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Abstract

Rationale: Recent studies have shown that sleep apnea–specific
intermittent hypoxemia quantified by the hypoxic burden (HB)
predicted cardiovascular disease (CVD)–related mortality in
community-based and clinical cohorts. Calculation of HB is
based on manual scoring of hypopneas and apneas, which is
time-consuming and prone to interscorer variability.

Objective: To validate a novel method to quantify the HB that is
based on automatically scored desaturations.

Methods: The sample included 5,655 middle-aged or older
adults from the Sleep Heart Health Study (52.8% women; age,
63.26 11.3 yr). The original HB method was based on a subject-
specific search window obtained from an ensemble average of
oxygen saturation signals (as measured by pulse oximetry) and
synchronized with respect to the termination of scored
respiratory events. In this study, however, the search window was
obtained from ensemble average of oxygen saturation signals that
synchronized with respect to the minimum of all automatically
identified desaturations (>2% and other thresholds, including 3%
and 4%, in sensitivity analyses). The time interval between the
two maxima around the minimum saturation was defined as the
search window. The oximetry-derived HB (HBOxi) was defined as

the total area under all desaturation curves (restricted by the
search window) divided by the total sleep time. Logistic and Cox
regression models assessed the adjusted odds ratio (aOR)/hazard
ratio of excessive daytime sleepiness (EDS), hypertension (HTN),
and CVD mortality per 1–standard deviation increase in HBOxi
after adjusting for several covariates and confounders.

Results: The Spearman’s rank correlation between HB (median
[interquartile range], 34.4 [18.4–59.8] % min/h) and HBOxi
(median [interquartile range], 34.5 [21.6–53.8] % min/h) was 0.81
(P, 0.001). Similar to HB, HBOxi was significantly associated
with EDS (aOR [95% confidence interval (CI)], 1.17 [1.09–1.26]
per standard deviation), HTN (aOR [95% CI], 1.13 [1.05–1.21]),
and CVD mortality (adjusted hazard ratio [95% CI], 1.15
[1.01–1.30]) in fully adjusted models.

Conclusions: The HBOxi was highly correlated with the HB
based on manually scored apneas and hypopneas and was
associated with EDS, HTN, and CVD mortality with similar
effect sizes as previously reported. This method could be
incorporated into wearable technology that accurately records
oxygen saturation signals.

Keywords: sleep apnea; mortality; HB; hypertension; excessive
daytime sleepiness

(Received in original form March 19, 2023; accepted in final form August 2, 2023)

Supported by National Institutes of Health grants R21 HL161766 and R01HL153874; American Academy of Sleep Medicine grant 254-FP-21
(G.L.), the CHEST Foundation (G.L.); National Institutes of Health grants R01HL153874, R01 HL158765, and R21 HL161766 (A.A.); American
Heart Association grant 19CDA34660137 (A.A.); American Academy of Sleep Medicine Foundation grants 188-SR-17 and SR-2217 (A.A.); and
National Heart, Lung, and Blood Institute (NHLBI) grant HL R35 135818 (S.R.). The Sleep Heart Health Study was supported by NHLBI
cooperative agreements U01HL53916 (University of California, Davis), U01HL53931 (New York University), U01HL53934 (University of
Minnesota), U01HL53937 and U01HL64360 (Johns Hopkins University), U01HL53938 (University of Arizona), U01HL53940 (University of
Washington), U01HL53941 (Boston University), and U01HL63463 (Case Western Reserve University). The National Sleep Research Resource
was supported by the NHLBI (R24 HL114473, 75N92019R002).

Ann Am Thorac Soc Vol 20, No 11, pp 1633–1641, Nov 2023

Copyright © 2023 by the American Thoracic Society

DOI: 10.1513/AnnalsATS.202303-248OC

Internet address: www:atsjournals:org

Esmaeili, Labarca, Hu, et al.: Oximetry-based Hypoxic Burden and Adverse Outcomes 1633

http://orcid.org/0000-0003-1740-8777
http://orcid.org/0000-0001-7363-7887
http://orcid.org/0000-0003-3752-0328
http://crossmark.crossref.org/dialog/?doi=10.1513/AnnalsATS.202303-248OC&domain=pdf&date_stamp=2023-10-18
http://dx.doi.org/10.1513/AnnalsATS.202303-248OC
http://www.atsjournals.org


