community cohorts of
individuals with different degrees of OSA
severity.

Ventilatory Burden/Arousal Burden
and Incident CVD/Mortality

There are limited data on the association of
ventilatory burden and incident outcomes in
population studies. For example, Rapoport
and colleagues reported the use of breath-to-
breath flow amplitude to quantify the
severity of OSA beyond the AHI (50). To
quantify the total ventilatory burden, one
could measure the total area under the
ventilatory curve from a eupneic (normal)
value. As a reasonable surrogate potentially
less affected by the breath-to-breath artifacts/
noise/variations in airflow, one could
measure the mean reduction in ventilation
(across all events) and the mean duration
and the frequency of all events. The
multiplication of these three dimensions
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Table 2. Associations of Hypoxic Burden, Ventilatory Burden and Arousal Burden with Incident Cardiovascular Disease (Hard,
Primary Outcome), All-Cause Mortality, Incident Cardiovascular Disease, and Coronary Heart Disease in Multi-Ethnic Study of

Atherosclerosis Cohort

Model 1 (HR [95% CI])

Hypoxic burden
Cardiovascular disease
(hard) (n=1,891)
Cardiovascular disease (all)
(n=1,848)
All-cause mortality
(n=1,973)
Coronary heart disease
(hard) (n=1,925)
Coronary heart disease (all)
(n=1,880)
Ventilatory burden
Cardiovascular disease
(hard) (n=1,891)
Cardiovascular disease (all)
(n=1,848)
All-cause mortality
(n=1,973)
Coronary heart disease
(hard) (n=1,925)
Coronary heart disease (all)
(n=1,880)
Arousal burden
Cardiovascular disease
(hard) (n=1,891)
Cardiovascular disease (all)
(n=1,848)
All-cause mortality
(n=1,973)
Coronary heart disease
(hard) (n=1,925)
Coronary heart disease (all)

1.40 [1.12, 1.76]
1.29 [1.06, 1.57]"
1.25 [1.06, 1.47]
1.46 [1.10, 1.92]
1.39 [1.09, 1.79]*

1.35 [1.08, 1.67]"
1.28 [1.06, 1.54]"
1.19 [1.02, 1.40]*
1.39 [1.07, 1.81]F
1.38 [1.08, 1.76]"

1.15 [0.95, 1.39]
1.11 [0.94, 1.31]
1.11 [0.96, 1.27]
1.19 [0.94, 1.50]
1.18 [0.96, 1.47]

Model 2 (HR [95% CI])

1.40 [1.11, 1.75]
1.29 [1.06, 1.57]"
1.25 [1.06, 1.47]
1.43 [1.09, 1.87]"
1.38 [1.08, 1.76]"

1.34 [1.08, 1.66]
1.28 [1.06, 1.53]"
1.20 [1.02, 1.40]*
1.36 [1.05, 1.76]"
1.36 [1.07, 1.73]*

1.14 [0.94, 1.38]
1.10 [0.93,1.30]
1.08 [0.94, 1.25]
1.18 [0.94,1.48]
1.17 [0.95, 1.45]

Model 3 (HR [95% CI])

1.43 [1.13, 1.80]"
1.32 [1.08, 1.61]
1.24 [1.05, 1.47]*
1.46 [1.11, 1.92]
1.42 [1.10, 1.82]

1.35 [1.09, 1.67]
1.28 [1.07, 1.55]
1.19 [1.02, 1.40]*
1.37 [ 1.06, 1.77]"
1.37 [1.08, 1.73]

Model 4 (HR [95% CI])

1.45 [1.14, 1.84]
1.33 [1.08, 1.63]
1.21 [1.02, 1.44]*
1.47 [1.11, 1.96]
1.42 [1.10, 1.82]

1.38 [1.11, 1.72]
1.32 [1.09, 1.59]
1.24 [1.05, 1.45]*
1.41 [ 1.08, 1.84]"
1.38 [1.09, 1.76]

1.15 [0.95, 1.39] —
1.11 [0.94, 1.31] —
1.08 [0.94, 1.24] —
1.19 [0.94, 1.49] —
1.18 [0.96, 1.47] —

Definition of abbreviations: Cl = confidence interval; HR = hazard ratio per 1-SD increase in hypoxic burden, ventilatory burden, and arousal

burden.
Statistical significance is highlighted in bold.

Model 1: age + sex + race + body mass index.

