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Aims Apnoea–hypopnoea index (AHI), the universal clinical metric of sleep apnoea severity, poorly predicts the adverse
outcomes of sleep apnoea, potentially because the AHI, a frequency measure, does not adequately capture disease
burden. Therefore, we sought to evaluate whether quantifying the severity of sleep apnoea by the ‘hypoxic burden’
would predict mortality among adults aged 40 and older.

...................................................................................................................................................................................................
Methods
and results

The samples were derived from two cohort studies: The Outcomes of Sleep Disorders in Older Men (MrOS),
which included 2743 men, age 76.3 ± 5.5 years; and the Sleep Heart Health Study (SHHS), which included 5111
middle-aged and older adults (52.8% women), age: 63.7 ± 10.9 years. The outcomes were all-cause and
Cardiovascular disease (CVD)-related mortality. The hypoxic burden was determined by measuring the respiratory
event-associated area under the desaturation curve from pre-event baseline. Cox models were used to calculate the
adjusted hazard ratios for hypoxic burden. Unlike the AHI, the hypoxic burden strongly predicted CVD mortality and
all-cause mortality (only in MrOS). Individuals in the MrOS study with hypoxic burden in the highest two quintiles had
hazard ratios of 1.81 [95% confidence interval (CI) 1.25–2.62] and 2.73 (95% CI 1.71–4.36), respectively. Similarly, the
group in the SHHS with hypoxic burden in the highest quintile had a hazard ratio of 1.96 (95% CI 1.11–3.43).

...................................................................................................................................................................................................
Conclusion The ‘hypoxic burden’, an easily derived signal from overnight sleep study, predicts CVD mortality across popula-

tions. The findings suggest that not only the frequency but the depth and duration of sleep related upper airway
obstructions, are important disease characterizing features.
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Introduction

Obstructive sleep apnoea (OSA) is a common disorder character-
ized by recurrent upper airway collapse during sleep1 that leads to

sleep fragmentation2 and sympathetic activation.3 Untreated OSA
has been associated with adverse neurocognitive (daytime sleepiness,
reduced attention),4–6 Cardiovascular disease (CVD) and metabolic
complications (hypertension, diabetes, strokes).4,7–14 However, the
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impact of OSA on fatal CVD events remains disputed10,15–17 due to
some inconsistencies in exposure-outcome associations. Indeed, re-
cent evidence suggests a lack of association between positive airway
pressure therapy and secondary CVD prevention.15,18

Currently, the field of sleep medicine relies on quantifying the fre-
quency of apnoeas and hypopnoeas observed during sleep (apnoea–
hypopnoea index, AHI) to diagnose OSA and quantify its severity.
Based on this metric, OSA was found to modestly predict mortality,
but results largely were limited to younger to middle-aged
men.9,10,16,19,20 One interpretation is that the AHI fails to capture the
key aspects of OSA that have a deleterious impact on the CV system.
Obstructive sleep apnoea is a disorder in which the repeated airway
obstructions reduce ventilation and cause blood gas derangement.
Therefore, AHI, which provides a simple count of the number of ob-
structive episodes per hour of sleep, without regard for the duration
and the depth of the ventilatory disturbance or blood gas changes,
does not fully characterize physiological disturbances. Several obser-
vational studies have demonstrated that measures of nocturnal hyp-
oxaemia, such as the percentage of time during sleep with an oxygen
saturation below 90% (TST90), more strongly predict CVD and all-
cause mortality than the AHI.21–23 However, the TST90 and similar
metrics characterize not only the intermittent hypoxaemia occurring
secondary to obstructive events but also persistent hypoxaemia,
such as from chronic obstructive pulmonary disease (COPD) or
obesity hypoventilation, which are unrelated to upper airway ob-
struction and OSA.

Therefore, we sought to develop a severity measure for OSA that
quantifies OSA-related hypoxaemia, which we postulate significantly
predicts CVD-related mortality after adjusting for routinely meas-
ured polysomnography (PSG) indices. Accordingly, we developed a
single measure that encapsulates the frequency, duration, and depth
of the respiratory-event contribution to arterial hypoxaemia, specific-
ally the oxygen desaturation ‘area under the curve’ in association
with individual apnoeas and hypopnoeas (i.e. OSA specific ‘hypoxic
burden’, see Figure 1 and Methods section). We hypothesized that
our measure of the hypoxic burden would predict CVD mortality
and all-cause mortality, and tested this hypothesis in the
Osteoporotic Fractures in Men Study (MrOS)-Sleep Study24–27 and
the Sleep Heart Health Study (SHHS).26,28,29