Obstructive sleep apnea (OSA) is a common
disorder in the adult population with an
estimated global prevalence as high as
1 billion (1) and an underrecognized
comorbidity for cardiac patients (2). The
apnea–hypopnea index (AHI) is a commonly
used measure to diagnose OSA and assess its
severity. However, a well-known limitation
of the AHI is its inability to accurately
quantify the severity of individual respiratory
events by assigning a similar importance to
all events that meet thresholds such as
minimal duration (>10 s) and a linked
desaturation (e.g.,>3% or 4%) or the
presence of an arousal (3). The use of metrics
that do not fully characterize an OSA-related
physiological disturbance as inclusion criteria
for clinical trials is a possible reason for the
failure of those trials to detect a benefit of
continuous positive airway pressure (4–8).

Recent studies have suggested that
physiologically drivenmeasures of OSA
severity may help improve and better identify
individuals with OSA at high risk whomay
benefit from continuous positive airway
pressure (9–12). Among these measures,
sleep apnea–specific hypoxic burden (HB)
has been shown to predict cardiovascular
disease (CVD) outcomes in observational
and clinical-based cohorts (12–15). The HB
is easily obtained from polysomnography
(PSG) that includes manually scored
respiratory events from respiratory channels
(e.g., nasal cannula, thermistor, or abdomen/
chest movement) and oxygen saturation
(measured by pulse oximetry, i.e., SpO2

) (12).
The dependence of HB onmanually scored
events, however, makes it less applicable to
simplified sleep studies with no respiratory
channels (e.g., type IV sleep tests) and
wearable devices that collect pulse oximetry
(SpO2

) but no other respiratory data (16).
Therefore, streamlining the approach to
measuring HB using automatically detected
desaturations (oximetry-derived HB, i.e.,
HBOxi) could broaden its applicability to
these simpler diagnostic modalities. This
would have several important clinical

implications. First, it could provide a more
readily scalable approach, which would
potentially be useful in underserved
communities. Second, when integrated
into wearable devices, it would enable
multiple-night monitoring of OSA-related
cardiovascular risk (12–14). Third, the
calculation of HB eliminates any
misclassification related to manual variability
of annotating respiratory events and
arousals (17, 18).

Therefore, in this study, we sought to
calculate HBOxi, defined as the total area
under the automatically identified
desaturation curve divided by sleep time. Its
convergent validity was evaluated through
the correlation with HB calculated using the
published method (12). To assess its
predictive validity, its association with
excessive daytime sleepiness (EDS) (defined
as an Epworth Sleepiness Scale score.10),
hypertension (HTN), and CVD-related
mortality were assessed in the Sleep Heart
Health Study (SHHS) (19–21).

Methods

Participants
The study sample included individuals from
the SHHS with publicly available data in the
National Sleep Research Resource (NSRR)
(https://sleepdata.org/). The SHHS is a
prospective, community-based cohort of
middle-aged or older adults designed to
determine the impact of sleep-disordered
breathing on CVD. The baseline examination
(1995–1998), which included a standardized
sleep habits questionnaire, anthropometric
data, and a nocturnal unattended PSG, was
performed in 6,441 men and women who
were>40years of age, 5,792 of whomwere in
the NSRR (Figure 1). Each participating
institution acquired institutional review board
permission, and each participant signed an
informed consent form (22).

PSG
All participants completed a baseline
unattended type 2 PSG study (1995–1998)

and a standardized questionnaire. All PSGs
were scored at a central sleep reading center
(CaseWestern Reserve University) using
methods detailed previously (20, 21, 23).
Briefly, respiratory events were identified on
the basis of amplitude reduction on the
thermistor or respiratory inductance
channels. The AHI was calculated using all
apneas and hypopneas associated with
desaturations of>3% or arousal. SpO2

signals
were captured by fingertip pulse oximetry
(Nonin) and digitally sampled at 1Hz
(resolution of 1% and accuracy of62% in
the range of 70–100% [24]).