Model 2: Model 1 + hypertension + diabetes + smoking status.
Model 3: Model 2 + wakefulness oxygen saturation as measured by pulse oximetry.
Model 4: Model 3 + desaturation sensitivity (defined as hypoxic burden/ventilatory burden).

*P<0.01.
TP<0.05.

results in an estimated total ventilatory
decrement area related to apneas/hypopneas.
The research from our group has
demonstrated that the mean event depth as
estimated this way was strongly associated
with pharyngeal collapsibility (i.e., critical
closing pressure) (36) and predicted response
to oral appliance therapy (13). In this study,
we have shown that a relatively simple
measure of total ventilatory burden was
significantly associated with incident CVD,
CHD, and all-cause mortality in two cohorts.
The observed associations of ventilatory
burden with outcomes were slightly weaker
than those of hypoxic burden. Nonetheless,
the strong association between ventilatory

burden and hypoxic burden (Table 4,

Figure 3) suggests that the link between OSA
and CVD (i.e., the association of ventilatory
burden and CVD) is through OSA-related
hypoxemia and that risk is better captured by
hypoxic burden (Tables 2-4 and Figure 3)
and not a tendency to desaturation. In
contrast, in MESA, the arousal burden (19)
was not associated with any of these
outcomes, and the HRs were substantially
lower than those for hypoxic burden or
ventilatory burden. These findings were
similar in the MrOS cohort (Table 3). These
results are consistent with previous findings
showing less conclusive associations with
incident CVD in general and all-cause
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mortality in men (19). In the present study,
we were not able to conduct sex-specific
longitudinal analyses because of limited
statistical power for subgroups.

Hypoxic Burden versus

Ventilatory Burden

Theoretically, non-OSA-related factors, such
as baseline Spo , lung volume, and metabolic
rate, affect the rate of desaturation and thus
the total hypoxic burden. Although more
studies are needed to determine the factors
contributing to increased hypoxic burden in
OSA, we attempted to quantify the degree of
associations between the hypoxic burden and
the ventilatory burden (OSA-related factor)
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Figure 3. Hypoxic burden (y-axis) is strongly associated with ventilatory burden (x-axis). The
R? value for this association was 0.79. HB = hypoxic burden; VB = ventilatory burden.

and compare it with that of baseline
wakefulness Spo , abdominal obesity, and
lung function (by spirometry). A substantial
amount of the variance (~80%) in hypoxic
burden was explained by the OSA-related
ventilatory burden. Other potentially

non-OSA-related factors contributed to only

an additional 1% of variability in hypoxic

burden (Table 4). It is possible that in certain
clinical settings (e.g., obesity hypoventilation),
several of these factors will contribute more
to hypoxic burden than what is observed in a
general community cohort (51). However,
the associations of ventilatory burden

and hypoxic burden by categories of BMI
(BMI <32 kg/m” vs. BMI =32 kg/m?)

remained similar. Nonetheless, future
experimental physiological studies in clinical
samples are needed to confirm these
observations. Furthermore, in addition to
between-subject observations (Table 4), a
unique relationship between respiratory
event-level ventilatory burden and hypoxic
burden was observed (Table E2). Indeed, a
larger event-related reduction in ventilation
was significantly associated with a larger
desaturation area per event, contributing to
the observed between-subject association of
total ventilatory burden and hypoxic burden.

Hypoxic Burden versus Ventilatory
Burden versus Arousal Burden as an
OSA Severity Metric beyond AHI
Future prospective studies are needed to
identify the best physiological metric(s) of
OSA severity. That said, available data from
large and well-characterized community and
clinical cohorts point to the hypoxic burden
as a measure of OSA severity that responds
to CPAP (hypoxic burden is zero if there are
no apneas or hypopneas), is easy to calculate,
is highly correlated with ventilatory burden,
and consistently and more precisely predicts
longitudinal outcomes. In the present study,
we further addressed the association of other
aspects of OSA, including ventilatory burden
and arousal burden, with CVD outcomes. Of

Table 3. Associations of Hypoxic Burden, Ventilatory Burden, and Arousal Burden with Incident Cardiovascular Disease,
Cardiovascular Mortality, and All-Cause Mortality in Osteoporotic Fractures in Men Study Cohort

Model 1 (HR [95% CI]) Model 2 (HR [95% CI]) Model 3 (HR [95% CI]) Model 4 (HR [95% CI])

Hypoxic burden
Incident CVD (n=1,518)