Methods

The Osteoporotic Fractures in Men Study
The first study was the Osteoporotic Fractures in Men Study (MrOS)
Sleep Study (http://mrosdata.sfcc-cpmc.net (4 October 2018)). The par-
ent MrOS study is a community-based, prospective cohort study of 5994
men >_65 years recruited from six centres across the USA (2000–2002)
designed to describe the epidemiology of osteoporosis and fractures in
older men.24–27 To be eligible, individuals had to be capable of walking
without assistance and be without bilateral hip replacements. From 2003
to 2005, 3135 men from the MrOS cohort participated in the ancillary
MrOS Sleep Study and underwent comprehensive sleep evaluations
including full home PSG as described previously.22 Participants who
reported nightly use of any treatment, including continuous positive air-
way pressure (CPAP), bilevel positive airway pressure, mouthpiece, or
oxygen therapy were excluded from the MrOS Sleep Study. Of the 3135
participants who completed the sleep study, the PSGs of 2907 met initial

study quality criteria and were available on the National Sleep Research
Resource website (http://sleepdata.org (4 October 2018)) and analysed.
Ethical approval was obtained from local institutional review boards, and
all participants provided informed consent.

In-home sleep studies using one night of unattended PSG (Safiro,
Compumedics, Inc., Melbourne, Australia) were performed with record-
ing of central electroencephalography, bilateral electrooculography, chin
electromyography, electrocardiogram, nasal pressure and thermistor (for
airflow measurement), chest and thoracic inductance plethysmography,
finger pulse oximetry, body position, and leg movements.30 The respira-
tory events that were used to identify changes in oxygen saturation
included all apnoeas and hypopnoeas regardless of desaturation (scored
on the basis of amplitude changes only). Apnoeas were identified if
thermistry airflow was absent or nearly absent for at least 10 s.
Hypopnoeas were identified when there was at least 30% reduction in
airflow (by thermistry or nasal pressure) or thoracoabdominal move-
ment for at least 10 s. Events also were linked to associated desaturation
for calculation of the AHI, which was defined as the number of all apnoeas
plus hypopnoeas associated with a >_3% decrease per hour of sleep.
SpO2 signals were captured by fingertip pulse oximeters (Nonin,
Minneapolis, MN, USA) sampled at 1 Hz.

Covariates and outcomes were based on measurements at the clinic
exam, questionnaires and adjudication of reported events. Participants
completed questionnaires including information on demographics, medic-
al history, smoking status, and alcohol use. A history of the following med-
ical conditions was gathered: concurrent CVD (including congestive
heart failure, coronary heart disease, cerebrovascular disease, peripheral
vascular disease, claudication, myocardial infarction, angina, and transient
ischaemic attack), stroke, diabetes mellitus, renal failure, COPD, and
hypertension. After the Sleep Visit, participants were contacted every 4
months; >97% of contacts were completed. Reported deaths were con-
firmed with death certificates and medical records. CVD mortality was
based on the underlying cause of death as determined by a study phys-
ician adjudicator. Cause of death was broadly categorized by ICD-9 codes
as CVD (codes 396.9–442, 966.71, 785.51), cancer (codes 141.9–208.0),
and other causes (reported codes not in previous categories).

The Sleep Heart Health Study
The second study was the Sleep Heart Health Study (SHHS), a
community-based, prospective cohort study designed to examine the
CVD consequences of sleep-disordered breathing. Details of the study
design have been reported previously.26,28,29 A total of 6441 men and
women aged 40 years or older completed the baseline examination
(1995–1998), including a Sleep Habits Questionnaire, anthropometric in-
formation, and overnight unattended PSG. Institutional Review Board ap-
proval was obtained at all participating institutions, and all participants
signed informed consent. Of the 6441 participants enrolled in SHHS, 637
withdrew their consent due to sovereignty issues (Strong Heart Study
participants are not included in the shared SHHS data). Therefore, our
dataset includes the remaining 5804 participants.

Concurrent CVD disease was defined as a history of physician-
diagnosed angina, heart failure, myocardial infarction, stroke, or coronary
revascularization, and it was determined by adjudicated surveillance data
provided by the parent cohorts or by self-report at enrolment.
Questionnaires were administered to determine participant demograph-
ics, alcohol use, and smoking history. The details of the sleep study have
been published previously.29 All PSGs were scored at the same central
sleep reading centre as was the MrOS Study (Case Western Reserve
University, directed by S Redline) using similar methods other than reli-
ance on thermistry and inductance plethysmography (SHHS) rather than
nasal pressure, thermistry, and inductance plethysmography (MrOS) for
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.identification of respiratory events. Events were similarly identified on the
basis of amplitude reduction only, with AHI derived after further linking
hypopnoeas to desaturations of >_3% or arousals. SpO2 signals were
captured by fingertip pulse oximeter (Nonin, Minneapolis, MN, USA)
sampled at 1 Hz.

