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Abstract

Rationale: Randomized controlled trials have been unable to
detect a cardiovascular benefit of continuous positive airway
pressure in unselected patients with obstructive sleep apnea
(OSA). We hypothesize that deleterious cardiovascular outcomes
are concentrated in a subgroup of patients with a heightened
pulse-rate response to apneas and hypopneas (DHR).

Methods: We measured the DHR in the MESA (Multi-Ethnic
Study of Atherosclerosis) (N5 1,395) and the SHHS (Sleep Heart
Health Study) (N5 4,575). MESA data were used to determine
the functional form of the association between the DHR and
subclinical cardiovascular biomarkers, whereas primary analyses
tested the association of the DHR with nonfatal or fatal
cardiovascular disease (CVD) and all-cause mortality in
longitudinal data from the SHHS.

Measurements and Main Results: In the MESA, U-shaped
relationships were observed between subclinical CVD biomarkers
(coronary artery calcium, NT-proBNP [N-terminal prohormone

BNP], and Framingham risk score) and the DHR; notably, a high
DHR (upper quartile) was associated with elevated biomarker scores
compared with a midrange DHR (25th–75th centiles). In the SHHS,
individuals with a high DHR compared with a midrange DHRwere
at increased risk of nonfatal or fatal CVD and all-cause mortality
(nonfatal adjusted hazard ratio [95% confidence interval (CI)], 1.60
[1.28–2.00]; fatal adjusted hazard ratio [95% CI], 1.68 [1.22–2.30]; all-
cause adjusted hazard ratio [95% CI], 1.29 [1.07–1.55]). The risk
associated with a high DHR was particularly high in those with a
substantial hypoxic burden (nonfatal, 1.93 [1.36–2.73]; fatal, 3.50
[2.15–5.71]; all-cause, 1.84 [1.40–2.40]) and was exclusively observed
in nonsleepy individuals.

Conclusions: Individuals with OSA who demonstrate an
elevated DHR are at increased risk of cardiovascular morbidity
and mortality. This study identifies a prognostic biomarker for
OSA that appears useful for risk stratification and patient
selection for future clinical trials.
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At a Glance Commentary

Scientific Knowledge on the
Subject: Randomized controlled
trials have been unable to
demonstrate a benefit of continuous
positive airway pressure therapy in
cardiovascular risk reduction for all-
comers with obstructive sleep apnea
(OSA). A precision-medicine
approach to prioritizing patients for
treatment who are actually at risk of
adverse cardiovascular consequences
of OSA is needed.
What This Study Adds to the Field:
In this study, we propose a simple
and novel metric that captures the
sleep apnea–specific heart-rate
response (pulse-rate response to
apneas and hypopneas [DHR]).
Using two of the largest and well-
defined cohort studies in the United
States, we have identified a subgroup
of individuals with OSA (exaggerated
DHR) who are at elevated, OSA-
dependent risk of cardiovascular
morbidity and mortality. This study
identifies a prognostic biomarker for
OSA that could potentially facilitate
cardiovascular risk stratification and
patient selection for future
clinical trials.

Obstructive sleep apnea (OSA) is a common
chronic disorder (1) associated with
hypertension, cardiovascular disease (CVD),
metabolic dysfunction (2), and increased
mortality (3). However, the cardiovascular
andmetabolic benefits of OSA treatment
with continuous positive airway pressure
(CPAP) remain uncertain (3–5), with recent
randomized clinical trials failing to
demonstrate a reduction in CVD events or
mortality (4, 6, 7), posing a significant

challenge to therapeutic decision-making in
individuals with OSA (8).

A potential source of these discrepant
findings is the substantial heterogeneity of
cardiovascular risk across different
subgroups of people with OSA (9, 10). This
heterogeneity may be partly related to
differences in the acute physiological
consequences of the upper-airway
obstructions during sleep (11), including
intermittent hypoxia/hypercapnia, arousals,
and intrathoracic pressure swings, all of
which can activate the autonomic nervous
system (12, 13). These frequent surges in
autonomic activity are associated with an
increase in the heart rate, which reflects the
severity of preceding respiratory events (14),
the presence (15) and the intensity of cortical
arousal (16), and autonomic system
responsiveness (17). Therefore, it is plausible
that the OSA-specific heart-rate response
encapsulates key aspects of the autonomic
response to respiratory events, making it a
potentially useful prognostic marker of OSA-
related CVD risk.

