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Abstract

Obstructive sleep apnea (OSA) and asthma are highly prevalent
chronic respiratory disorders. Beyond their frequent coexistence
arising from their high prevalence and shared risk factors, these
disorders feature a reciprocal interaction whereby each disease
impacts the severity of the other. Emerging evidence implicates
airway and systemic inflammation, neuroimmune interactions,
and effects of asthma-controlling medications (corticosteroids) as
factors that predispose patients with asthma to OSA. Conversely,

undiagnosed or inadequately treated OSA adversely affects asthma
control, partly via effects of intermittent hypoxia on airway
inflammation and tissue remodeling. In this article, we review
multiple lines of recently published evidence supporting this
interaction. We provide a set of recommendations for clinicians
involved in the care of adults with asthma, and identify critical gaps
in our knowledge about this overlap.
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Obstructive sleep apnea (OSA) and asthma
are closely related. This could be due tomere
coexistence, shared risk factors, or distinct
interactive mechanisms between these
upper- and lower-airway pathologies.
Although both disorders are highly
prevalent (1) and OSA in particular is on
the rise (2), multiple studies have
consistently reported higher OSA burdens
among individuals with asthma (3–5) in
relation to asthma severity (3, 6). Recent
data indicate that asthma is a risk factor for
incident OSA (7). Conversely, OSA has
been linked to poor asthma outcomes (6, 8).
Thus, a deleterious vicious cycle is
established and, if OSA is not addressed,
perpetuated, emphasizing the fact that we
need to understand the underlying

pathophysiology before we can effectively
intervene. In addition to shared risk factors,
such as rhinitis, gastroesophageal reflux
(GER), and obesity, hypothetical
mechanisms have been postulated to
explain the frequent co-occurrence of OSA
and asthma (9–11). However, more
recently, experimental studies have
suggested that asthma’s pathognomonic
features, such as airway and systemic
inflammation, have an impact on the risk of
OSA. Conversely, the effects of OSA’s
hallmark features (namely, chronic
intermittent hypoxia [CIH], increased work
of breathing, and sleep fragmentation) on
the expression of asthma are just beginning
to be elucidated. The purpose of this review
is to summarize recent epidemiological,

clinical, and translational evidence
regarding the reciprocal mechanisms and
consequences of asthma and OSA overlap
in adults, articulate their implications for
clinical practice, and suggest future research
directions to advance the field.

Asthma as a Risk Factor for
OSA

Epidemiological and Clinical Studies
Cross-sectional and longitudinal studies in
individuals with asthma have described the
occurrence of OSA based on self-reported
snoring, questionnaires, and sleep studies
(Table 1). The majority of these studies and
a recent meta-analysis showed a two to
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Table 1. Obstructive Sleep Apnea Burden in Asthma: Epidemiologic and Clinical Studies

Reference Sample
Assessment and Exclusion of
Treated Patients with OSA Results

Cross-sectional studies

Community cohorts

Larsson et al., 2001 (4) n=4,648 OSA*: questionnaire; OSA
treatment not specified

d ↑ Prevalence of snoring (OR, 1.6†)
and apnea (OR, 2.3†) in asthma

Asthma: physician diagnosis

Clinical populations

Yigla et al., 2003 (5) n=22 OSA*: PSG; OSA treatment not
specified

d 95% (21/22) prevalence of OSA
Pulmonary clinic

Asthma: PFT diagnosis on
long-term oral steroids

d ↑ RDI in continuous OCS vs.
intermittent OCS group (21.46 3.4
vs. 11.16 1.6)

Karachaliou et al., 2007 (89) n=1,501 OSA*: self-reported symptoms d Asthma diagnosis not associated
with OSA symptomsPrimary care Asthma: physician diagnosis1

spirometry

Auckley et al., 2008 (90) n=177, asthma clinic OSA*: Berlin questionnaire d ↑ OSA risk in asthma (39% vs. 27%)
n=328, internal medicine
clinic

Asthma: physician diagnosis1
spirometry

d No association between asthma
severity and OSA risk

Julien et al., 2009 (3) n=52, asthma clinic OSA*: PSG; treated OSA excluded d ↑ OSA prevalence: severe asthma
88%, moderate asthma 58%,
control 31% (P,0.001)

n=26, community control
group

Asthma: physician diagnosis.
Severity by spirometry, ACQ, and
steroid use d ↑ AHI in asthma

Teodorescu et al., 2009 (27) n=244 OSA: OSA risk (SA-SDQ); treated
OSA excluded

d Use of ICS ↑ risk of habitual
snoring; OR, 1.6†Pulmonary and asthma

clinic Asthma: NAEPP classification
severity

d OSA risk positively associated with
asthma severity and ICS use

Teodorescu et al., 2010 (61) n=472 OSA: OSA risk (SA-SDQ); treated
OSA excluded

d ↑ OSA risk in uncontrolled asthma;
OR, 2.9†Pulmonary and allergy

clinic Asthma: physician diagnosis and
ACQ

Williams et al., 2011 (91) Asthma, n=200 OSA*: habitual snoring d ↑ Habitual snoring before (OR, 2.1†)
and during (OR, 1.8†) pregnancy in
asthma

No asthma, n=1,135
Prenatal clinic

Asthma: self-report of physician
diagnosis

Teodorescu et al., 2012 (62) n=752 OSA: SA-SDQ and medical records
(diagnosis with PSG); treated
OSA excluded

d ↑ OSA risk in asthma with persistent
day and night symptoms; OR, 1.9†Pulmonary and allergy

clinic
Asthma: physician diagnosis d ↑ Risk of PSG-diagnosed OSA in

asthma with day symptoms; OR,
2.1†

Braido et al., 2014 (92) Asthma, n=740 OSA*: STOP-BANG questionnaire d ↑ OSA risk in asthma with rhinitis
vs. asthma without rhinitis; OR,
1.4†