Death from any cause (including CVD death), the primary endpoint
for this report, was identified and confirmed for SHHS using follow-up
interviews, written annual questionnaires, or telephone contacts with
study participants or next-of-kin, surveillance of local hospital records
and community obituaries, and linkage with the Social Security
Administration Death Master File.19

Nocturnal hypoxic burden as a measure of

obstructive sleep apnoea severity
The total area under the ventilation curve, using eupneic ventilation as
the baseline, can be used to quantify the total ventilatory deficit caused by
obstruction in the airway. However, due to the differences in airflow
measurement methodologies (e.g. nasal pressure airflow, thermal airflow,
respiratory belts31) and lack of standardization across clinical and cohort
studies, pulse oximetry may be used as a readily available surrogate of
ventilation. Therefore, instead of the area under the ventilation curve, the
area under the desaturation curve associated with respiratory events was
used to quantify sleep apnoea severity. We derived a measure of sleep-
related ‘hypoxic burden’ aimed at capturing the total amount of respira-
tory event-related hypoxaemia over the sleep period. The hypoxic bur-
den was defined as the total area under the respiratory event-related
desaturation curve. For each individually identified apnoea or hypopnoea
(obstructive and central regardless of associated desaturation), the pre-
event baseline saturation was defined as the maximum SpO2 during the
100 s prior to the end of the event. The area under this baseline value

was calculated over a subject-specific search window (Figure 1) for each
event. For a robust area calculation (particularly for the events without
SpO2 recovery to the baseline value), the subject-specific search window
was obtained from an averaged desaturation curve. The average desatur-
ation curve for each participant was determined by overlaying SpO2 sig-
nals with respect to the end of events (Figure 1, see Supplementary
material online for more details). The hypoxic burden was then obtained
by adding these individual desaturation areas and dividing the total area
by the sleep duration, with the units of hypoxic burden being (%min)/h.
For example, a hypoxic burden of 20 (%min)/h is equivalent to 20 min of
1% desaturation per hour or 5 min of 4% desaturation per hour (see
Supplementary material online for more details).

Statistical analysis
Distributions of covariates and sleep measures were summarized by mor-
tality status. A series of Cox proportional models were constructed to
assess the association between CVD and all-cause mortality risks and
hypoxic burden. To choose the functional form of the hypoxic burden
variable in the Cox models that best describes the association between
hypoxic burden and our outcome, the martingale residuals of the
unadjusted Cox model were plotted for the untransformed, log-
transformed, square root-transformed, and power two-transformed hyp-
oxic burden. The fitted lines with Lowess function revealed linearity in
the log-transformed hypoxic burden (see Supplementary material online
for more details on the Cox regression analysis of log-transformed hyp-
oxic burden). For help with interpretation without making any assump-
tions regarding linearity, the hypoxic burden was also categorized based
on its quintiles: <20th percentile (reference), 20th–40th percentile, 40th–
60th percentile, 60th–80th percentile, and >80th percentile.

Figure 1 Example of hypoxic burden calculation for an individual respiratory event. (A) The nasal cannula airflow and annotated respiratory events
is shown. (B) The overlaid oxygen saturation signals (SpO2) associated with all respiratory events for one individual is shown. These signals were
synchronized at the termination of respiratory events (time zero) and averaged to calculate the search window (the time between two peaks). The
search window was used to calculate the hypoxic burden for individual events. That is, the area under saturation curve within the search window (C).
The total hypoxic burden was defined as the sum of individual burdens divided by total sleep time. Resp. Event, respiratory event.

Hypoxic burden and cardiovascular mortality 1151
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Covariates were chosen based on established clinical relationships to

mortality. The models were adjusted for demographic/anthropometric
covariates and pre-existing medical conditions. Covariates used for both
MrOS and SHHS included age, body mass index (BMI), race, smoking sta-
tus (current, former, or never), concurrent medical conditions such as
hypertension, diabetes, stroke, COPD, and lipid-lowering medication
(Statin) use, with each defined as previously described.18,22 To test the as-
sociation between hypoxic burden and mortality and whether the associ-
ation persisted after covariate adjustment, several models were
considered. Model 0 included only the hypoxic burden index. In Model 1,
demographic/anthropometric covariates [age, BMI, race and gender (not
applicable in MrOS), race)], total sleep time (TST, <_5, 5–8, >8 h), study
site, smoking status, alcohol use (<1, 1–13, >14 glasses/week; only avail-
able in MrOS due to >400 missing values in SHHS), and non-CVD-related
medical conditions, including COPD and renal failure (not available in
SHHS). Model 2a, which included covariates in Model 1 and AHI, was
used to test the association for hypoxic burden after adjusting for the AHI
as the commonly used measure of sleep apnoea severity. Due to the pres-
ence of collinearity between AHI and oxygen desaturation index (ODI),
Model 2b replaced the AHI with ODI in Model 2a and assessed the associ-
ation between hypoxic burden and CVD mortality. Model 3 added
commonly-used measures of overnight hypoxaemia such as percent sleep
time with SpO2 <90% (TST90) and average event-related minimum satur-
ation (MinSat) to Model 2a. Finally, Model 4 was constructed by addition-
ally adjusting Model 3 for concurrent cardiometabolic conditions (fully
adjusted model). In MrOS, concurrent CVD included coronary heart dis-
ease, peripheral vascular disease, claudication, myocardial infarction, an-
gina, transient ischaemic attack, and heart failure. In SHHS, concurrent
CVD included angina, heart failure, myocardial infarction, stroke, and cor-
onary revascularization.19 AHI and ODI were modelled as continuous var-
iables and the risk was reported for every 15 events/h increase in the AHI
or the ODI. TST90 was modelled as a continuous variable and the risk
was reported for every 10% increase in the TST90. Modelling the AHI as
a categorical variable with several clinical cut-points (5, 15, and 30 events/
h) or quartiles did not alter the results; therefore, it was kept as a continu-
ous variable. To avoid multicollinearity, it was ensured that the variance in-
flation factors remained below five.32 To plot the adjusted survival curves
for the hypoxic burden quintiles in MrOS, Cox regression Model 4 was
used to obtain the predicted survival curve for every participant in MrOS.
These individual survival curves were then averaged to obtain the adjusted
survival curves.33 Statistical analyses were conducted using the R statistical
package (http://www.r-project.org (4 October 2018)).