We sought to assess how the OSA-
related heart-rate response, quantified by
using the pulse-rate response to apneas and
hypopneas (DHR), identifies subgroups of
individuals who are at particular risk of the
cardiovascular consequences of OSA. The
DHRwas defined as the difference between
the maximum pulse rate after airway
opening (i.e., during a subject-specific search
window) (14, 16) and an event-related
minimum pulse rate (i.e., minimum pulse
rate during respiratory events). The
associations between theDHR and
cardiovascular outcomes and all-cause
mortality were assessed using two
community-based prospective cohort
studies, the MESA (Multi-Ethnic Study of
Atherosclerosis) and the SHHS (Sleep Heart
Health Study). We also assessed whether
associations between theDHR and CVD
morbidity and mortality varied on the basis
of OSA severity or the severity of OSA-

related hypoxemia. Given the inability of
prior studies to detect a CPAP benefit in
nonsleepy individuals (4, 6, 7), associations
were also examined in relation to the level of
sleepiness. Finally, given the previously
reported sex-specific associations between
OSA (as quantified by the apnea–hypopnea
index [AHI]) and cardiovascular outcomes,
mortality (3, 18), and known differences in
respiratory-event features in men and
women (19), sex-stratified analysis was
performed. Sensitivity analyses were done to
explore whether the associations varied
according to the sleep stage (REM vs. non-
REM [nREM]), use of b-blockers, presence
of atrial fibrillation, or presence of a cardiac
pacemaker.

Methods

Two independent samples were used: 1) the
MESA sample was used to conduct
preliminary cross-sectional analysis to
understand the functional form of the
relationship between theDHR and
subclinical CVDmeasures, and 2) the SHHS
was used to extend the observed associations
in theMESA by longitudinal analysis of the
clinical endpoints of nonfatal and fatal CVD
and all-cause mortality.

MESA

Study population. TheMESA is a
community-based cohort of middle-aged
and older adults initially recruited without
clinically evident CVD designed to
investigate the risk factors for developing
subclinical CVD. Participants underwent
follow-up visits including polysomnography
(PSG) (2010–2013). Institutional review
board approval was obtained at all study
sites, and all participants provided written
informed consent. Respiratory events were
identified if amplitude reduction on the nasal
pressure or respiratory inductance channels
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(if nasal pressure was not available) exceeded
30% for hypopneas and 90% for apneas for at
least 10 seconds. The AHI was calculated on
the basis of the number of all apneas and
hypopneas associated with a>3%
desaturation or electroencephalogram-based
arousal per hour of sleep (see Figure 1 for
study ascertainment and the online
supplement for more details on
polysomnographic data).

Subclinical CVD. Because of the
novelty of theDHRmetric and uncertainty
over the linearity of the associations,
continuous subclinical CVDmeasures in the
MESA were used to inform the model
structure and determine thresholds. Both
sleep studies and subclinical CVD
assessments were obtained in conjunction
withMESA examination 5 (2010–2013).
Outcomes for these analyses were
continuously measured indices of subclinical
CVD, chosen on the basis of their strong
ability to predict long-term cardiovascular
endpoints (such as coronary heart disease,
arterial hypertension, and heart failure) (20,
21): 1) the coronary arterial calcium (CAC)
score, measured with either electron-beam
computed tomography at three field centers
or with multidetector computed tomography
at three field centers (22); 2) the Framingham
global CVD risk score (23); and 3) the
NT-proBNP (N-terminal prohormone BNP)
level, measured using the standard methods
described previously (20). The cross-
sectional associations identified in the MESA
cohort were then further tested in the
SHHS sample.

SHHS
Study population. The SHHS is a
community-based prospective cohort study
designed to examine the cardiovascular
outcomes of sleep-disordered breathing. This
sample included middle-aged and older
adults who completed baseline PSG
(1995–1998) and standardized
questionnaires and were followed for a mean
of 10.7 years, thus allowing assessment of
associations with clinically relevant
longitudinal outcomes. Similar to its
calculation in the MESA, the AHI was
calculated using all apneas and hypopneas
associated with desaturations of>3% or
arousal (see Figure 1 and the online
supplement for a detailed description of
PSG data).