Asthma and allergic
rhinitis, n=1,201

Primary care

Asthma: physician diagnosis and
allergic rhinitis questionnaire

Teodorescu et al., 2015 (6) Nonsevere asthma,
n=161

OSA: OSA risk (SA-SDQ); treated
OSA excluded

d ↑ SA-SDQ scores in poorly
controlled asthma

Severe asthma, n=94
Control, n=146

Asthma: physician diagnosis,
severity by spirometry and
inflammatory markers

d ↑ Sputum neutrophils associated
with higher SA-SDQ

Multicenter study

(Continued )
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three times higher prevalence of OSA
among people with asthma (4, 12–14).
Larsson and colleagues performed a cross-
sectional analysis of more than 5,000 adults
and showed that self-reported snoring
(odds ratio [OR], 1.62; 95% confidence
interval [CI], 1.16–2.27) and apneas
(OR, 2.36; 95% CI, 1.60–3.48) were more
common among individuals with asthma,
adjusting for relevant covariates (4). In
an analysis of 2008–2009 National
Ambulatory Medical Care Surveys and
National Hospital Ambulatory Medical
Care Surveys, asthma diagnosis was
associated with 2.7-fold increased odds of
an OSA diagnosis, adjusting for age, sex,
obesity, race, and socioeconomic status
(adjusted OR, 2.7; 95% CI, 1.6–4.6) (15).
However, these cross-sectional studies are
generally limited by a lack of objective
diagnostic data or a small sample size.

Data from prospective cohort studies
strengthen this relationship. In the
Australian Busselton Health Study, after
14 years of observation, participants with
asthma were found to be nearly three times
more likely to develop habitual snoring,
after adjustment for potential confounders,
including bodymass index (BMI) at baseline

and BMI change during this long time
interval (16). A recent study using
laboratory-based polysomnography (PSG)
reported an increased 4-year incidence of
OSA (relative risk, 1.58; 95% CI, 1.20–2.09)
and symptomatic OSA (relative risk, 2.72;
95% CI, 1.26–5.89) among subjects with
asthma compared with those with no
asthma, after adjustment for multiple
covariates, including baseline BMI and percent
change in BMI in the time interval (17).

The few studies that collected asthma
severity metrics reported associations of
such measures with OSA risk. In the
Wisconsin Sleep Cohort, asthma duration
increased the incident OSA risk in a dose-
dependent manner: each 5-year increment
in duration was associated with a 7% and
18% higher risk for incident OSA (on PSG)
and symptomatic OSA (with habitual
sleepiness), respectively (17). In a
retrospective longitudinal study, the
frequency of annual emergency room visits
and use of inhaled corticosteroids (ICS),
were positively associated with an OSA
diagnosis (12). A small number of studies
reported on the prevalence of OSA,
diagnosed by objective testing, in clinical
asthma populations (3, 5, 18). Similar

trends of increasing OSA prevalence in a
dose-dependent manner with asthma
severity (3) were noted, such that in
individuals with difficult-to-control asthma,
PSG-diagnosed OSA is almost universally
present (prevalence of 88–95%) (3, 5).
Interestingly, regardless of asthma severity,
the vast majority of respiratory events were
obstructive hypopneas with arousals (3).
This may explain why another study
using respiratory polygraphy (lacking
electroencephalography) in subjects with
severe asthma reported a lower prevalence
(49%) (18) than the aforementioned
studies. These discrepant findings regarding
the prevalence of OSA determined by PSG
versus respiratory polygraphy raise two
important clinical considerations: 1)
respiratory polygraphy, which is
increasingly used to diagnose OSA in
clinical practice, may underestimate the
severity of OSA in asthma populations, and
2) asthma may influence the phenotypic
expression of OSA by reducing the
arousal threshold. To our knowledge, an
association between the severity of asthma
and severity of OSA, as measured by its
standard metric, the apnea–hypopnea index
(AHI), has not been reported. This is likely

Table 1. (Continued )

Reference Sample
Assessment and Exclusion of
Treated Patients with OSA Results

Longitudinal studies,
population-based cohorts

Knuiman et al., 2006 (16) n=967 Incident OSA*: self-reported
habitual snoring

d ↑ Risk of habitual snoring in
new-onset asthma; OR, 2.8†Prospective

Asthma: questionnaire

Teodorescu et al., 2015 (17) No asthma, n=547 No OSA or PAP use at baseline d Adjusted RR of incident OSA, 1.4†

in asthma vs. nonasthmaAsthma, n=81 Incident OSA: PSG AHI.5 or
starting CPAP treatment for OSA d ↑ Asthma duration (.10 yr) related

to increased risk for incident OSA
(RR, 1.71†) and for clinically
significant OSA (OSA1 excessive
sleepiness; RR, 2.94†)

Prospective
Asthma: physician diagnosis

Shen et al., 2015 (12) n=38,840 Incident OSA*: ICD-9 d ↑ OSA incidence in asthma vs.
nonasthma HR 12.1 vs. 4.8 per
1,000 person-years

Retrospective, insurance
database

Asthma: ICD-9

d ↑ Incidence of OSA with .1 ER
visit/yr (HR, 23.8†) and with ICS
use (HR, 1.3†)

Definition of abbreviations: ↑= increased; ACQ=Asthma Control Questionnaire; AHI = apnea–hypopnea index; CPAP=continuous positive airway
pressure; ER=emergency room; HR=hazard ratio; ICD= International Classification of Diseases; ICS= inhaled corticosteroid; NAEPP=National Asthma
Education and Prevention Program; OCS=oral corticosteroid; OR=odds ratio; OSA=obstructive sleep apnea; PFT=pulmonary function test;
PSG=polysomnography; RDI = respiratory disturbance index; RR= relative risk; SA-SDQ=sleep apnea scale of the Sleep Disorders Questionnaire;
STOP-BANG=snoring, tiredness, observed apnea, blood pressure, body mass index, age, neck circumference, and gender.
*History of OSA or treatment not specified.
†Statistically significant OR, HR, or RR.
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because of a lack of sufficiently powered
prospective studies with detailed
phenotyping of both asthma and OSA.