Results

The characteristics of participants in MrOS and SHHS studies, grouped
by their mortality status, are shown in Tables 1 and 2, respectively.

The Osteoporotic Fractures in Men
Study
Of the 2907 available PSG files, 42 had pending documentation to
verify the death, 11 had poor quality SpO2 signals, and 111 had
incomplete covariate data, resulting in 2743 participants in the analyt-
ical dataset. Over an average of 10.0 ± 3.5 years, a total of 440
CVD-related deaths and 1270 all-cause deaths were identified. The
characteristics of participants grouped by their mortality status are
shown in Table 1.

The results of the Cox regression models are shown in Table 3.
The unadjusted hazard ratio of CVD mortality for second, third,

fourth, and fifth quintile were 1.24 [95% confidence interval (CI) 0.89–
1.72], 1.10 (95% CI 0.78–1.54), 1.64 (95% CI 1.20–2.24), and 2.31
(95% CI 1.71–3.12), respectively (Table 3, Model 0). After adjusting for
anthropometric/demographic variables, smoking, alcohol and, in
MrOS, COPD and renal failure, the hazard ratio was somewhat atte-
nuated but remained significant for the fourth and fifth quintiles [1.44
(95% CI 1.05–1.97) and 1.75 (95% CI 1.28, 2.40), Table 3]. The associ-
ation of hypoxic burden fourth and fifth quintiles and CVD mortality
persisted and remained significant after further adjustment for AHI in
Model 2a [HR(Q4) = 1.77 (95% CI 1.23–2.54)), HR(Q5) = 2.61 (95%
CI 1.65–4.14)] or ODI in Model 2b [HR(Q4) = 1.57 (95% CI 1.09–
2.26)), HR(Q5) = 2.10 (95% CI 1.31–3.34)]. Further adjustments for
alternative measurements of hypoxaemia (MinSat and TST90, Model
3; Table 3) or concurrent CVD (Model 4; Table 3, Supplementary ma-
terial online, Table S1) did not appreciably change the hazard ratios for
hypoxic burden. Figure 2 displays the adjusted survival curves for the
Cox regression model 4. The online supplementary material (Table
S3) further shows the hazard ratios when modelling log-transformed
hypoxic burden. In addition to CVD mortality, a significant association
between hypoxic burden and all cause mortality was observed (see
Supplementary material online, Table S4).

Sleep Heart Health Study
From 6441 participants enrolled in SHHS, 5804 studies were avail-
able in the National Sleep Research Resource. After excluding 32
studies with missing or poor-quality SpO2 signals, 752 with missing
CVD mortality status, and 348 with incomplete covariate data, 4672
subjects were available for CVD mortality. Over an average of
10.9 ± 3.1 years, a total of 313 CVD-related deaths were observed in
these individuals (censoring date of 7 December 201134). A total of
5111 individuals with complete covariates were available for all-cause
mortality (1142 all-cause deaths). The characteristics of these partici-
pants, grouped by their mortality status, are shown in Table 2.

Similar to MrOS, unadjusted (Model 0), partially adjusted (Models
1, 2a, 2b, 3), and fully adjusted (Model 4) Cox regression models
showed a significant hazard ratio of CVD mortality for the fifth quintile
of hypoxic burden (Table 3). In addition, unadjusted model and partial-
ly adjusted Models 2a, 2b, and 3 showed a significant hazard ratio of
CVD mortality for the fourth quintile of hypoxic burden (Table 3).
The upper 20% of hypoxic burden had fully adjusted hazard ratios of
1.96 (95% CI 1.11–3.43) in Model 4 (Table 3). No significant associ-
ation between hypoxic burden and all-cause mortality was observed
in SHHS study (see Supplementary material online, Table S5).