Calculation of HBOxi

Calculation of HBOxi is based on our
previously developed sleep apnea–associated
HB. Briefly, HBmeasures the total OSA-
related oxygen desaturation area during
sleep. For each individually identified apnea
or hypopnea, the maximum SpO2

during the
100 seconds before the end of the event is
considered as the preevent baseline oxygen
saturation. For each event, the area under
this baseline value was calculated over a
subject-specific search window that was
determined from the ensemble average of
time-aligned SpO2

curves (aligned with
respect to the end of events; Figures 2A and
2B). The individual-level HB was defined as
the sum of all areas divided by total sleep
time (% min/h). In the original HBmethod,
we included all respiratory events (based on
.30% reduction in airflow signal) regardless
of the level of desaturation or arousal (12),
some of which were associated with 2%
desaturations. In a similar approach, any
desaturation that exceeded the 2% threshold
was included. In sensitivity analyses, the
results were compared when higher
thresholds, including 3% or 4%, were used
to detect desaturations.

After removing artifacts (i.e., SpO2
,40%),

all the SpO2
desaturation/recovery episodes

with a>2% decrease or 2% increase in
magnitude were automatically detected. Briefly,
all SpO2

local minima are automatically

Author Contributions: N.E. and A.A. contributed to study design, analysis, interpretation of data, and drafting the manuscript. G.L. contributed
to the analysis, interpretation of the data and critical revision of the manuscript. W.H., S.A.S., and D.V. contributed to the analysis and critical
revision of the manuscript. S.R. contributed to the data collection, interpretation of the data and critical revision of the manuscript. M.H., L.M,
L.G., L.T., A.W., and M.S. contributed to interpretation of the data and critical revision of the manuscript. All authors approved this manuscript
in its final form.

Correspondence and requests for reprints should be addressed to Ali Azarbarzin, Ph.D., Sleep Apnea Health Outcomes Research Group,
Brigham and Women’s Hospital, Harvard Medical School, 221 Longwood Avenue, Boston, MA 02115. E-mail: aazarbarzin@bwh.harvard.edu.

This article has a data supplement, which is accessible from this issue’s table of contents at www.atsjournals.org.

ORIGINAL RESEARCH

1634 AnnalsATS Volume 20 Number 11 | November 2023

https://sleepdata.org/
mailto:aazarbarzin@bwh.harvard.edu
http://www.atsjournals.org


identified. A desaturation is identified if the
minimumpoint falls between two peaks (>2%
in height).When all desaturations have been
identified, an ensemble average of time-aligned
SpO2

curves synchronized with respect to the
minimum saturation is created. The interval
between the two peaks around theminimum
value is the search window used for theHBOxi
calculation (Figure 2C). Therefore, the area
calculation is guided by the duration of the
search window. After identifying the search
window and desaturation-specific baseline
(SpO2

at the beginning of the desaturation), the
individual areas for all desaturations were
summed and normalized by the total sleep
time (Figure 2D). In a sensitivity analysis, the
total area was normalized by the total
recording time and the associations with
outcomes were examined separately.
Normalization by the total recording time was
to examine how associations changed if no
electroencephalography recording or sleep
scoring was available. Additionally, thresholds
of 3% or 4% to identify desaturations were also
tested. Figure E1 in the data supplement shows
the algorithm for HBOxi calculation.

Outcomes
To compare HB and HBOxi, the associations
of these two metrics with EDS, HTN, and

CVDmortality were examined. EDS was
defined as an Epworth Sleepiness Scale score
.10 points. HTNwas defined based on the
average of the second and third sitting blood
pressure readings (25) as an average systolic
blood pressure of.140mmHg and
diastolic blood pressure of.90mmHg,
or as treatment with HTNmedications.
Preexisting CVD disease was identified by
adjudicated surveillance data collected by the
parent cohorts or by self-report as a history
of angina, heart failure, myocardial
infarction, stroke, or coronary
revascularization that had been physician-
diagnosed (24). CVDmortality was based on
the underlying cause of death assessed by a
study physician adjudicator (24). A CVD
cause of death was broadly categorized by
International Classification of Diseases, 9th
Revision codes as CVD (codes 396.9–442,
966.71, 785.51). Participants’ demographic
characteristics and history of smoking were
all assessed using questionnaires.