Outcomes. Nonfatal CVDwas defined
as the occurrence of myocardial infarction,
heart failure, or stroke. Cardiovascularly
related and all-cause mortality events were
identified and confirmed for the SHHS using
follow-up interviews, written annual
questionnaires, or telephone contacts with
study participants or the next of kin,
surveillance of local hospital records and
community obituaries, and linkage with the
Social Security Administration DeathMaster
File (3).

The DHR
In both studies, the pulse rate was derived
from the pulse-oximetry sensor and was used
to estimate the heart rate. This was chosen
over the use of electrocardiogram for the

following reasons: 1) photoplethysmography
is commonly used in home sleep-apnea
testing, making broad future application of
this new prognostic biomarker possible, and
2) the photoplethysmographic “pulse” signal
provides a time-averaged heart-rate signal,
which, by filtering out beat-to-beat and
breath-to-breath variation, conveniently
allows assessment of peak event-related
changes in the heart rate, which occur on a
time scale of approximately 10–30 seconds.
Consistent with definitions in previous
studies (14, 16), the DHRwas defined as the
difference between a maximum pulse rate
during a subject-specific search window (a
search window extended from the preevent
minimum to the postevent minimum of the
event-related, ensemble-averaged pulse rate;
this method has been previously used in
hypoxic-burden calculation) (24) and an
event-related minimum pulse rate (the
minimum pulse rate during apneas and
hypopneas; Figure 2; see additional sensitivity
analysis in the online supplement, including
the local mean pulse rate as the baseline).
Finally, the individual-level DHRwas defined
as the mean of all event-specific responses.

Statistical Analysis
Distributions of covariates, sleep measures,
and theDHRwere summarized for each
study cohort. All statistical analyses were
conducted using the R statistical package (R
Foundation for Statistical Computing)
(http://www.r-project.org), with P, 0.05
considered to indicate statistical significance.

MESA SHHS

2,035 PSGs were available on NSRR 5,792 PSGs were available on NSRR

1,567 with available coronary artery calcium score
1,541 with available Framingham CVD score or NT-proBNP

5,036 with available outcome data
(The New York University-Cornell site not available)

4,885 with complete covariates (BMI, smoking status,
diabetes status, lipid lowering medication use,

beta blocker use, and baseline CVD)

1,491 with usable Pulse data
1,395 with more than 50 respiratory events

4,792 with usable Pulse data
4,575 with more than 50 respiratory events

1,395 analyzed 4,575 analyzed

Figure 1. Flow diagram presenting ascertainment of the study samples. BMI5body mass index; CVD5 cardiovascular disease; MESA5Multi-
Ethnic Study of Atherosclerosis; NSRR5National Sleep Research Resource; NT-proBNP5N-terminal prohormone BNP; PSG5polysomnogram;
SHHS5Sleep Heart Health Study.
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MESA. Polynomial regression models
were used to determine the functional forms
of the relationship between theDHR and
subclinical CVD outcomes in the MESA by
allowing higher-order polynomial terms in
the model. The best model was selected on
the basis of Akaike’s information criteria.
This analysis revealed a U-shaped association
between theDHR and the CAC score, as well
as between the Framingham CVD risk score
and NT-proBNP (Figure 3). On the basis of
the observed relationship and to facilitate
interpretation, in addition to polynomial
models using continuously measured DHR
values, the DHRwas further categorized into
low (lower quartile), midrange (middle two
quartiles; reference group), and high (upper
quartile) groups.

SHHS. The U-shaped relationship,
observed in theMESA, was tested in the

SHHS using Cox regression analysis to
predict nonfatal and fatal CVD and all-cause
mortality. The same polynomial function for
continuously expressed DHR values from the
MESA was examined. In addition, categories
of theDHR using cutoff values determined
in the MESA sample were modeled
separately. Models were adjusted for age, sex,
race, body mass index, smoking status,
prevalent diabetes, hypertension, baseline
CVD, lipid-lowering medication use,
b-blocker use, event-related minimum pulse
rate (as defined above),
and AHI.

In additional analyses, we tested
whether associations between the DHR and
CVDmorbidity and mortality are stronger in
those with more frequent respiratory events
(quantified by using the AHI) or more severe
hypoxemia (quantified by using the hypoxic

burden). To assess this, the samemodels
previously described were separately
constructed in those with moderate-to-severe
OSA (AHI> 15 events/h), those with severe
OSA (AHI> 30 events/h), and those with
substantial OSA-specific hypoxemia (those
with a hypoxic burden > the 75th percentile
of the sample). The hypoxic burden was
defined as the total area under the
desaturation curve from a pre–respiratory-
event baseline (24). Additional sensitivity
analyses further adjusted for the hypoxic
burden as a covariate (see online
supplement).