Associations between hypoxic burden
and conventional polysomnographic
parameters
In both MrOS and SHHS, the hypoxic burden was variably associated
with other PSG parameters, such as AHI, ODI, arousal index, wake
time after sleep onset, and TST90. These associations weakened for
patients with moderate to severe sleep apnoea (see Supplementary
material online, Figure S2 for the correlation analysis). For example, in
MrOS, for patients with moderate to severe sleep apnoea, the correl-
ation between the hypoxic burden and PSG parameters such as AHI,
TST90, and ODI were 0.70, 0.49, and 0.74, respectively (see
Supplementary material online, Figure S2).
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..Impact of desaturation depth on the
association of hypoxic burden and
cardiovascular mortality
To further investigate whether the impact of short and deep desatu-
rations on CVD mortality hazard ratio is different than long and shal-
low ones, we performed additional analyses in the MrOS cohort by
transforming event-associated raw desaturations using the square-
root (to diminish the effect of desaturation depth) and square (to ex-
aggerate the effect of desaturation depth, Supplementary material
online, Figure S4). The standardized adjusted hazard ratios in Model
2a remained similar for square root-transformed, untransformed,
and square-transformed hypoxic burden, respectively (see
Supplementary material online, Table S7). These findings suggest that,
at least in MrOS cohort, the short and deep desaturations were simi-
lar to long and shallow desaturations in terms of their impact on the
observed CVD mortality hazard ratios.

Discussion
Using two large samples of middle-aged and older adults from several
communities in the USA, we found that OSA severity quantified as
the respiratory event-associated hypoxic burden was independently
associated with CVD mortality. This association persisted after
adjusting for a large number of potential confounders and possible
mediators, including prevalent CVD as well as AHI, TST90, and sleep
duration. In contrast, CVD mortality was not associated with AHI
when it was assessed as an independent predictor. When examining
other measurements of hypoxaemia, TST90 was significantly associ-
ated with CVD mortality in SHHS and not in MrOS, while the ODI
was associated with CVD mortality in MrOS but not SHHS.
Therefore, these data suggest that CVD mortality is strongly associ-
ated with a quantitative measure of hypoxic burden associated with
respiratory disturbances, and that this measure significantly and more
consistently (across cohorts) predicts this outcome than a simpler

....................................................................................................................................................................................................................

Table 1 Sample characteristics by all-cause and cardiovascular mortality in MrOS

Alive (N 5 1473) All-cause mortality

(N 5 1270)

CVD mortality

(N 5 440)

Age (years), mean (SD) 74.3 (4.5) 78.8 (5.5) 79.2 (5.5)

BMI (kg/m2) 27.2 (3.6) 27.1 (4.1) 27.3 (3.9)

Race, n (%)

Caucasian 1312 (89.1) 1177 (92.7) 411 (93.4)

African American 54 (3.7) 38 (3.0) 8 (1.8)

Other race 107 (7.3) 55 (4.3) 21 (4.8)

Alcohol, n (%)

<1 glasses/week 660 (44.8) 608 (47.9) 218 (49.5)

1–13 glasses/week 725 (49.2) 601 (47.3) 202 (45.9)

14þ glasses/week 88 (6.0) 61 (4.8) 20 (4.6)

Congestive heart failure, n (%) 49 (3.3) 111 (8.7) 58 (13.2)

Cardiovascular disease (including congestive heart failure), n (%) 459 (31.2) 636 (50.1) 260 (59.1)

Hypertension, n (%) 658 (44.7) 703 (55.4) 272 (61.8)

Stroke, n (%) 34 (2.3) 68 (5.4) 27 (6.1)

Diabetes, n (%) 159 (10.8) 196 (15.4) 84 (19.1)

Renal failure, n (%) 5 (0.3) 21 (1.7) 7 (1.6)

Chronic obstructive pulmonary disease, n (%) 60 (4.1) 82 (6.5) 19 (4.3)

Smoking status, n (%)

Never 613 (41.6) 484 (38.1) 164 (37.3)

Former 836 (56.8) 758 (59.7) 271 (61.6)

Current 24 (1.6) 28 (2.2) 5 (1.1)

Statin use, n (%) 631 (42.8) 499 (39.3) 196 (44.5)

Total sleep time (TST), n (%)

>5–8 h 1221 (82.9) 970 (76.4) 336 (76.4)

<_5 h 224 (15.2) 257 (20.2) 92 (20.9)

>8 h 28 (1.9) 43 (3.4) 12 (2.7)

Apnoea–hypopnoea index (events/h) 15.7 (13.9) 17.8 (14.8) 18.9 (15.1)

TST90 (%TST) 3.23 (7.76) 5.11 (10.9) 5.36 (10.4)

Hypoxic burden (%min/h) 53.3 (47.8) 64.3 (57.7) 72.7 (61.5)

Q1 (<_20 %min/h), n (%) 324 (22.0) 225 (17.7) 64 (14.5)

Q2 (20–34 %min/h), n (%) 304 (20.6) 248 (19.5) 77 (17.5)

Q3 (34–53 %min/h), n (%) 324 (22.0) 224 (17.6) 71 (16.1)

Q4 (53–88 %min/h), n (%) 283 (19.2) 270 (21.3) 100 (22.7)

Q5 (>88 %min/h), n (%) 238 (16.2) 303 (23.9) 128 (29.1)
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.measure of event frequency (AHI), overall hypoxaemia (TST90), or
the desaturation frequency (ODI) during sleep.