Statistical Analysis
Descriptive statistics shown in Table 1 are
presented as mean6 standard deviation,
median and interquartile range, or relative
frequencies (percentages). Spearman’s rank
correlation was used to measure the degree

of association between HB and HBOxi (based
on 2%, 3%, or 4% desaturation thresholds).
To test whether the association between HB
and HBOxi depended on the baseline SpO2

levels (e.g., low baseline SpO2
due to

cardiopulmonary disease), we compared the
Spearman’s rank correlation in those with
wakefulness SpO2

,90% and those with
wakefulness SpO2

>90%. Bland-Altman plots
were used to visualize the agreement between
HB and HBOxi (based on 2%, 3%, or 4%
desaturation thresholds). Kaplan-Meier
curves were used to assess the probability of
CVDmortality per quartile of HB or HBOxi.
Several multivariable logistic or Cox
regression models were built to evaluate the
associations of HBOxi with EDS, HTN, or
CVDmortality; the observed associations
were compared with those for HB.
Covariates were chosen based on established
clinical relationships (26). In the minimally
adjusted model, covariates included age, race,
and sex (all outcomes). For EDS, the fully
adjusted model included body mass index,
smoking status (never, former smoker, and
current smoker), and wakefulness SpO2

(the
average of SpO2

maxima during wakefulness
before the start of the first sleep period). For
the HTN analysis, the fully adjusted model
also added diabetes as a covariate. Finally, for
the CVDmortality models, we constructed
three models: Model 1, a minimally adjusted
model described above; Model 2, which
included covariates inModel 1 plus body
mass index, smoking status, and wakefulness
SpO2

; andModel 3, which added HTN,
diabetes, myocardial infarction, angina,
stroke, and heart failure to Model 2. Results
are reported as adjusted odds ratios (ORs)
with 95% confidence intervals (CIs) or
hazard ratios with 95% CIs per 1–standard
deviation increase in HBOxi or HB (both log-
transformed, similar to previous studies [13,
27]). All signal analyses were performed in
MATLAB (MathWorks), and all statistical
analyses were performed in the R statistical
package (https://www.R-project.org/).

Results

A total of 5,792 studies were available
through the NSRR (Figure 1). After
excluding individuals who received any
treatment during follow-up, those who had
inadequate SpO2

quality, and those with
missing covariates for minimally adjusted
models, a total of 5,655 were available for the
analysis (24% had an Epworth Sleepiness

Available dataset on
NSRR website N = 5792

Individuals who
remained untreated

during follow up
N = 5676 

Individuals with
measured HBs

N = 5657

Individuals with
demographic

covariates
N = 5655

Individuals with
available EDS

results
N = 5441

Individuals with
available HTN

results
N = 5655

Individuals with
available CVD

mortality outcomes
N = 4925 

Figure 1. Ascertained study sample. CVD=cardiovascular disease; EDS=excessive daytime
sleepiness; HTN=hypertension; NSRR=National Sleep Research Resource.
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Scale score.10 and 42% hadHTN; Figure 1).
Of these, 4,925 individuals had available CVD
mortality status. A total of 351 CVD-related
deaths were adjudicated over an average
follow-up of 11.063.1 years. A summary of
the demographic and baseline characteristics
of all participants is reported in Table 1. On
average, 1.67% (0.53–6.8%) of total recording
time (i.e., 8.5 [2.7–34.6] min) consisted of
artifacts (i.e., SpO2

,40%).

Association between HB and HBOxi

Figure 3 shows a scatter plot of HB (median
[interquartile range], 34.4 [18.4–59.8]
% min/h) andHBOxi (34.5 [21.7–53.8]
% min/h), demonstrating a strong correlation
between the twometrics with a Spearman’s

rank correlation of 0.81 (P, 0.001; 2%
threshold). The Spearman’s rank correlations
betweenHB andHBOxi in those with
wakefulness SpO2

>90% and wakefulness
SpO2

,90% were 0.81 (P, 0.001) and 0.79
(P, 0.001), respectively. Similarly, HBwas
significantly correlated (r=0.82; P, 0.0001)
withHBOxi based on a 3% threshold (23.0
[12.1–34.1] % min/h) andHBOxi based on a
4% threshold (15.2 [6.4–32.2] % min/h).
Finally, HBOxi normalized by the total
recording time instead of total sleep time had
significant correlations with HB (r=0.77;
P, 0.0001).