Further analyses were done to assess
whether the risk in individuals reporting
excessive daytime sleepiness was different
from the risk in those reporting less
sleepiness. Excessive daytime sleepiness was
quantified using two different approaches: 1)
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an Epworth Sleepiness Scale (ESS) score. 10
and 2) frequency of excessive daytime
sleepiness measured using the question
“How often do you feel excessively (overly)
sleepy during the day?” Those who
responded with “often (5–15 times/mo)” or
“almost always (16–30 times/mo)” were
considered sleepy. Sex differences in the
associations were further explored with
stratified analyses in men and women. The
effect of REM sleep on nonfatal CVD and
CVDmortality was examined (see Table E4
in the online supplement). A sensitivity
analysis assessed the association between the
DHR and the new incidence of nonfatal or
fatal CVD after excluding those with baseline
CVD. A final sensitivity analysis excluded

those with atrial fibrillation, those on
b-blockers, and those with a cardiac
pacemaker.

Results

The baseline characteristics of participants in
theMESA and SHHS are shown in Table 1.
In the baseline sleep study, MESA
participants were older and more ethnically
diverse, and they had more severe OSA
(quantified by using the AHI and
hypoxemia; Table 1) than SHHS participants.
In addition, SHHS participants had a higher
prevalence of CVD at baseline than those in

theMESA (Table 1). The baseline
characteristics of participants perDHR are
shown in Table E1.

Subclinical CVD and DHR (MESA)
As shown in Figure 3, there was a consistent
U-shaped relationship between all three
subclinical CVDmeasures and theDHR.
Third-degree polynomial functions provided
the best fit for these relationships, indicating
that those with low (first quartile,,5.8 beats/
min [BPM]; mean [SD], 4.6 [1.0] BPM) and
high (fourth quartile,.10.1 BPM; mean
[SD], 13.5 [3.4] BPM)DHRs have higher
Framingham CVD risk score as well as
higher CAC scores and higher levels of
NT-proBNP than those with midrange
DHRs (middle two quartiles, 5.8–10.1 BPM;
mean [SD], 7.7 [1.2] BPM).

Nonfatal or Fatal CVD and All-Cause
Mortality and DHR in the SHHS Cohort
In the SHHS cohort, over a mean follow-up
period of 10.76 3.0 years, there were 331
cardiovascular deaths and 1,067 all-cause
deaths. There were 658 nonfatal CVD events,
with the mean time to nonfatal events being
5.66 3.4 years. Figure 4 demonstrates the
unadjusted Kaplan-Meier cumulative
incidence of nonfatal CVD as well as CVD
mortality and all-cause mortality per
category of DHR. In the adjusted third-
degree polynomial model, theDHRwas
significantly associated with an increased
hazard ratio for nonfatal CVD (P, 0.001)
and cardiovascular (P, 0.001) and all-cause
mortality (P, 0.0001). As shown in Table 2,
compared with individuals in the midrange-
DHR group, those with a high DHR had
nonfatal and fatal CVD hazard ratios of 1.60
(95% confidence interval [CI], 1.28–2.00) and
1.68 (95% CI, 1.22–2.30), respectively. In
contrast, those in low-DHR group had hazard
ratios of 1.07 (95% CI, 0.90–1.27) and 1.21
(95% CI, 0.94–1.54), respectively. After
excluding individuals with baseline CVD, only
individuals with a highDHRhad a
significantly increased incidence of nonfatal or
fatal CVD (N5 3,824; high- vs. midrange-
DHRhazard ratio, 1.60 [95% CI, 1.26–2.04];
low- vs. midrange-DHRhazard ratio, 0.92
[95% CI, 0.77–1.10]). Both high and lowDHRs
were significantly associated with all-cause
mortality (high- vs. midrange-DHRhazard
ratio, 1.29 [95% CI, 1.07–1.55]; low- vs.
midrange-DHRhazard ratio, 1.26 [95% CI,
1.10–1.44]; Table 2). These associations
persisted after adjusting for the AHI, event-
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Figure 3. Third-degree polynomial regression (fill shows 95% confidence interval) between
subclinical cardiovascular markers, including the Framingham cardiovascular disease (CVD)
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relatedminimumpulse rate, baseline-prevalent
CVD, and hypoxic burden (Table E2).