The relationship between sex and
expression of OSA in individuals with
asthma is not clear. On one hand, in the
Wisconsin Sleep Cohort, male sex was
associated with an increased incidence of
OSA in individuals with asthma, whereas
menopausal status did not impact the
development of OSA (12). On the other
hand, females with fixed airway obstruction
(postbronchodilator FEV1/FVC< 0.7) have
been identified as having a higher risk of
developing OSA (19). Further studies are
needed to determine the full impact of sex
on the development of OSA in patients
with asthma.

Apart from shared risk factors, such as
obesity, rhinitis, and GER, asthma’s unique
features appear to underlie the increased
OSA risk in asthma (Figure 1).

Shared Risk Factors

Rhinitis. The nose is the principal route of
breathing during sleep, and nasal factors are
important determinants of pharyngeal
upper-airway (pUAW) patency. According
to the Starling resistor model of OSA, the
collapsible segment of the tube (the pUAW)
is characterized by an intraluminal (critical
closing) pressure and surrounding tissues
(pharyngeal muscles, pharyngeal and
submucosal fat, mucosal edema, etc.)
pressure. The tube is also bound by an
upstream (nose) and downstream (trachea)
segment, with their corresponding upstream
and downstream pressures. pUAW collapse
occurs in several scenarios, such as when the
upstream nasal pressure falls below the critical
closing pressure, resulting in symptoms of
OSA such as snoring and apnea (20).

Rhinitis and asthma are common
comorbidities. The prevalence of rhinitis
(allergic and nonallergic) in asthma is as
high as 80–90%, and rhinitis is a risk factor
for developing asthma (21, 22). Rhinitis
causes inflammation of the nasal passages,
which leads to nasal obstruction. In the
general population, both allergic rhinitis
and nonallergic rhinitis are risk factors for a
high AHI (23). Although the degree of
nasal obstruction during wakefulness does
not correlate with OSA severity (24), peak
nasal resistance occurs in the early morning
(due to circadian effects), possibly
potentiating the expression of OSA during
that time (25). Chronic sinusitis and nasal

polyposis are closely associated with both
asthma and inflammation of the pUAW,
reducing its patency (26). Thus, upper- and
lower-airway inflammation in rhinitis and
asthma perpetuate each other and could
promote the development of OSA (26).
Indeed, a cross-sectional study of patients
with asthma reported a significant
independent association of diagnosed
rhinitis with OSA risk, suggesting that
rhinitis may be a risk factor for OSA in
patients with asthma (27).

GER. Epidemiological studies reported
an association between GER and OSA that
was independent of other confounders (9,
28, 29). New symptoms of OSA and higher
Epworth Sleepiness Scale scores were
observed in subjects with new or persistent
nocturnal GER, but not in those without
nocturnal GER (30). GER was found to be
independently predictive of habitual
snoring and high OSA risk in a cohort of
patients with asthma (27). In patients with
poorly controlled asthma and obese
patients with asthma, omental fat weight,
loss of angulation of the gastroesophageal
junction, and changes in the
transdiaphragmatic pressure gradient can
cause GER (30). GER, in turn, can cause
spasm of the pUAW, edema, and neurogenic
mucosal inflammation, promoting OSA (31,
32), which could worsen asthma and
perpetuate a vicious cycle.

Obesity. Obesity is a major risk factor
linking asthma with OSA. Epidemiologic
and observational studies have shown that
obesity is a significant risk factor for incident
asthma and asthma severity (33, 34).
Patients with asthma may also be at risk for
developing obesity, as they are less
physically active and receive oral
corticosteroid therapy more often, which
promotes weight gain (9, 35). In addition,
daytime fatigue caused by sleep loss due to
suboptimally controlled asthma would
favor a sedentary lifestyle and promote
obesity in individuals with asthma (36). On
the other hand, obesity is a dominant risk
factor for OSA (37), and is often used as an
OSA surrogate in adult populations. In
patients with obstructive pulmonary disease,
neck circumference, BMI, and waist/hip
ratio are all associated with symptoms of
OSA (19, 38, 39). Obesity changes the
structure and function (collapsibility) of the
pUAW, reduces FRC, increases oxygen
demand, and changes the respiratory drive
and load compensation relationships (40),
favoring pUAW collapse.

Unique Links of Asthma with OSA:
Insights from Human and Animal
Studies
Apart from shared risk factors, asthma
could predispose to OSA via its unique
features (Figure 2). Asthma is an
inflammatory condition whereby chronic
inflammation is intermittently exacerbated
by a variety of allergic, infectious, and other
triggers.

In OSA, breathing control instability
acts in concert with compromised pUAW
anatomy to set the stage for pUAW closure.
The concept that inflammatory processes
originating in the lung destabilize breathing
control is gaining more attention (41), and
asthma may be no exception. Studies in
animal models provide some mechanistic
insights into how inflammation
affects neural breathing control and
chemoreception. For example, after
bleomycin-induced lung injury in rats,
Jacono and colleagues uncovered a T-helper
cell type 1 (Th1) type of inflammation in
brainstem regions responsible for breathing
control, which mirrored that in the lungs
(42). The authors proposed several
immune-to-brain communication
pathways: 1) active transport of cytokines
across the blood–brain barrier, 2) neural
transport of inflammatory mediators from
the periphery through afferent fibers of the
vagi, and 3) cytokine production within the
central nervous system by the activated
resident brain macrophage cells (microglia).
In addition, the peripheral chemoreceptor
appears to be sensitized in response to Th1-
type lung inflammation as well (43). Five
days after bleomycin instillation in rats,
before lung fibrosis and arterial hypoxemia
ensued, Jacono and colleagues found
heightened hypoxic and hyperoxic
ventilatory responses in anesthetized,
spontaneously breathing bleomycin-treated
rats relative to control animals (43). The
enhanced hypoxic response persisted after
bilateral vagotomy, but was eliminated after
bilateral carotid sinus nerve sectioning.