Figure E2 illustrates the Bland-Altman
plots comparing the difference between HB
and HBOxi across mean values of HB and

HBOxi. The mean difference was near zero
for HBOxi based on a 2% threshold (see
Figure E2A), and it was highest for HBOxi
based on>4% desaturation (see Figure E2C).
Finally, HBOxi based on a 2% threshold was
higher than the HB at lower values, but the
difference decreased as the HB increased (see
Figure E2A; overall bias [95% CI], 3.9
[3.2–4.5] % min/h). Furthermore, oxygen
desaturation indexes bymanually and
automatically detected desaturations were
strongly correlated (Table E3).

Associations of HBOxi with EDS, HTN,
and CVD Mortality
Similar to the HB, HBOxi was significantly
associated with EDS, HTN, and CVD

Figure 2. Comparison of two methods to calculate hypoxic burden (HB). (A and B) The original HB calculation based on scored respiratory events.
In this method, all local oxygen saturation as measured by pulse oximetry (SpO2

) curves were synchronized based on the endpoint of respiratory events
(time zero; B) and then ensemble-averaged to obtain the search window for the area calculation from baseline that is the highest SpO2

value among
100seconds before each event. (C and D) The HB calculation based on automatically detected oxygen desaturations. In this method, all local SpO2

curves were synchronized based on minimum saturation points of all identified desaturations (time zero; C) and then ensemble-averaged to obtain
the search window used for area calculation of each local desaturation from baseline SpO2

value that is the start point of each local desaturation (D).
The difference between the time zeros from two methods is the average lung-to-finger circulation time described previously (48).
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mortality in unadjusted and adjusted models.
Every 1–standard deviation increase in
HBOxi was associated with 23% increased
odds of EDS (OR [95% CI], 1.23 [1.15–1.32];
Table 2) and 22% increased odds of HTN
(OR [95% CI], 1.22 [1.15–1.30]; Table 3) in
the minimally adjusted models. The ORs in
the fully adjusted models for EDS and HTN
were lower than in the minimally adjusted
model (OR [95% CI], 1.17 [1.09–1.26] and
1.13 [1.05–1.21]; Tables 2 and 3).

Finally, the associations of HBOxi with
CVDmortality were similar to those of
HBOxi with HB. Figure 4 displays similar
unadjusted CVD-mortality survival curves
per quartile of HB and HBOxi. Multivariable
Cox regression analyses revealed hazard
ratios (95% CI) of 1.15 (1.02–1.29), 1.18
(1.04–1.34), and 1.15 (1.01–1.30) for CVD
mortality per 1–standard deviation increase
in HBOxi in Models 1, 2, and 3, respectively
(Table 4). In additional sensitivity analyses,
thresholds of 3% and 4% were compared
with the primary findings above. HBOxi for
3% and 4% desaturations was significantly
associated with EDS and HTN. However,
HBOxi based on 3% or 4% thresholds was not
significantly associated with CVDmortality
(Table E1). Finally, normalizing the HBOxi
(based on the 2% threshold) by the total
recording time provided similar associations
with EDS, HTN, and CVDmortality
(Table E2).

As shown in Table E4, adjusting by
covariates used in the original publication
(12) revealed similar findings. Furthermore,
even though AHI was associated with HTN
and EDS with lower ORs than for HBOxi, it
was not significantly associated with CVD-
related mortality in any of the models used
above (Table E5).

Discussion

In this study, HB was found to be reliably
estimated without the need for manually
scored respiratory events. We developed a
novel surrogate for HB (HBOxi) based on
automatically identified oxygen desaturations
that was highly correlated with HB
(Figure 3). In addition, HBOxi provided
similar associations with EDS, HTN, and
CVDmortality (Figure 4 and Tables 2–4)
after adjusting for multiple covariates and
confounders. This method ultimately can be
used in conjunction with sleep apnea testing
devices and wearable systems that
incorporate validated oxygen saturation