Obstructive sleep apnoea-related
hypoxaemia and risk of cardiovascular
disease
Intermittent hypoxaemia associated with individual hypopnoeas and
apnoeas has been shown to be a key factor in mediating CVD risk35

in OSA. Previous studies have shown the associations between inter-
mittent hypoxaemia and indices of subclinical CVD or CVD risk fac-
tors, including endothelial dysfunction,36 increased sympathetic
activation,37 inflammation,38 oxidative stress,39 and metabolic dys-
function.40 Measurements of hypoxaemia also have been shown to
predict incident atrial fibrillation,41 sudden cardiac death,42 and mor-
tality in stable heart failure patients.21 However, there is not a con-
sensus on which measurement(s) of overnight oxygen saturation are
most sensitive or predictive of incident CVD. For example, in a rela-
tively small study of middle-aged men, Peker et al.20 reported that the
ODI associated with an increased risk of incident CVD in middle-
aged men. Total sleep time with an oxygen saturation below 90% or

80% (TST90, TST80), although commonly reported in sleep studies,
has not been shown to be a consistent predictor of mortality in
patients with OSA.19,22 For example, Punjabi et al.19 found an associ-
ation between all-cause mortality and prolonged oxygen desatur-
ation (TST90 > 2.70% total sleep time) in younger but not older men
in SHHS. In contrast, Smagula et al.22 found a significant association
between all-cause mortality and severe, prolonged oxygen desatur-
ation (TST80 >_ 1% total sleep time) in older men (MrOS cohort).
One challenge of some commonly used metrics is that they depend
on somewhat arbitrary absolute thresholds (e.g. 90% and 80%),
which may not apply across populations. Metrics such as TST90 also
are not specific to the individual apnoeas and hypopnoeas but may
reflect underlying lung disease or a hypoventilation disorder, and thus
are less specific markers of OSA-related hypoxic stress compared
with the hypoxic burden measure. TST90 also does not provide dir-
ect information on the targets for OSA treatment (e.g. CPAP), which
mostly address episodic airway obstruction and its ensuing hypox-
aemia. In contrast, the hypoxic burden index quantifies a target for
CPAP, and may possibly better identify individuals who will respond
to CPAP than less specific measures of hypoxaemia or the AHI,
which does not measure the associated physiological stress.

....................................................................................................................................................................................................................

Table 2 Sample characteristics by all-cause and cardiovascular mortality in SHHS

Alive (N 5 3969) All-cause mortality

(N 5 1142)

CVD mortality

(N 5 313)

Age (years), mean (SD) 61.0 (9.9) 72.8 (9.1) 75.6 (7.7)

Gender, n (%)

Male 1796 (45.3) 615 (53.9) 168 (53.7)

Female 2173 (54.7) 527 (46.1) 145 (46.3)

BMI (kg/m2) 28.3 (5.1) 27.7 (5.0) 27.4 (4.8)

Race, n (%)

Caucasian 3445 (86.8) 1016 (89.0) 277 (88.5)

Non-Caucasian 524 (13.2) 126 (11.0) 36 (11.5)

Diabetes, n (%) 193 (4.9) 169 (14.8) 66 (21.1)

Hypertension, n (%) 1479 (37.3) 692 (60.6) 218 (69.6)

Stroke, n (%) 89 (2.2) 80 (7.0) 32 (10.2)

Chronic obstructive pulmonary disease, n (%) 33 (0.8) 24 (2.1) 3 (0.1)

Smoking, n (%)

Never 1946 (49.0) 476 (41.7) 143 (45.7)

Former 354 (8.9) 111 (9.7) 21 (6.7)

Current 1669 (42.1) 555 (48.6) 149 (47.6)

Cardiovascular disease (including congestive heart failure), n (%) 347 (8.7) 288 (25.2) 110 (35.1)

Lipid-lowering medication use, n (%) 462 (11.6) 149 (13.0) 49 (15.7)

Total sleep time (TST), n (%)

5–8 h 493 (12.4) 206 (18.0) 58 (18.5)

<_5 h 19 (0.5) 22 (1.9) 7 (2.2)

>8 h 3457 (87.1) 914 (80.0) 248 (79.2)

Apnoea–hypopnoea index (events/h) 17.1 (15.3) 20.9 (17.4) 20.9 (15.9)

TST90 (%TST) 2.73 (8.5) 6.32 (15.2) 6.47 (16.5)

Hypoxic burden (% min/h) 46.6 (53.8) 62.6 (66.5) 64.3 (63.0)

Q1 (<_16 %min/h), n (%) 857 (21.6) 155 (13.6) 29 (9.27)

Q2 (16–28 %min/h), n (%) 851 (21.4) 172 (15.1) 48 (15.3)

Q3 (28–43 %min/h), n (%) 818 (20.6) 213 (18.7) 65 (20.8)

Q4 (43–71 %min/h), n (%) 754 (19.0) 270 (23.6) 74 (23.6)

Q5 (>71 %min/h), n (%) 689 (17.4) 332 (29.1) 97 (31.0)
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While an association was found between hypoxic burden and CVD
mortality in both cohorts, a significant association for all-cause mor-
tality was only found in MrOS. A weaker and less-consistent associ-
ation between hypoxic burden and all-cause mortality suggests that
there may be a distinct biological pathway linking intermittent hyp-
oxia associated with respiratory events to CVD death.