Although it remains to be testedwhether
carotid body and brainstem inflammation
occurs in response to Th2-predominant
inflammatory lung processes, early data
suggest that may be the case. In a recent
study, Broytman and colleagues tested
ventilatory responses to graded hypoxia (12%
and 9% FIO2

) in awake rats 24 hours after
challenge with ovalbumin (OVA) (44).
Compared with saline-challenged animals,
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the OVA-challenged rats demonstrated an
exaggerated hypoxic ventilatory response,
which, interestingly, was more apparent
when airflow obstruction was relieved with
the long-acting bronchodilator formoterol.
These observations suggest mediation
in greater part by cytokine signaling in
the chemoreceptors rather than by
mechanoreceptor feedback from the lungs.

Other phenomenons related to asthma,
particularly when they occur at night, may
help set the stage for ventilatory instability
and OSA. It is known that approximately
90% of severe asthma exacerbations are
associated with hypoxemia on arterial
blood gas analysis, owing to a
ventilation–perfusion mismatch, which
persists for several days (45). In addition,
nocturnal asthma, independently of OSA,
leads to frequent arousals and poor sleep
quality (46). These observations raise the
question as to whether these additional
asthma features could potentiate carotid
body sensitization and/or alter other
phenotypic traits (e.g., the arousal threshold
and pUAW collapsibility) that are known
to contribute to OSA pathogenesis (47).
Further studies are needed to investigate
these putative mechanisms.

Inflammatory pathways related to
asthma pathology may also undermine

protective mechanisms of pUAW patency.
The site of obstruction in OSA is at the level
of the pharyngeal airway, an area extending
from the posterior end of the nasal septum
to the epiglottis. This region lacks rigid
support and is vulnerable to collapse during
sleep. Its patency is maintained by a fine
balance of two opposing forces: those
promoting collapse and those maintaining
patency. The genioglossus is the most
important pUAW dilator, but neural inputs
from the hypoglossal pool are needed to
activate it. One characteristic of the
respiratory system is its plasticity, which
allows it to adapt to various physiological
conditions. One form of this plasticity is
long-term facilitation (LTF), which consists
of a prolonged augmentation of neural
activity (including, but not limited to,
activity of the hypoglossal and phrenic
nerves), lasting for at least 60 minutes after
termination of a stimulus. Various stimuli,
such as acute intermittent hypoxia (48) and
pUAW negative pressure (49), give rise to
LTF, whereas intermittent hypercarbia
depresses LTF (50). Hypoglossal and
ventilatory LTF to acute intermittent
hypoxia occurs in healthy sleeping humans
(48). Although the role of LTF in breathing
stability remains to be understood, it
appears to behave as a “double-edged

sword” that may stabilize pUAW but may
also precipitate breathing instability (51).
Derangements in gas exchange occur
during episodes of lower-airways
obstruction, and depending on the
severity of obstruction, could manifest as
concurrent hypoxia with or without
hypercarbia. These gas exchange
abnormalities have opposite effects on LTF,
as above. This is due to different signaling
pathways, which have been suggested to
feature a mutual inhibition, with one
preventing initiating the other (52).
Depending on the initial stimulus (hypoxia
or hypercapnia), the effects of one will
govern the other, determining the net LTF
magnitude (52). In addition, other factors
may depress or eliminate LFT. Preclinical
studies showed that Th1 inflammatory
responses to systemic LPS abolished
phrenic LTF, whereas inhibition of
inflammation with ketoprofen restored
aspects of phrenic LTF (53). Although the
effects of Th2 on various forms of
respiratory LTF remain to be tested, in the
chronic allergic rat model, concurrent CIH
creates a shift in airway inflammation
toward a more Th1 pattern (54), which may
behave in the manner discussed above.

The observation of a dose-dependent
relationship between asthma duration and
incident OSA in humans (17) lends itself to
the hypothesis that the effects of asthma on
breathing control mechanisms start early in
life, possibly in utero. Hypoxemia during
severe asthma exacerbations (45) may affect
the propensity for breathing instability in
newborns. Interestingly, CIH exposure in
animal models, both during pregnancy
and early postpartum, attenuated the
hypoxic ventilatory responses and phrenic
LTF in the offspring and newborns (55, 56).
In the exposed newborns, alterations
outlasted the exposures and persisted
for up to 30 days beyond it. Collectively,
these data imply that in utero and
early-life challenges may impact breathing
control mechanisms during development
and lead to a vulnerability to OSA later in
life.

Finally, anatomical compromise of the
pUAW in OSA may be the result of a
standard asthma therapy, ICS (Figure 2).
Myopathy and weight gain/centripetal fat
redistribution to the neck area resulting
from systemic absorption are well-known
side-effects of ICS, particularly at higher
doses (57, 58). Interestingly, in a survey of
patients with asthma in specialty clinics, the
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Figure 1. Schematic of mechanisms bidirectionally linking asthma and obstructive sleep apnea
(OSA), as suggested by currently available data. In each direction, shared risk factors and specific
features of each disease (asthma or OSA) may also underlie the interaction. See text for details.
GER=gastroesophageal reflux.
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use of ICS was dose-dependently associated
with an increased risk for habitual snoring
and OSA, independently of asthma severity
and other known risk factors, including
excess weight (27). Furthermore, 4-month
treatment with high-dose fluticasone
propionate in patients with overall mild
asthma increased wakefulness tongue
strength but also decreased endurance (59),
in a pattern much like that observed in
untreated patients with OSA (60). The
treatment affected pUAW collapsibility
during sleep in a manner that depended on
baseline characteristics—that is, in a subset
of older, male, heavier patients with less-
controlled asthma and higher AHI at
baseline, the fluticasone treatment

increased collapsibility. In addition, in
another subset of participants whose BMI
and pUAW collapsibility during sleep did
not change during treatment, the fat
content in the neck increased by z21%
from baseline (59). These findings suggest
that ICS alter the structure of the pUAW
and ultimately, in the case of susceptible
pUAWs, tilt the balance in favor of
collapse. Because a 4-month treatment
represents a snapshot in the life of a patient
with asthma on chronic ICS therapy,
these are critical findings that should
prompt clinical investigations of their
implications for breathing during sleep and
other relevant functions, such as
swallowing.