1.1
Cardiovascular death (n=2,627) 1.2
1.0

All-cause mortality, (n=2,627)
Ventilatory burden

Incident CVD (n=1,518) 1.
Cardiovascular death (n=2,627) 1.
All-cause mortality (n=2,627) 1

Arousal burden
Incident CVD (n=1,483) 1.
Cardiovascular death (n=2,564) 1.12 [1.01, 1.24]*
All-cause mortality (n=2,564) 0.99 [0.94, 1.05]

1
1
.0
0

.98 [0.93,1.04]

[1.00, 1.24] 1.13 [1.02, 1.26]*
[1.11,1.371 1.22 [1.10, 1.35]"
[1.01,1.13] * 1.06 [1.00, 1.12]*
[1.01, 1.25]* 1.12 [1.01, 1.25]*
[1.05, 1.28]% 1.21 [1.09, 1.35]"
[0.98, 1.10] 1.05 [0.99, 1.12]*
[0.96, 1.18] —

[1.00, 1.23]* —

[0.93, 1.04]

Definition of abbreviations: Cl = confidence interval; CVD = cardiovascular disease; HR =hazard ratio per 1-SD increase in hypoxic burden,

ventilatory burden, and arousal burden.
Statistical significance is highlighted in bold.
Model 1: age + race + body mass index.

Model 2: Model 1 + hypertension + diabetes + smoking status + chronic obstructive pulmonary disease.

Model 3: Model 2 + preevent oxygen saturation as measured by pulse oximetry.
Model 4: Model 3 + desaturation sensitivity (defined as hypoxic burden/ventilatory burden).

*P<0.05.
TP<0.001.
fP<0.1.
SpP<0.01.
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Table 4. Linear Model between Sleep Apnea—Specific Hypoxic Burden across Ventilatory Burden, Age, Sex, Race, Body Mass
Index, Supine Position, FVC, and Waist Circumference in Multi-Ethnic Study of Atherosclerosis Cohort

Model 1 Model 2 Model 3 Model 4 Model 5
(n=1,973) R? (n=1,973) R? (n=1,973) R? (n=1,851) R? (n=1,433) R?
Ventilatory burden 0.88 0.78 0.85 (0.83, 0.87)" 0.74  0.84 (0.82, 0.86)" 0.73  0.85 (0.83, 0.87)" 0.74  0.84 (0.82, 0.87)" 0.73
(per 1 SD) (0.86, 0.90)*
Age (per 1 SD) 0.02 (—0.00, 0.04) 0  0.01(-0.01,0.03) 0 —0.00 (-0.02, 0.02) 0  0.01(-0.02,0.03) 0
Sex (male vs. female) 0.02 (—0.02, 0.06) 0  0.01(—0.04, 0.05) 0 —0.05(—0.09, —0.00)" 0  0.06 (—0.01, 0.13) 0
Race 0.01 0.01 0 0.02
Black vs. White —0.11 (—0.16, —0.06)* —0.10 (—0.15, —0.04)* —0.08 (—0.13, —0.03)* —0.17 (—0.24, —0.10)*
Chinese vs. White —0.02 (—0.09, 0.05) —0.02 (—0.09, 0.05) —0.02 (—0.09, 0.05) -0.09 (—-0.17, —0.01)"
Hispanic vs. White —0.02 (—0.07, 0.04) —0.00 (—0.05, 0.05) 0.01 (—0.04, 0.07) —0.07 (—0.14, —0.01)"
BMI (per 1 SD) 0.14 (0.12, 0.16)* 0.07 0.13 (0.11, 0.15)* 0.06 0.13 (0.11, 0.16)* 0.06
Supine position 0.03 (0.01, 0.05)* 0  0.03(0.01, 0.05)* 0  0.03(0.01, 0.05)" 0
(per 1 SD)
Wake Spo, (per 1 SD) —0.06 (—0.08, —0.04)* 0.01 —0.06 (—0.08, —0.04)* 0.02 —0.06 (—0.08, —0.04)* 0.02
Waist circumference 0.12 (0.09, 0.14)" 0.05
(per 1 SD)
FVC (per 1 SD) -0.05 (—0.09, —0.01)" 0
Model R? 0.78 0.80 0.80 0.80 0.80

Definition of abbreviations: BMI = body mass index; Spo, = 0xygen saturation as measured by pulse oximetry.

Hypoxic burden was standardized (per 1 SD).
Statistical significance is highlighted in bold.
*P < 0.001.