Table 1. Summary of participant characteristics

Characteristic Value n

Age, yr 63.2611.3 5,655
Race
White 4,781 (84.5%) 5,655
Black 504 (8.9%)
Other 370 (6.6%)

Sex
Male 2,666 (47.1%) 5,655
Female 2,989 (52.9%)

Body mass index, kg/m2 28.165.0 5,615
Smoking
Never 2,644 (46.7%) 5,616
Current 549 (9.7%)
Former 2,423 (42.8%)

Diabetes 392 (6.9%) 5,393
History of COPD 62 (1.1%) 5,599
EDS 1,335 (24.5%) 5,441
Hypertension* 2,384 (42.5%) 5,655
Apnea–Hypopnea Index† 12.9 (6.7–23.2) 5,655
T90 0.18 (0.0–1.7) 5,650
Wakefulness SpO2

‡ 97.3 (96.1–98.0) 5,655
HB, % min/h 34.4 (18.4–59.8) 5,655
HBOxi, % min/h 34.5 (21.7–53.8) 5,655

Definition of abbreviations: COPD=chronic obstructive pulmonary disease; EDS=excessive
daytime sleepiness (Epworth Sleepiness Scale score .10); HBOxi = oximetry-derived hypoxic
burden; SpO2

= oxygen saturation as measured by pulse oximetry; T90= total time arterial
oxygen saturation is ,90%.
Data presented as mean6 standard deviation for continuous variables. Ranges in parentheses
are interquartile ranges.
*Hypertension status was defined based on the average of the second and third sitting blood
pressure readings of .140mmHg in systolic blood pressure and .90mmHg in diastolic blood
pressure or being treated with hypertension medications.
†All apneas and hypopneas with >30% nasal cannula reduction and >3% oxygen desaturation
or with arousal per hour of sleep.
‡Wakefulness SpO2

was the average of local SpO2
maxima during the wakefulness period

before the start of the first sleep period.

Figure 3. HB based on automatically identified desaturations and manually scored respiratory
events. HBOxi = oximetry-derived hypoxic burden.
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technology to screen for andmonitor sleep
apnea severity over time and also to risk-
stratify individuals with sleep apnea.

Previous research demonstrated that
OSA, if left undiagnosed or untreated, is
associated with excessive daytime sleepiness
and diminished quality of life and can lead to
neurocognitive impairment (28–30) as well
as systematic HTN, cardiovascular and
cerebrovascular disease, and metabolic
dysfunction (25, 31–33). An increasing
number of studies have implicated OSA-
related intermittent hypoxemia as a key
underlying mechanism for these adverse
outcomes (28, 34). In OSA, intermittent
hypoxemia is conventionally measured by
frequency-based metrics, such as oxygen
desaturation index, or non–OSA-specific
metrics, such as sleep time spent with oxygen
saturation,90%; however, these metrics
have well-known limitations, including their
inability to accurately quantify the severity
of OSA-related intermittent hypoxemia

(10, 35). Therefore, several methods have
been proposed to better quantify intermittent
hypoxemia that consider frequency and
severity (10, 35). Among these metrics, HB
has been shown to predict several health
outcomes in population-based and clinical-
based observational studies (12–15, 35, 36,
37). For example, HB was shown to be cross-
sectionally associated with higher blood
pressure (14) and increased prevalence of
chronic kidney disease (37). In addition, HB
has been shown to predict CVD-related
mortality (27), incident heart failure (13),
incident stroke (28), and cardiovascular
disease (15). Despite these promising
findings, HB relies on scored respiratory
events that may not be available in many
research and clinical settings. In addition,
scoring of respiratory events depends on the
recording of airflow during sleep, which has
its own limitations, including mouth
breathing and calibration issues that may
impact the scoring of respiratory events

(38–40). Furthermore, manual scoring of
respiratory events is prone to interscorer and
night-to-night variability (18). Our method
supports the use of an oximetry-based
approach to monitor HB with minimal
burden, with the potential for use over
multiple nights, thus minimizing
misclassification due to night-to-night
variability as well as identifying trends
over time.