Effects of OSA on Expression
of Asthma

Epidemiological and Experimental
Studies
Several cross-sectional and retrospective
studies have shown associations of OSA
with multiple asthma outcomes, across the
healthcare continuum (Table 2).
Relationships between OSA risk or
diagnosis and worse daytime and nighttime
asthma symptoms, bronchodilator use,
FEV1 decline in time, increased
exacerbations, and reduced quality of life
have been documented in patients with
asthma (6–8, 61–64), and especially in older
individuals (7). Conversely, continuous
positive airway pressure (CPAP) for OSA
attenuated risk for worse asthma outcomes
and FEV1 decline (7, 62, 64) in older
subjects much more than in younger ones
(7). Moreover, in patients hospitalized for
asthma exacerbations, OSA diagnosis was
related to poorer outcomes, such as the
need for invasive respiratory therapy,
increased lengths of stay, and costs (65).
The burden of OSA on health resource
utilization was higher than that imposed by
obesity alone, and the two comorbidities
together had a multiplicative adverse
impact on health resource utilization,
length of stay, and routine disposition to
home at discharge (65).

A more robust (causal) relationship
between OSA and asthma can be inferred
from prospective interventional studies of
OSA treatment in patients with asthma
(Table 3). In quasi-experimental designs,
CPAP improved daytime and nighttime
symptoms, rescue bronchodilator use,
exacerbations, quality of life, and A.M. and
P.M. peak inspiratory flow rates (66–69). In
addition, some of these effects occurred in a
dose-dependent fashion, with the largest
improvements in asthma control and
asthma-related quality of life noted in
patients with moderate–severe persistent
asthma or severe OSA diagnosed by
respiratory polygraphy (respiratory
disturbance index. 30) (69).

Data regarding the effects of CPAP
on bronchial reactivity, assessed by
bronchodilator response or bronchial
provocation, are mixed. Studies have
reported a significant reduction in the
proportion of patients with a positive
bronchodilator response (69) and no
change in the provocative concentration
of methacholine causing a 20% fall in FEV1

Figure 2. Disease-specific features known to contribute to the asthma/obstructive sleep apnea
(OSA) overlap. Asthma commences early in life, traditionally as an eosinophilic airway disease, and
has been shown to lead to incident OSA, with a new set of symptoms overlapping those of asthma.
Asthma’s pathognomonic features, notably airway and systemic inflammation, could destabilize
peripheral and central breathing and upper-airway control mechanisms. In conjunction with
anatomical effects of long-term inhaled corticosteroid (ICS) therapy on the pharyngeal airway, it
sets the stage for upper-airway collapse during sleep and OSA. Once established, OSA, through its
features, notably chronic intermittent hypoxia, has been shown to shift the airway inflammatory
profile away from T-helper cell type 2 (Th2) pathways, which leads to lung remodeling and
airway dysfunction, in a pattern that is less responsive to ICS therapy. Without addressing OSA,
achieving asthma control would likely require a step-up in ICS dose and repeated steroid
bursts, further raising the risk for or the severity of OSA with its consequences for asthma,
accelerating this vicious cycle and translating into irreversible airway dysfunction. See text for
additional details.
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(PC20) (68). No effects of CPAP on FEV1

have been found in prospective studies (69),
suggesting potential remodeling effects of
OSA on the lower airway (54). There are
limited human data on changes in
inflammatory markers with CPAP
treatment for OSA in asthma (69). A
reduction in the fraction of exhaled nitric
oxide was reported in one study (69), but
no other biomarkers were collected for a
more detailed characterization of lower-
airway inflammatory phenotypes. Overall,
these data show improvements in subjective
(symptoms and quality of life) and
objective (rescue bronchodilator use and
morning peak expiratory flow rates) asthma
characteristics with CPAP treatment for
OSA, but mixed and generally negative
results with respect to physiologic measures

of lung function (FEV1) during
wakefulness. These discrepancies in
physiologic responses may be due to
irreversible airway remodeling (18) that
could occur with delayed OSA recognition,
a focus on wakefulness (instead of
nocturnal) airway measures that are known
to be more affected during sleep (70), lack
of uniformity with regard to asthma
treatment regimens within each study, and
variable durations of CPAP therapy and
nightly adherence, which were not reported
in some studies. In this regard, it is
important to note that the minimal
duration of nightly CPAP use for effects on
the aforementioned asthma outcomes
remains unknown. Another factor that may
contribute to the discrepancies in
physiologic results relates to intrinsic

characteristics, such as the phenotype, of
the populations studied. For example,
Lafond and colleagues assessed PC20 three
times serially (2–3 d apart) at baseline and
after CPAP (68). They excluded six patients
with .2 dilutions variability in PC20 on
serial baseline testing, which is actually a
marker of unstable asthma. Presumably,
these patients would have been the most
reactive and the ones most likely to
experience benefit from CPAP. Thus, the
issue of CPAP’s effects on physiologic
measures of airway functions needs to be
studied in thorough experiments and in well-
defined populations. The effects of alternative
treatments for OSA, such as oral appliances
and surgical treatments, on asthma remain
mostly unexplored. In an observational
study, oral appliances were associated with