Apnoea–hypopnoea index as a predictor
of obstructive sleep apnoea outcomes
Several studies in clinical and community populations have shown
associations between sleep-disordered breathing and mortality

risk.10,17,19,21–23 However, the results are conflicting and vary accord-
ing to the metrics used to describe OSA and the population studied.
For instance, a prospective analysis of SHHS revealed an association
between all-cause mortality and severe OSA (AHI > 30, all apnoeas
and hypopnoeas with >_4% desaturation), yet the results were only
significant in men aged 40–70 years.19 Consistent with their findings,
after adjusting for confounders, we did not find a significant associ-
ation between AHI and CVD and all-cause mortality in the MrOS co-
hort, which was comprised of men aged 65 years and older. This
finding was irrespective of whether AHI was modelled as a continu-
ous variable or a categorical variable using clinical cut-points. One
reason why AHI is not a strong predictor of mortality could be that it

....................................................................................................................................................................................................................

Table 3 Hypoxic burden predicts cardiovascular-related mortality in MrOS and SHHS

Covariates Hypoxic burden

quintiles

MrOS SHHS

HR (95% CI) HR (95% CI)

Model 0: none Q1 1.00 1.00

Q2 1.24 (0.89, 1.72) 1.67 (1.06–2.65)*

Q3 1.10 (0.78, 1.54) 2.30 (1.49–3.57)***

Q4 1.64 (1.20, 2.24)** 2.71 (1.76–4.16)***

Q5 2.31 (1.71, 3.12)*** 3.88 (2.56–5.88)***

Model 1: anthropometrica, sleep duration,

smoking, alcoholb, non-CVD medical historyc

Q1 1.00 1.00

Q2 1.22 (0.87, 1.70) 1.41 (0.88–2.24)

Q3 1.12 (0.80, 1.58) 1.25 (0.80–1.96)

Q4 1.44 (1.05, 1.97)* 1.51 (0.97–2.35)

Q5 1.75 (1.28, 2.40)*** 1.62 (1.04–2.51)*

Model 2a: Model 1þAHI Q1 1.00 1.00

Q2 1.29 (0.92, 1.81) 1.45 (0.91–2.31)

Q3 1.26 (0.88, 1.79) 1.34 (0.85–2.12)

Q4 1.77 (1.23, 2.54)** 1.69 (1.05–2.70)*

Q5 2.61 (1.65, 4.14)*** 2.03 (1.17–3.50)*

Model 2b: Model 1þODI Q1 1.00 1.00

Q2 1.25 (0.89, 1.75) 1.43 (0.90–2.28)

Q3 1.18 (0.83, 1.68) 1.31 (0.83–2.06)

Q4 1.57 (1.09, 2.26)* 1.63 (1.04–2.57)*

Q5 2.10 (1.31, 3.34)** 1.92 (1.16–3.15)*

Model 3: Model 2aþMinSatþTST90 Q1 1.00 1.00

Q2 1.30 (0.93, 1.82) 1.50 (0.94–2.39)

Q3 1.29 (0.91, 1.85) 1.41 (0.89–2.25)

Q4 1.83 (1.27, 2.64)** 1.78 (1.10–2.86)*

Q5 2.77 (1.73, 4.42)*** 2.09 (1.20–3.63)**

Model 4: Model 3þ cardio-metabolic diseasesd Q1 1.00 1.00

Q2 1.19 (0.85, 1.68) 1.48 (0.93–2.37)

Q3 1.26 (0.88, 1.81) 1.34 (0.85–2.14)

Q4 1.81 (1.25, 2.62)** 1.61 (1.00–2.61)

Q5 2.73 (1.71, 4.36)*** 1.96 (1.11–3.43)*

Unadjusted and adjusted hazard ratios for hypoxic burden in different models.
AHI, apnoea–hypopnoea index (3% criterion); MinSat, event-associated minimum saturation; ODI, oxygen desaturation index (>_3% desaturations); TST90, percent time spent
below oxygen saturation of 90%.
aAnthropometric/demographic variables included age, BMI, race, and gender (only in SHHS).
bThe number of missing values for alcohol consumption was substantially large in SHHS, therefore, it was only available in MrOS.
cNon-CVD medical history included chronic obstructive pulmonary disease (COPD) and renal failure (only available in MrOS).
dConcurrent cardio-metabolic disease included hypertension, diabetes, stroke, congestive heart failure, concurrent cardiovascular disease (MrOS: coronary heart disease, per-
ipheral vascular disease, claudication, myocardial infarction, angina, and transient ischaemic attack; SHHS: angina, myocardial infarction, and coronary revascularization), and
lipid-lowering medication use.
* P < 0.05; ** P < 0.01; *** P < 0.001.