HBOxi identified at thresholds of>2%,
>3%, or>4% desaturations was associated
with EDS and HTN. However, only the 2%
threshold revealed a significant association
with CVDmortality. A potential explanation
for this may be related to the ability of HBOxi
at 2% to better capture disease severity in
milder and more severe cases of OSA than
HBOxi at 3% or 4%. As described previously,
HB considers all events based on airflow
reduction (i.e.,.30% from a preevent
baseline) regardless of the level of
desaturation or arousal (12). Therefore, in
individuals with respiratory events associated
with mild desaturations (,3%), HBOxi at 3%
or 4% underestimates the total HB because
none of those events will be incorporated in
the calculation of HBOxi at 3% or 4%. In
contrast, in individuals who have only
respiratory events with>4% desaturations,
HBOxi at 2% and 4% will be identical because
both metrics will be derived from the
same desaturations, resulting in identical
search windows and the total cumulative
desaturation areas. Finally, the desaturation
area captured by HBOxi at 2% but missed by
HBOxi at 3% or 4% was significantly
correlated with HB (r[HBOxi 2% –HBOxi
3% and HB]=0.14; P, 0.0001; r[HBOxi
2% –HBOxi 4% and HB]=0.31; P, 0.0001),
supporting the notion that HBOxi at 2% may
better captures the HB across different levels
of OSA severity.

The original HB is calculated by
normalizing the desaturation area by total
sleep time. In this study, we tested the
associations of HBOxi with outcomes by
normalizing the desaturation area by total
sleep time (obtained frommanual scoring of
electroencephalograms) and total recording
time. Although HBOxi normalized by total
sleep time appeared to be more precise, the
hazard ratios were not meaningfully different
(Tables 2–4 and see Table E2), providing
additional support that HB can be estimated
from systems that do not record sleep time.
Measuring HB using a low-burden portable
or even wearable device could potentially
improve the diagnosis andmanagement of

Table 2. Associations of HBs with EDS in minimally and fully adjusted models

Model* n HB OR (95% CI) HBOxi OR (95% CI)

Minimally adjusted model 5,441 1.17 (1.09–1.25)† 1.23 (1.15–1.32)†

Fully adjusted model 5,376 1.12 (1.04–1.21)‡ 1.17 (1.09–1.26)†

Definition of abbreviations: CI=confidence interval; EDS=excessive daytime sleepiness
(Epworth Sleepiness Scale score .10); HBOxi = oximetry-derived hypoxic burden; OR=odds
ratio.
HBs were based on manually scored events and automatically identified desaturations; HBOxi

was based on >2% desaturations. Odds ratios are expressed per 1–standard deviation
increase in log-transformed HBs.
*Minimally adjusted model was adjusted for age, sex, and race. Fully adjusted model was
adjusted for age, sex, race, body mass index, smoking status, and wakefulness oxygen
saturation as measured by pulse oximetry.
†P, 0.001.
‡P, 0.01.

Table 3. Associations of HBs with hypertension in minimally and fully adjusted
models

Model* n HB OR (95% CI) HBOxi OR (95% CI)

Minimally adjusted model 5,655 1.24 (1.16–1.32)† 1.22 (1.15–1.30)†

Fully adjusted model 5,355 1.16 (1.08–1.24)† 1.13 (1.05–1.21)‡

Definition of abbreviations: CI=confidence interval; HBOxi = oximetry-derived hypoxic burden;
OR=odds ratio; SpO2

=oxygen saturation as measured by pulse oximetry.
HBs were based on manually scored events and automatically identified desaturations; HBOxi

was based on >2% desaturations. Odds ratios are expressed per 1–standard deviation
increase in log-transformed HBs. Hypertension status was defined based on the average of
the second and third sitting blood pressure readings of .140mmHg in systolic blood
pressure and .90mmHg in diastolic blood pressure or being treated with hypertension
medications.
*Minimally adjusted model was adjusted for age, sex, and race. Fully adjusted model was
adjusted for age, sex, race, body mass index, smoking status, diabetes, and wakefulness
SpO2

.
†P, 0.001.
‡P, 0.01.
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OSA provided that the oximetry technology
in these wearable systems is validated and
their sensitivity is tested with respect to the
placement of the oximeter and the color of
skin (41–43). For example, a study in a
primary-care setting demonstrated that
approximately 38% of adult patients were at
high risk of sleep apnea (44). Many of these
individuals could potentially remain
untreated as a result of limited access to sleep
clinics. This problemmay be exacerbated in
underserved communities, leading to delayed

OSA diagnosis and undertreatment in these
communities (45, 46). Therefore, providing a
more readily scalable system could
potentially be useful in underserved
communities.