Table 2. Impact of Obstructive Sleep Apnea on Asthma: Epidemiologic and Clinical Studies

Reference Sample
Assessment and Exclusion of Treated

Patients with OSA Results

Cross-sectional studies

ten Brinke et al., 2005
(8)

n=136 OSA: symptoms or PSG; OSA treatment
not reported

d ↑ Asthma exacerbation in OSA;
adjusted OR, 3.4*Pulmonary clinic

Asthma: severe, one or more
exacerbations/yr or OCS use

Teodorescu et al.,
2013 (7)

Age 18–59 yr, n=659 OSA: PSG (medical records); treated
OSA excluded

d ↑ Severe asthma in the older age group
with OSA; OR, 6.7*Age 60–75 yr, n=154

Asthma: NAEPP classification of
asthma severity

Pulmonary and allergy
clinics

Kim et al., 2013 (93) n=217 OSA: Berlin Questionnaire; treated OSA
excluded

d ↓ Asthma disease-specific quality of
life in high-risk OSASpecialty clinic

Asthma: physician diagnosis and airway
reversibility on spirometry

Tay et al., 2016 (94) n=90 OSA: Berlin or PSG; OSA treatment not
specified

d OSA not associated with asthma
exacerbations or quality of life after
adjustment for obesity

Asthma clinic
Asthma: referred for difficult asthma

Longitudinal studies

Jordan et al., 2015
(95)

n=2,445 OSA: self-reported physician diagnosis;
OSA treatment not specified

d ↑ Risk of poorly controlled asthma in
OSA; OR, 1.4–1.5*Prospective cohort study

Asthma: physician-diagnosed incident
asthma after 9/11, modified NAEPP
classification of asthma severity

World Trade Center Health
Registry

Wang et al., 2016 (64) Asthma, n=146 OSA: PSG; treated OSA excluded d AHI associated with ↑ risk of severe
asthma exacerbation; OR, 1.3*No asthma, n=157 Asthma: spirometry or MCT

Prospective case control

Yii et al., 2017 (96) n=177 OSA: PSG; OSA treatment not specified d No significant ↑ risk of severe asthma
exacerbations in OSAProspective clinical cohort,

5-yr follow-up
Asthma: step 4 of GINA treatment

Definition of abbreviations: ↓=decreased; ↑= increased; AHI = apnea–hypopnea index; CPAP=continuous positive airway pressure; GINA=Global
Initiative for Asthma; MCT=methacholine challenge test; NAEPP=National Asthma Education and Prevention Program; OCS=oral corticosteroid;
OR=odds ratio; OSA=obstructive sleep apnea; PSG=polysomnography.
*Statistically significant OR.
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Table 3. Effects of Treatment for Obstructive Sleep Apnea on Asthma Outcomes

Reference Design/Sample Assessment Results Limitations

CPAP treatment

Teodorescu et al.,
2012 (62)

Cross-sectional OSA: SA-SDQ and PSG d ↓ Daytime asthma
symptoms (*OR, 0.46)

Objective CPAP adherence not
availablen=132 with OSA,

75 on CPAP
Asthma: physician diagnosis

Teodorescu et al.,
2013 (7)

Cross-sectional OSA: PSG d ↓ Risk of severe asthma
(more in older vs. younger
patients, by 91% vs. 57%)

PSG-derived OSA severity or
objective CPAP adherence
not available

Age 18–59 yr vs.
60–75 yr

Asthma: physician diagnosis

n=140

Kauppi et al., 2016
(97)

Longitudinal,
retrospective
study

OSA: physician diagnosis and
CPAP >3 mo

d ↓ Asthma severity (ACT
and VAS)

Generalizability limited with
high CPAP adherence
(6.3 h daily)

n=152
Asthma: on asthma
medication

Wang et al., 2017
(63)

Longitudinal,
retrospective
study

OSA: PSG d ↓ The annual decline in
FEV1 in severe OSA

No control group

n=77

Asthma: spirometry

Lafond et al., 2007
(68)

Interventional:
CPAP36 wk

OSA: PSG (AHI > 15/h)
and CPAP titration

d No difference in
methacholine challenge
test

Per-protocol analysis of 13
patients with >4 h daily
CPAP usen=20 Asthma: ATS criteria

d ↑ Asthma-specific quality
of life

Serrano-Pariente
et al., 2017 (69)

Interventional:
CPAP36 mo

OSA: AHI >20/h d ↑ Asthma control, disease-
specific quality of life

No control group

n=99
Asthma: physician diagnosis

d ↓ Bronchial reactivity
(reduced proportion of
patients with positive
bronchodilator response),
exhaled NO

Other OSA treatments

Bachour et al., 2016
(71)

Cross-sectional
survey, n=303

OSA: referred for oral
appliance treatment

d ↑ ACT with oral appliance
treatment

No control group

Asthma, n=18 Asthma: physician diagnosis
and asthma medication use

Omana et al., 2010
(73)

Retrospective
bariatric cohort

OSA: CPAP use d Self-reported improvement
in symptoms or cessation
of treatment; in asthma
21/31, in OSA 14/32

Lack of validated questionnaire

Follow-up 17 mo,
n=123

Asthma, n=31

Asthma: use of asthma
medications

OSA, n=32

Simard et al., 2004
(72)

Prospective
bariatric cohort

OSA: self-reported d Self-reported improvement
in asthma control in 23/34

Lack of validated questionnaire

Follow-up 2 yr,
n=398

Asthma: self-reported

Asthma, n=34
OSA, n=47
OSA and asthma,
n=18

Definition of abbreviations: ↓=decreased; ↑= increased; ACT=asthma control test; AHI = apnea–hypopnea index; ATS=American Thoracic Society;
CPAP= continuous positive airway pressure; OR=odds ratio; OSA=obstructive sleep apnea; PSG=polysomnography; SA-SDQ= sleep apnea scale of
the Sleep Disorders Questionnaire; VAS= visual analog scale.
*Statistically significant OR.
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improvements in Asthma Control Test
scores (71). Although a few studies have
examined the effects of different bariatric
approaches and reported improvements in
OSA and asthma severity, they did not
specifically evaluate asthma/OSA overlap (72,
73). To our knowledge, no studies have
examined the role of other surgical
interventions or hypoglossal nerve
stimulation in asthma/OSA overlap.