TP < 0.05.

P < 0.01.

these three measures of physiological burden,
hypoxic burden was the strongest and most
consistent predictor of incident CVD and
mortality, and arousal burden was the
weakest. The data from this study suggest
that OSA-related ventilatory deficit is linked
with CVD outcomes via hypoxic burden and
that the nocturnal hypoxia is likely the
culprit leading to adverse cardiovascular
outcomes. A potential explanation for the
weaker association of ventilatory burden
with outcomes may be related to the
measurement noise related to an accurate
quantification of the airflow. Indeed, past
studies have discussed challenges with
airflow measurements in clinical and home-
based settings, mainly because of less
standardized and variable ways of measuring
airflow (e.g., nasal cannula, thermistor,
inductance bands), high prevalence of mouth
breathing and less accurate quantification
(52, 53) of airflow when it is measured via
nasal devices, and the need to calibrate these
devices. In contrast, Spo, measurement is
more standardized, is easier, and requires less
monitoring than airflow quantification.
Finally, although arousals have long been
postulated to reflect sympathetic nervous
system-related activity and OSA-related
sleep disturbances (54), recent data suggest
that there may be adaptation over time that
influences arousal number, and arousal

identification is limited by challenges in
consistently identifying discreet changes in
EEG activity over background, leading to
only modest interscorer agreement

(55, 56).

Hypoxic Burden versus T90 and CVD
Similar to hypoxic burden, T90 has been
shown to predict increased risk of incident
CVD (57, 58). Consistent with our previous
findings (14), exploratory analyses in this
study showed that after adjusting for hypoxic
burden, T90 was not a significant predictor
of incident CVD, whereas hypoxic burden
was significantly associated with CVD after
adjusting for T90. Furthermore, in contrast
to hypoxic burden, T90 may be impacted by
non-OSA-related conditions such as lung or
heart disease (51, 59, 60). Also, T90 may not
be an accurate measure of “intermittent”
hypoxemia, because it depends on the
baseline value of oxygen saturation (51).
Although CPAP may decrease a component
of T90 that is due to upper airway
obstruction, it cannot correct the sustained
hypoxemia attributed to an underlying
pulmonary and/or cardiac condition (61). As
shown in Figures E1 and E2, there are
individuals with large T90 but low hypoxic
burden. On one hand, these are the
participants with low baseline oxygen
saturation (of other causes unrelated to
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OSA). On the other hand, there are many
with low T90% but high hypoxic burden. We
believe that these individuals will likely
benefit from OSA treatment.

Strength and Limitations

This study has several strengths, including
the following: 1) good representation of
different sex, racial, and ethnic groups in the
MESA study; 2) automated and validated
methods used to generate the desired
metrics; 3) external validation of the
associations of the hypoxic and ventilatory
burdens with CVD morbidity and mortality
in the MrOS cohort; and 4) multiple
covariate adjustments and consistency across
different outcomes that suggest likely
generalizability of the results concerning
hypoxic burden. However, the study also had
several limitations, including the
underrepresentation of younger individuals
and individuals with high degrees of
comorbidities. In addition, we largely tested
the associations with CVD outcomes; future
studies are needed to expand these findings
to neurocognitive and metabolic outcomes.
Although the sample size was comparable to
sizes in other OSA-related population
studies, larger studies with longer follow-up
are needed to confirm our findings.
Moreover, well-instrumented physiological
studies are needed to identify the
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determinants of hypoxic burden. Another
limitation of this study is the lack of data on
CPARP use after the baseline sleep study;
however, on the basis of data from the Sleep
Heart Health Study, it is expected that the
number of individuals who seek treatment
during follow-up will be small (26).
Furthermore, excluding individuals who were
receiving CPAP at the baseline sleep study

(n=72) did not affect our findings (Table E4).

Finally, future RCTs in younger individuals
are needed to better gauge which aspects of
sleep apnea can be used to better identify

high-risk patients who would benefit the most
from therapies such as CPAP.

Conclusions

In this large, well-characterized, and diverse
study, hypoxic burden consistently predicted
incident CVD and all-cause mortality.
Although ventilatory burden predicted these
outcomes, hypoxic burden was the strongest
predictor of these, and exploratory analyses
were consistent with it as a measure of
ventilatory burden rather than other factors,
such as different measures of visceral fat,

baseline Spg,, or lung function. Future
larger and longer studies are needed to
identify high-risk individuals with OSA who
benefit from treatment.
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