Strengths and Limitations
Amajor strength of this study is its
validation of an SpO2

-based metric with
automatically detected desaturations that can
be used to gauge the severity of OSA and
predict its health outcomes, including

excessive daytime sleepiness, HTN, and
CVDmortality. This metric has the potential
to be incorporated in wearable devices that
could record HB over multiple nights to
potentially improve risk stratification and
management of OSA. Additionally, this
method has been tested in a relatively large
and well-characterized population study.
Despite this, there are some limitations to
our study, including underrepresentation of
younger andmore ethnically and racially
diverse individuals. For example, recent
studies have demonstrated that the accuracy
of pulse oximetry may depend on skin color
andmay be lower in individuals with darker
skin colors (41–43). Therefore, future studies
are needed to examine the association of HB
and HBOxi with health outcomes across
racial/ethnic groups. Furthermore, the
sample size limitation and limited number of
events did not allow for an evaluation of the
observed associations in women or younger
individuals. These studies are currently
ongoing in larger and more diverse
samples. The SHHS study used only the
aforementioned Nonin pulse oximeters.
Therefore, more studies are needed to better
understand the effect of recording settings
(i.e., longer average time) and/or filtering
characteristics on the associations of HBOxi
and health outcomes. Finally, neither HB nor
HBOxi is designed to distinguish

Figure 4. Kaplan-Meier survival curves showing the probability of cardiovascular disease (CVD)–related mortality per quartile of hypoxic burden
(left) and oxygen desaturation–based hypoxic burden (right). CVD was based on the underlying cause of death assessed by a study physician
adjudicator. A CVD cause of death was broadly categorized by International Classification of Diseases, 9th Revision codes as CVD (codes
396.9–442, 966.71, and 785.51). HBOxi = oximetry-derived hypoxic burden.

Table 4. Associations of HBs with CVD mortality in all adjusted models

Model* n HB OR (95% CI) HBOxi OR (95% CI)

Model 1 4,925 1.17 (1.03–1.32)† 1.15 (1.02–1.29)†

Model 2 4,895 1.19 (1.04–1.36)‡ 1.18 (1.04–1.34)‡

Model 3 4,779 1.16 (1.01–1.32)† 1.15 (1.01–1.30)†

Definition of abbreviations: CI=confidence interval; CVD=cardiovascular disease;
HBOxi = oximetry-derived hypoxic burden; OR=odds ratio; SpO2

= oxygen saturation as
measured by pulse oximetry.
HBs were based on manually scored events and automatically identified desaturations; HBOxi

was based on >2% desaturations. Odds ratios are expressed per 1–standard deviation
increase in log-transformed HBs. CVD mortality was based on the underlying cause of death
assessed by a study physician adjudicator. A CVD cause of death was broadly categorized by
International Classification of Diseases, 9th Revision codes as CVD (codes 396.9–442, 966.71,
and 785.51).
*Model 1 was adjusted for age, sex, and race. Model 2 was adjusted for age, sex, race, body
mass index, smoking status, and wakefulness SpO2

. Model 3 was adjusted for age, sex, race,
body mass index, smoking status, wakefulness SpO2

, diabetes, heart failure, angina,
myocardial infarction, and stroke.
†P, 0.05.
‡P, 0.01.
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shallow/deep versus short/long desaturations
(47). However, in an exploratory analysis
involving HB, giving higher weights to
deeper desaturations did not reveal a
stronger association with CVDmortality
(12). Future studies are needed to better
understand the contribution of desaturation
duration versus depth to CVD outcomes.

Conclusions
In this study, we developed and validated a
novel approach to measure HB from
automatically detected oxygen desaturations.
The findings revealed a strong correlation
between this metric and the original method
based on manually scored events. In
addition, the associations of HBOxi with

excessive daytime sleepiness, HTN, and CVD
mortality were similar to those of HB. This
method can be used in conjunction with
validated wearable systems to monitor and
risk-stratify individuals with sleep apnea.�

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