A modulation of the effects of OSA on
asthma by sex appears to exist, with women
more likely to be affected. Women with
asthma and OSA who are hospitalized for an
asthma exacerbation have poorer outcomes
than their male counterparts (65).
Conversely, female sex was identified as an
independent predictor for improvement in
asthma-related quality of life after CPAP
treatment for OSA (69).

Aside from shared risk factors that may
be at play in this relationship, such as
obesity, GER, and rhinitis (Figure 1), we are
beginning to learn how OSA’s features
could impact the asthmatic airway.

Shared Risk Factors
Obesity, GER, and rhinitis have all been
proposed to modulate OSA’s effects on
asthma (Figure 1) (10). Obesity is related
to both asthma incidence and severity
(34), and a meta-analysis found the
incidence of asthma to be two times
higher in overweight/obese individuals
compared with healthy control subjects
(33). Alterations in lung mechanics,
airway hyperresponsiveness, a sustained
proinflammatory state, and increased
production of adipokines are believed to
underlie these effects (74). Patients with
GER are approximately two times more
likely to have asthma or asthma
exacerbations (31). The acid exposure
increases vagal tone, and subsequently
respiratory resistance and bronchial
reactivity (31). Chronic nasal disease is
commonly associated with asthma, where
it increases inflammatory cells and
bronchial responsiveness (26). A report
by Serrano-Pariente and colleagues
provides some insights into these
relationships (69). A
6-month CPAP treatment for OSA did
not impact BMI but it significantly
reduced the proportion of subjects who
reported nasal symptoms, heartburn, and
regurgitation. These findings cast doubt
on the significant effects of obesity on
asthma, independent of OSA.

Pathophysiological Links of OSA with
Asthma: Human and Animal Studies
Underlying asthma is a complex cellular
milieu that leads to its clinical expression,
consisting of mucus hypersecretion,
bronchial reactivity, and remodeling of
airway walls and surrounding parenchyma.
Although traditionally an eosinophilic, Th2
type of inflammation has been principally
implicated in asthma pathobiology, more
recently, it is increasingly recognized that
non-Th2 pathways are also involved,
leading to accumulation of other cellular
orchestrators, such as neutrophils,
monocytes, macrophages, and even
fibrocytes. This inflammatory phenotype
appears to affect .50% of patients with
persistent asthma, where it is associated
with more severe disease expression,
remodeling, poor response to
corticosteroids, and fatal events (75–77).
Thus, asthma is a heterogeneous disease,
with several clusters, phenotypes, and a
multitude of endotypes being described
(78). However, very little is known about
what underlies this heterogeneity and,
consequently, variability in response to
therapies.

OSA may be a contributor to Th1
pathways in asthma, and to the
heterogeneity of the disease. The
observation that OSA impacts asthma
control around the clock gives credence to
the idea that nocturnal sleep-breathing
disorders have carryover effects on daytime
asthma, just as they do on daytime systemic
blood pressures. Indeed, recent data
converge in showing that OSA changes the
expression of the asthmatic inflamed airway.
For instance, in a study of 139 individuals
with asthma, higher OSA risk was associated
with higher sputum neutrophils, and even
more so after adjustment for other potential
contributors, such as obesity (6). No
relationship between OSA risk and
any eosinophilic marker of airway
inflammation was observed. Moreover, in a
study of 55 patients with difficult-to-treat
asthma studied with bronchoscopy and
mucosal biopsy, sputum induction, and
respiratory polygraphy, the proportion of
sputum neutrophils was higher in patients
with OSA than in subjects without OSA,
paralleled by higher levels of IL-8 and
matrix metalloproteinase-9 (18). In
addition, the bronchial reticular basement
membrane was significantly thinner in
patients with OSA than in subjects without

OSA. Altogether, these findings show the
potential of OSA to shift the traditional
eosinophilic, Th2 lower airway inflammation
of asthma toward a more noneosinophilic,
Th1 phenotype leading to remodeling. More
importantly, all these processes are known to
be poorly responsive to current standard
therapies, such as corticosteroids.

All of OSA’s hallmark features
(recurrent increases in work of breathing,
chronic sleep fragmentation, and CIH)
have the potential to detrimentally impact
the distal airway. For example, the large
intrathoracic pressure swings during
obstructive sleep-related events are
accompanied by significant changes in lung
mechanics, such as increased total
resistance and elastance (79), reduced lung
volumes (80, 81), and specific airway
conductance (82), which are abolished with
the cessation of events. These changes
indicate that closure of distal respiratory
units occurs during obstructive events.
Their reversal at the end of the obstruction
suggests that pUAW collapse is responsible
for their occurrence (79). Moreover, the
expiratory phase seems to be more
impacted, as in the few cycles preceding
collapse of the pUAW, increases in its
expiratory resistance occurred earlier than
during inspiration (83). Such premature
“pUAW expiratory closure” would be
expected to adversely impact the expiratory
flow limitation that is characteristic of
asthma. In addition, the repetitive
strenuous cycles of closure and opening, as
opposed to tidal breathing, could impose
“cyclic mechanical stress” on the lower
airway structures, which in similar lung
models (84) and in the pUAW (85) is
known to induce significant Th1,
neutrophilic–predominant responses. Also,
in one study, 10 days of experimental sleep
fragmentation in otherwise healthy rats led
to a doubling of lung myeloperoxidase
activity relative to control animals, which
was associated with increased
hemeoxygenase-1, a marker of cellular
stress and tissue injury (86). The
granulocytes had already migrated into the
extravascular tissue, and the augmented
myeloperoxidase activity normalized with
recovery sleep.