Nonfatal/Fatal CVD and All-Cause
Mortality and DHR in Relation to
OSA Severity
Secondary models revealed that the
association of a high DHRwith nonfatal and
fatal CVD and all-cause mortality was
moderated by the severity of OSA, whether
defined on the basis of the frequency of
respiratory events or defined on the basis of
the degree of hypoxemia (Table 2). In
moderate-to-severe OSA (AHI> 15 events/
h), those with a high DHR versus a midrange
DHR had adjusted hazard ratios of 1.69 (95%
CI, 1.28–2.22) and 1.92 (95% CI, 1.29–2.86)
for nonfatal CVD and CVDmortality,
respectively (Table 2). This association
appeared stronger among individuals with an

AHI> 30 events/h and was strongest among
individuals with a high hypoxic burden
(adjusted hazard ratio for fatal CVD, 3.50
[95% CI, 2.15–5.71]; Table 2). The
associations of a highDHR and all-cause
mortality in those with an AHI> 15 events/
h, an AHI> 30 events/h, or a high hypoxic
burden were in the same direction but were
of smaller magnitude (Table 2). In contrast,
there was no association between a high
DHR and fatal CVD or all-cause mortality in
those with an AHI, 15 events/h or a low
hypoxic burden (Table 2). Finally, there was
no consistent pattern of associations between
a low DHR andmortality.

Exploratory Analyses
In analyses stratified by sleepiness, a high
DHRwas associated with an increased risk of
nonfatal CVD, fatal CVD, and all-cause

mortality only among individuals with an
ESS score of,11 (N5 3,345; nonfatal CVD,
1.77 [95% CI, 1.34–2.33]; fatal CVD, 1.97
[95% CI, 1.37–2.83]; all-cause mortality, 1.39
[95% CI, 1.12–1.74]; Table E3). Similar
findings were observed when sleepiness was
quantified by using the frequency of
excessive daytime sleepiness (Table E3).
However, a test for the interaction between a
highDHR and the presence of excessive
sleepiness (ESS score. 10) was not
significant (nonfatal CVD, P5 0.20; fatal
CVD, P5 0.12; all-cause mortality,
P5 0.27).

Similarly, sex-stratified analyses
suggested a stronger association between a
highDHR and cardiovascular and all-cause
mortality in women than in men, although a
test for the interaction between sex and a
highDHR did not produce significant results
(nonfatal CVD, P5 0.92; fatal CVD,
P5 0.12; all-cause mortality, P5 0.16)
(Table E3).

Excluding individuals on b-blockers,
those with atrial fibrillation present, or
those with cardiac pacemakers did not
change the primary findings (N5 3,958;
high- vs. midrange-DHR hazard ratios:
nonfatal CVD, 1.62 [95% CI, 1.26–2.10];
cardiovascular mortality, 1.82 [95% CI,
1.26–2.63]; all-cause mortality, 1.27 [95%
CI, 1.02–1.58]; Table E3). Finally, the DHR
was modestly higher in REM sleep than in
nREM sleep (median difference, 0.3 [21.4
to 2.1] BPM; P, 0.001). When the state-
specific DHR was used, the associations
between a high DHR and nonfatal and
fatal CVD and all-cause mortality appeared
to be stronger in events analyzed in nREM
sleep than in events analyzed in REM sleep
(Table E4).

Discussion

In this study, we found that the sleep
apnea–specificDHRwas significantly
associated cross-sectionally with markers of
cardiovascular risk, with both low and high
DHRs being associated with increased
cardiovascular risk markers. In longitudinal
analysis, a high DHR predicted nonfatal and
fatal CVD and all-cause mortality in a
general community sample. Moreover,
as a potential prognostic biomarker in OSA,
a high DHR predicted a high risk of CVD
morbidity and mortality among individuals
with moderate-to-severe OSA (AHI> 15

Table 1. Baseline Characteristics of Cohort Studies, Including the MESA and the
SHHS

MESA (N51,395) SHHS (N54,575)