Hypoxic burden and cardiovascular mortality 1155
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..only measures the frequency of respiratory events and has no infor-
mation about the duration and severity of blood gas changes. For ex-
ample, for an AHI of 40 events/h, the hypoxic burden ranged from 40
to 300 %min/h. This broad range is due to the variability in the depth
and the duration of event-related oxygen desaturations that is not
captured by the AHI (see Supplementary material online, Figure S3).
In addition, AHI is also subject to a number of measurement chal-
lenges, including the accuracy of identifying apnoeas and hypopnoeas
and the potential misclassification of disease severity by combining
apnoeas and hypopnoeas.43 On the other hand, the hypoxic burden
incorporates the depth and the duration of respiratory-event-related
hypoxaemia in addition to their event frequency and does not de-
pend on the choice of desaturation cut-offs for identifying events.
Furthermore, hypoxic burden can be derived without electroen-
cephalography-based measurements of arousal, and thus could be
extracted from home sleep apnoea tests, which are increasingly used
clinically, potentially providing a useful means for improving charac-
terization of CVD risk in patients with OSA.

Several recent large trials (Sleep Apnea Cardiovascular Endpoints
(SAVE)15 and the Treatment of Predominant Central Sleep Apnea by
Adaptive Servo Ventilation in Patients With Heart Failure (SERVE-
HF)44) have failed to find a positive long-term CVD or all-cause mor-
tality benefit of positive airway treatment.15,44 A number of reasons
have been suggested for these findings,45 including the possibility of
inadequate case selection. By selecting participants on the basis of
AHI or ODI may have not well identified those individuals at highest
mortality risk. Secondary analyses of data from these trials, reclassify-
ing participants based on severity of hypoxic burden, may help clarify
whether individuals with greater hypoxic burden may benefit more

from positive pressure treatment than those with less hypoxic
burden.

Strengths and limitations
There were a number of notable strengths of this study, including the
automated generation of an index of hypoxic burden that only
required data from oximetry channel and respiratory events-data
readily available from home sleep apnoea tests. The findings were ro-
bust to multiple covariate adjustments and were consistent across
two independent samples that differed by demographics, suggesting
likely generalizability of the results. However, the study had several
limitations, including the under-representation of minority popula-
tions and young individuals. The age representation and sample size
did not permit assessment in women alone or in younger. Given the
observational nature of these studies, residual confounding cannot be
excluded.

It is important to note that despite the advantages of a single meas-
ure of hypoxic burden that captures the depth and duration of
respiratory-related desaturation, it is possible that alternative metrics
that characterize other patterns of hypoxic stress, may prove to be
useful. For example, our measure does not distinguish short and
deep desaturations from and long and shallow ones. For example,
20 min of 1% desaturation per hour and 5 min of 4% desaturation per
hour would be similarly represented. However, we conducted ex-
ploratory analyses (see Supplementary material online, Table S7 and
Figure S4) that suggest that the observed hazard ratios were consist-
ent even when the contribution of deeper desaturations were math-
ematically varied. It is also important to recognize that our outcomes
were focused on CVD and all-cause mortality, and it is possible that

Figure 2 Adjusted survival curves for cardiovascular mortality across categories of the hypoxic burden in MrOS. These curves were obtained
from Model 4. The adjusted survival curves were obtained by averaging the predicted survival curves for every observation in MrOS study.
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..alternative metrics, such as arousal intensity46–48 and odds ratio
product49 that capture sleep fragmentation, may be important in
assessing outcomes such as sleepiness, cognition, and quality of life.

Conclusions

We developed an OSA severity measure, the hypoxic burden, which
we believe better characterizes the underlying pathology of OSA and
is associated with an increased risk of CVD mortality independent of
the AHI and multiple confounding variables. These data show that
hypoxic burden appears to be a better measure of OSA severity with
respect to the CVD consequences of disordered breathing. Given
the increasing prevalence of OSA in the general population, future
studies are necessary to determine whether this metric can be used
to predict the extent of which different OSA treatments can prevent
non-fatal and fatal CVD events.

Supplementary material

Supplementary material is available at European Heart Journal online.
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Corrigendum to: The hypoxic burden of sleep apnoea predicts cardiovascular disease-related mortality: the Osteoporotic Fractures in
Men Study and the Sleep Heart Health Study [Eur Heart J 2019;40:1149–1157].

During a subsequent analysis of one of the cohorts analyzed and reported in the above paper, the authors discovered that some of the re-
spiratory events were mislabeled by the polysomnography system in one of the two cohorts (MrOS) and were not included in the analysis
of hypoxic burden. The analysis for the MrOS cohort was repeated using the corrected hypoxic burden index (Sleep Heart Health Study
data were unaffected by this). The point estimates for the paper’s main models got somewhat stronger in the re-analyzed data, but did not
materially change the interpretation of the paper. The paper has now been amended accordingly in print and online. The supplementary
material online has also been amended.

The authors apologise for the error.
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