A robust body of literature implicates
CIH in the pathogenesis of fibrosis and
remodeling leading to dysfunction in several
organ systems (systemic vessels, liver, and
kidney), including in the airway. In one
study, in uninjured mice, CIH induced lung
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injury, a Th1 type of inflammation (tumor
necrosis factor-a, IL-6, and IL-8), and
oxidative stress (malondialdehyde content
and nicotinamide adenine dinucleotide
phosphate oxidase 2 expression), and
reduced antioxidant defenses (superoxide
dismutase activity) (87). In another study,
a 4-week exposure of OVA-sensitized and
-challenged rats to CIH decreased baseline
eosinophils, amplified the effect of OVA
on monocyte numbers, and altered the
protease/antiprotease balance compared
with rats exposed to normoxia (54). This
shift from the traditional eosinophilic, Th2
profile of this model to a Th1 pattern of
inflammation led to lung tissue remodeling,
consisting of proximal airway wall fibrosis,
distal airway basement membrane thinning,
and “emphysema-like” formations in the
lung periphery. These processes culminated
in the physiologic deficits of expiratory flow
limitation. Collectively, these data imply
that OSA-related features have the potential

to lead to structural airway and parenchymal
changes with physiologic deficits, in a
manner that casts doubt about their
response to current standard therapies for
asthma. These observations may explain
the failure of CPAP to improve airway
physiology measures in the aforementioned
clinical studies, indicating irreversible airway
remodeling.

Conclusions and Clinical
Implications

Despite years of costly research in asthma, in
the last decade, the morbidity and mortality
of this disease have remained stagnant
(88), to say the least, while a myriad of
clusters, phenotypes, and endotypes have
been described. This leads one to conclude
that there are basic knowledge gaps and
approaches that need to be consistently
considered and exploited.

At present, the recognition of sleep-
disordered breathing and OSA offers
investigators a unique opportunity.
Accumulating epidemiologic, physiologic,
and biologic data converge to support a
bidirectional interaction between asthma
and OSA aside from shared factors, such
that the nasal, pharyngeal, and lower
airways are indeed “united” (Figure 2)—
that is, the severity and duration of
asthma impact the predisposition to OSA.
Underlying pathways include 1) “spillover”
systemic inflammation or neuroimmune
cross-talk to alter breathing control
mechanisms, and 2) the effects of ICS on
upper-airway muscle and fat content, to
alter the anatomy. The relationship between
asthma duration and OSA incidence
suggests that this interaction commences
early in life, potentially in utero. However,
once established, OSA is not an innocent
bystander. All of its features have the
potential to impact the asthmatic airway,
perhaps each in a different way, and their
interacting effects ultimately influence the
expression of asthma and its heterogeneity.
We know that at least CIH modulates
airway inflammation and leads to
remodeling and dysfunction in a manner
that is unlikely to respond to standard
therapies (18, 54) (Figure 2). This may
explain in part the association of OSA with
worse clinical outcomes across the
healthcare continuum. Thus, failure to
address OSA could lead to a step-up in ICS
therapy, which in turn would accelerate this
vicious cycle in the “unified airway” and
translate into irreversible lower-airway
dysfunction (18, 54). In addition, although
the role of sex in OSA pathogenesis in
asthma remains to be determined, females
with asthma (who represent the majority of
patients with asthma) seem to be more
impacted by this interaction.

This review emphasizes the
importance of thoroughly assessing
asthma control around the clock, as
part of a multidisciplinary care program.
Clinicians should periodically screen
their patients with asthma for OSA,
particularly those who have had asthma
for longer durations, have uncontrolled
disease, or are on higher doses of ICS.
They should keep in mind that home
sleep studies lacking EEG recordings
are likely going to underestimate
clinically significant OSA in patients
with asthma. CPAP treatment should
be offered and adherence emphasized,

Table 4. Key Research Questions Emerging from Current Evidence

Direction of the Interaction Key Questions

Asthma→OSA d Natural history of the interaction, starting early in
life (e.g., during pregnancy in birth cohorts), and
the role of sex in this relationship

d Relationship of asthma clinical/inflammatory
phenotypes with OSA incidence

d Mechanistic studies of effects of asthma and
related features on OSA phenotypic traits (loop
gain, arousal threshold, pharyngeal upper-airway
collapsibility)

d Role of inhaled corticosteroids in upper-airway
patency during sleep and other relevant functions
(swallowing and speech)

d Comparative effectiveness of screening
algorithms and diagnostic tools for OSA in
patients with asthma

OSA→asthma d Role of other OSA features (i.e., “mechanical
stress” and sleep fragmentation) in modulating
asthmatic airways

d Reliability of home sleep apnea tests in asthma
clinical/inflammatory phenotypes

d Whether asthma should be an indication for CPAP
treatment in mild OSA

d Role of OSA in responsiveness of asthma to
various therapies

d Role of other OSA treatment modalities in asthma
burden

d Randomized controlled trials on effects of PAP or
other therapies for OSA on patient-centric asthma
outcomes and determinants (sex and other
variables) of response

d Role of OSA in the management algorithms for
asthma

Definition of abbreviations: CPAP=continuous positive airway pressure; OSA=obstructive sleep
apnea; PAP=positive airway pressure.
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as it holds the potential to reduce
asthma morbidity and improve quality of
life.

Future Directions

The field of OSA in asthma is in its
infancy. However, the current evidence

and its limitations bring forth multiple key
questions (Table 4). These questions
highlight the need for expedited,
larger, and carefully designed
studies in well-characterized populations,
encompassing objective assessments,
to elucidate the pathogenesis of
OSA in asthma and the role of

OSA in asthma heterogeneity,
sex differences, and response to
medications, and facilitate a
thorough, personalized approach to
patient care. n

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