Age, yr 68.5 (9.12) 64.2 (11.0)
Race
White 519 (37.2%) 4,029 (88.1%)
Black 355 (25.4%) 272 (5.95%)
Chinese 172 (12.3%) —
Hispanic 349 (25.0%) —
Other — 274 (5.99)

Sex, M 663 (47.5%) 2,183 (47.7%)
BMI, kg/m2 28.8 (5.49) 28.3 (5.03)
Smoking
Never 645 (46.4%) 2,121 (46.4%)
Current 96 (6.90%) 420 (9.18%)
Former 650 (46.7%) 2,034 (44.5%)

Diabetes 159 (11.4%) 346 (7.56%)
Hypertension 794 (56.9%) 1,867 (40.8%)
Lipid-lowering medications 536 (38.4%) 583 (12.7%)
Baseline CVD 91 (6.55%) 751 (16.4%)
b-Adrenergic blockers 250 (17.9%) 564 (12.3%)
Systolic blood pressure, mm Hg* 123 (20.2) 125 (18.4)
Diastolic blood pressure, mm Hg* 68.5 (9.73) 72.0 (10.9)
Total sleep time, min 365 (78.1) 364 (62.7)
AHI, events/h 19.3 (10.7–33.1) 14.1 (7.65–24.4)
SpO2

,90%, % of total sleep time 0.76 (0.07–3.44) 0.24 (0.00–2.06)
Event-related minimum HR, BPM 60.4 (8.89) 61.9 (8.74)
DHR categories†

Midrange 697 (50.0%) 2,288 (50.0%)
Low 349 (25.0%) 1,736 (37.9%)
High 349 (25.0%) 551 (12.0%)

Definition of abbreviations: AHI5apnea–hypopnea index (all apneas and hypopneas
associated with >3% desaturation or arousal); BMI5body mass index; BPM5beats per
minute; CVD5 cardiovascular disease; DHR5HR response to apneas/hypopneas; HR5pulse
rate; MESA5Multi-Ethnic Study of Atherosclerosis; SHHS5Sleep Heart Health Study;
SpO2

5oxygen saturation as measured by pulse oximetry.
Average values are the mean (SD), n (%), or median (interquartile range).
*Mean of two measurements in the MESA and SHHS.
†Cutoffs in the MESA and SHHS are based on quartiles of the DHR in the MESA cohort.
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events/h) or severe OSA (AHI> 30 events/
h), and it was highest among those with
substantial OSA-related hypoxemia (sleep
apnea–specific hypoxic burden> 62% of
min/h) but was not predictive of mortality in
those with an AHI, 15 events/h or a lower
hypoxic burden. The association of a high
DHRwith CVDmorbidity andmortality was
somewhat stronger in women than in men,
although this difference was not statistically
significant. Although a prior study has
shown that excessive daytime sleepiness is
predictive of OSA-related CVD risk (10), we
observed that a highDHRwas associated
with increased CVDmorbidity andmortality
risk in individuals without reported excessive
sleepiness. This suggests that a high DHR is a
novel biomarker that identifies a subgroup of

patients with OSA (high hypoxic burden plus
highDHR) at markedly elevated
cardiovascular risk even in the absence of
excessive sleepiness. This has important
implications for both clinical practice, by
allowing clinicians seeking to modify
cardiovascular risk through treatment of
OSA to target these individuals even in the
absence of sleepiness, and the design of
clinical trials, by permitting recruitment to
focus on high-risk individuals.

There are several plausible mechanisms
that may explain the observed U-shaped
relationship betweenDHR and
cardiovascular risk. Available evidence
suggests that a highDHR reflects more
severe respiratory events (14) or an
overreactive autonomic response to events

(25), both of which will adversely affect the
cardiovascular system. Conversely, a low
DHR likely represents more subtle
respiratory events (14) or an
underresponsive cardiovascular system,
possibly due to existing heart disease (26),
diabetes (27), or other causes of autonomic
dysfunction. This is consistent with the
finding that those with a low DHRwere
older, had a higher baseline pulse rate, and
had a higher prevalence of CVD (Figure E1).
Thus, a highDHR likely reflects OSA targets
that are modifiable through treatment, which
might be expected to reduce cardiovascular
risk, whereas a low DHR appears to reflect
factors unrelated to OSA (Figure E1), per se,
that are unlikely to be ameliorated by OSA
treatment and thus unlikely to lead to
substantive improvement in cardiovascular
outcomes.

There is a growing consensus that
characterizing OSA by frequency-oriented
metrics, including the AHI, arousal index,
and oxygen desaturation index, does not
adequately capture the acute physiologic or
long-term health consequences associated
with this disorder (28). To address this
problem, our group and others have
identified novel measures that we believe
more accurately quantify the respiratory
event–specific hypoxemia (24, 29, 30),
arousal intensity (16, 31), and autonomic
response (14, 32, 33). These metrics were
shown to more consistently correlate with
incident heart failure (30), cardiovascularly
related deaths, and all-cause mortality (24,
34). In line with these advances in identifying
robust prognostic OSA biomarkers, this
study has identified a simple measure that
may reflect both the parasympathetic and
sympathetic responses to an event. The
change from aminimum heart rate during
an event to a maximum heart rate after an
event may reflect effects of both the
parasympathetic and sympathetic systems.
Indeed, a higherDHRmay reflect a more
pronounced vagally induced bradycardia
(35) during an event (larger decrease in heart
rate during an event), a more pronounced
sympathetic response (13) to hypoxemia/
hypercapnia (larger increase in heart rate),
and/or a combination of both. Further
investigation is needed to assess the
individual contributions of sympathetic/
parasympathetic activity to theDHR.

As discussed above, metrics that better
capture the sleep apnea–specific hypoxic
burden tend to more consistently predict
cardiovascular outcomes than conventional
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Figure 4. Unadjusted cumulative incidence Kaplan-Meier curves for categories of the DHR in
the SHHS (Sleep Heart Health Study). Only one study site followed participant and provided
mortality data after Year 13 (no CVD death reported from this study during this period).
CVD5 cardiovascular disease; DHR5pulse-rate response to apneas/hypopneas;
Mid5midrange.
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frequency-oriented metrics. In this study, the
strong statistical interaction between the
hypoxic burden and the DHR indicates that
both metrics analyzed together may be
particularly useful for improving
cardiovascular risk stratification in OSA.

Emerging research has shown that
individuals with OSA with excessive daytime
sleepiness may be at a heightened risk of
cardiovascular outcomes (10); it has been
suggested that excluding these individuals
from randomized controlled trials, such as
SAVE (The Sleep Apnea Cardiovascular
Endpoints Study) (6), may partly explain the
lack of CPAP benefit. Exploratory findings
from this study suggest that the risk
associated with an elevated DHRmay be
strongest in those without excessive
sleepiness. Indeed, nonsleepy individuals
with OSAmay have increased sympathetic

nervous system activity, as observed in
patients with OSA and heart failure (36).

Prior research on the sex-specific
differences in OSA and its consequences
remains limited and inconsistent (19, 37–41).
Indeed, prior sex-specific investigations
involving SHHS data were not able to detect
an association between OSA and incident
coronary heart disease (18), incident heart
failure (18), or all-cause mortality (3) in
women over a follow-up of approximately
8 years. This may reflect in part the small
number of women with moderate-to-severe
OSA and their generally low cardiovascular
event rates. Although sex differences in the
relation of highDHR to mortality were not
statistically significant, the strong CVD
morbidity and mortality risk noted in
women with a highDHR suggests that this
metric may be useful for identifying those

women at high risk for OSA-related adverse
outcomes. Finally, a post hoc state-specific
analysis showed that the nREM-related DHR
appeared to have consistent associations with
outcomes compared with the REM-related
DHR (see Table E4). This may be due to
measurement noise that results in the REM-
relatedDHR being associated with fewer
respiratory events than the nREM-related
DHR; however, further investigation is
warranted.

Strengths and Limitations
This study has several strengths: 1) theDHR
can be generated automatically in large-scale
clinical and research studies, only requiring
data from an oximetry channel and
respiratory-event scoring, which are readily
available from home sleep-apnea tests, and 2)
multiple covariate adjustments and

Table 2. Multivariable Cox Regression Analysis for Nonfatal CVD and Cardiovascular and All-Cause Mortality in the SHHS

DHR Categories
Nonfatal CVD*

[Hazard Ratio (95% CI)]
CVD Mortality

[Hazard Ratio (95% CI)]
All-Cause Mortality

[Hazard Ratio (95% CI)]

All subjects (N54,575)
Midrange 1.00 1.00 1.00
Low 1.07 (0.90–1.27) 1.21 (0.94–1.54) 1.26 (1.10–1.44)†

High 1.60 (1.28–2.00)† 1.68 (1.22–2.30)‡ 1.29 (1.07–1.55)‡

AHI > 15 events/h (N52,148)
Midrange 1.00 1.00 1.00
Low 1.13 (0.90–1.43) 1.39 (1.00–1.93) 1.13 (0.94–1.36)
High 1.69 (1.28–2.22)† 1.92 (1.29–2.86)‡ 1.36 (1.09–1.71)‡

AHI,15 events/h (N52,427)
Midrange 1.00 1.00 1.00
Low 0.97 (0.75–1.25) 0.98 (0.67–1.42) 1.40 (1.14–1.71)‡

High 1.60 (1.06–2.39)§ 1.28 (0.73–2.22) 1.08 (0.75–1.55)
AHI > 30 events/h (N5820)
Midrange 1.00 1.00 1.00
Low 1.40 (0.95–2.04) 2.09 (1.17–3.74)§ 1.11 (0.82–1.51)
High 1.90 (1.28–2.80)‡ 2.96 (1.60–5.48)† 1.51 (1.10–2.07)§

AHI,30 events/h (N53,755)
Midrange 1.00 1.00 1.00
Low 1.01 (0.83–1.23) 1.06 (0.81–1.39) 1.29 (1.11–1.50)†

High 1.51 (1.13–2.00)‡ 1.38 (0.93–2.03) 1.16 (0.91–1.48)
HB > 62%min/h (N51,138)
Midrange 1.00 1.00 1.00
Low 1.38 (1.00–1.89)§ 1.89 (1.19–3.00)‡ 1.44 (1.13–1.83)‡

High 1.93 (1.36–2.73)† 3.50 (2.15–5.71)† 1.84 (1.40–2.40)†

HB, 62%min/h (N53,409)
Midrange 1.00 1.00 1.00
Low 0.96 (0.78–1.17) 0.94 (0.70–1.26) 1.17 (1.00–1.38)
High 1.35 (0.99–1.84) 0.93 (0.58–1.50) 0.89 (0.66–1.18)

Definition of abbreviations: AHI 5 apnea–hypopnea index; CI 5 confidence interval; CVD5 cardiovascular disease; DHR5pulse-rate response
to apneas/hypopneas; HB5 sleep-apnea–specific hypoxic burden; SHHS5Sleep Heart Health Study.
All models were adjusted for age, sex, race, body mass index, smoking, diabetes, hypertension, lipid-lowering medication, b-blockers, baseline
CVD, event-related minimum pulse rate, and AHI. Bold indicates statistical significance at the level indicated by the footnote symbol.
*The number of participants in nonfatal CVD analysis is lower than reported for CVD and all-cause mortality because of exclusion of fatal CVD
events from the analysis. A test of interaction was only significant for the interaction between high DHR and HB categories.
†P,0.001.
‡P,0.01.
§P,0.05.
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consistency across two independent studies
suggest likely generalizability of the results.
However, the study also had several
limitations, including the
underrepresentation of young individuals
(age range, 40–90 yr). In addition, the impact
of medications on the DHR in the setting of
sleep apnea needs to be further investigated.
For example, b-blocking agents tend to
depress the heart rate. However, the findings
did not change materially in a sensitivity
analysis that excluded those on b-blockers.

Future Directions
Additional studies are needed to prospectively
validate these findings. Nonetheless, the
findings of this study strongly suggest the
potential utility of a highDHR to identify a
high-risk subgroup of patients with OSA,
particularly when combined with measures of

the hypoxic burden. This should inform the
design of future randomized clinical trials to
assess the impact of OSA treatment onmajor
adverse cardiovascular events.
Such trials have generally excluded sleepy
individuals because of concerns regarding the
ethics of withholding active treatment from
symptomatic individuals, although this
exclusion may have resulted in the selection of
a generally low-risk group that was unlikely to
benefit fromCPAP treatment. The ability to
identify a sample of high-risk, nonsleepy
patients with OSAwould greatly
enhance the power of intervention trials to
detect a cardiovascular benefit of OSA
treatment.

Conclusions
This study provides evidence that individuals
with a heightened DHR, especially those with

moderate-to-severe OSA, are at elevated risk
of cardiovascular morbidity/mortality. In
addition, the results show consistent
associations in men and women and in those
who do not report excessive daytime
symptoms.�
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