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BACKGROUND: OSA has been linked to microaspiration, systemic inflammation, and sub-
optimal immune function.

RESEARCH QUESTION: Is OSA prospectively associated with risk of hospitalization for
pneumonia, respiratory, and total infections?

STUDY DESIGN AND METHODS: Prospective cohort. Participants in the Atherosclerosis Risk in
Communities (ARIC) study (N ¼ 1,586) underwent polysomnography in 1996-1998 and
were followed up through 2018 for infection-related hospitalizations. The apnea-hypopnea
index (AHI; events/h) was used to categorize participants as having severe OSA ($ 30),
moderate OSA (15-29), mild OSA (5-14), or a normal breathing pattern (< 5). Cox
regression was used to calculate hazard ratios (HRs) and 95% CIs.

RESULTS: ARIC participants were on average 62.7 (SD ¼ 5.5) years of age, and 52.8% were
female. Severe OSA was present in 6.0%, moderate OSA in 12.7%, mild OSA in 30.0%, and
normal breathing in 51.3%. A total of 253 hospitalizations with pneumonia occurred over a
median 20.4 (max, 22.9) years’ follow-up. Participants with severe OSA were at 1.87 times
(95% CI, 1.19-2.95) higher risk of hospitalization with pneumonia compared with those with
a normal breathing pattern after adjustment for demographics and lifestyle behaviors. Results
were attenuated modestly after adjustment for BMI (1.62 [0.99-2.63]), and prevalent asthma
and COPD (1.62 [0.99-2.63]). A similar pattern existed for hospitalization with respiratory
infection and composite infection (demographic and behavior-adjusted HRs: 1.47 [0.96-2.25]
and 1.48 [1.07-2.04], respectively).

INTERPRETATION: Severe OSA was associated with increased risk of hospitalizations with
pneumonia in this community-based cohort. OSA patients may benefit from more aggressive
efforts to prevent pneumonia and other infectious conditions. CHEST 2023; 163(4):942-952
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Take-home Points

Study Question: Is OSA prospectively associated
with risk of hospitalization with pneumonia, respi-
ratory, and total infections?
Results: Compared with individuals with a normal
sleep breathing pattern, those with severe OSA were
at 87% higher risk of hospitalization with pneu-
monia, 47% higher risk of hospitalization with res-
piratory infection, and 48% higher risk of
hospitalization with any infection.
Interpretation: Screening for OSA and treating se-
vere OSA in the primary care setting may lower the
risk of hospitalization caused by pneumonia and
other infectious diseases.
OSA is a common and chronic sleep disorder
characterized by the collapse of the upper airway soft
tissue during sleep, causing recurrent and intermittent
hypoxia with hypercapnia resulting in frequent
nocturnal awakening and sleep interruption.1 Although
the exact prevalence of OSA is unknown, approximately
22% of adult men and 17% of adult women have at least
some degree of OSA.1-3

Pneumonia is one of the most common infectious causes
of hospitalization and death among adults in the United
States.4-6 Emerging evidence suggests that patients with
OSA may be more susceptible to developing pneumonia
and more severe pneumonia outcomes. However, the
few epidemiologic and clinical investigations that have
explored the association have been limited by lack of
systematic assessment of OSA, small sample sizes,
clinical populations, or cross-sectional or retrospective
study designs.7-11

Several hypothesized pathways link OSA with risk of
pneumonia and other infections. From a mechanistic
standpoint, OSA causes upper airway sensory
dysfunction and excessive microaspirations, which
can result in significant increases in bacterial
organisms in the airway, leading to upper airway and
chestjournal.org
laryngeal inflammation.7,12-14 Systemically, healthy
sleep is believed to play an important role in the
body’s inflammation control and immune system
regulation.15,16 As additional supporting evidence,
intermittent hypoxia and chronic sleep deprivation
are common among OSA patients and are believed to
cause increased oxidative stress and systemic
inflammation.15-19 Prior work has also linked both
reduced and prolonged habitual sleep durations to
increased risk of pneumonia.20

In the context of the COVID-19 pandemic, OSA has
been speculated to be a probable risk factor for severe
COVID-19 because of shared pathophysiological
pathways.21-23 OSA and COVID-19 also share several
common risk factors, such as prevalent obesity,
hypertension, diabetes, and cardiovascular disease.
Additionally, OSA has been linked to increases in
inflammatory markers that are implicated in more
severe COVID-19 outcomes. Among the rapidly
emerging studies,24-27 an observational study of health
care system records in Chicago reported patients with
OSA had a greater risk of COVID-19 infection,
hospitalization, and poorer outcomes than similar-age
patients receiving the same care.27 However, this study
and many of the prior studies did not examine
undiagnosed OSA.

More research is needed to better understand whether
OSA increases risk of infection, particularly pneumonia.
Therefore, we investigated these associations using data
from w2,000 participants of the Atherosclerosis Risk in
Communities (ARIC) study who had polysomnography
in 1996-1998 and were followed through 2018 for
hospitalizations. We hypothesized that severe OSA
would be associated with greater risk of incident
hospitalization with pneumonia, respiratory infections,
and any composite infections over 20 years of follow-
up. Although this study cannot directly address
COVID-19, insights regarding the association of OSA
with the infections studied herein may have some
relevance.
Study Design and Methods
Study Design

The ARIC study is a prospective cohort study that enrolled 15,792
participants, aged 45 to 64 years, from four communities in the
United States from 1987 to 1989.28 Since its inception, participants
have been followed up continuously for hospitalized outcomes,
and several in-person clinic visits have taken place. Relevant to the
current analysis, visit 4 took place in 1996-1998. Shortly after visit
4, participants from the suburban Minneapolis, MN, and
Washington County, MD, sites were invited to take part in the
Sleep Heart Health Study (SHHS), which conducted in-home
polysomnography and sleep questionnaires.29 Local Institutional
Review Boards approved the protocol, and all participants provided
written informed consent.

A total of 1,920 participants took part in both ARIC visit 4 and the
SHHS and were potentially eligible for inclusion in this analysis. For
943
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Atherosclerosis Risk in Communities (ARIC) Sleep Study Population at Visit 4:
n = 1,920

Race Other Than White:
n = 17

Missing Obstructive Apnea Hypopnea
Index (OAHI) Information:

n = 196

Prevalent Infection by Visit 4 Date:
Any Infection: n = 136

Respiratory Infection: n = 46
Pneumonia Infection: n = 20

Central Sleep Apnea:
n = 28

Pneumonia Infections
Final Sample Size:

n = 1,586

Any Infections
Final Sample Size:

n = 1,475

Respiratory lnfections
Final Sample Size:

n = 1,563

Missing Covariate Information:
Any Infection: n = 68

Respiratory Infection: n = 70
Pneumonia Infection: n = 73

Figure 1 – Participants flow chart.
this analysis, we further required that the participants have valid
polysomnography data, self-identify as White (due to low numbers
for participants who did not identify as White), not have central
sleep apnea or missing data on key covariates, and not have the
prevalent outcome of interest at the time of visit 4. An inclusion
flow chart is provided in Figure 1. The final sample size varied
slightly according to outcome of interest, ranging from 1,475 to
1,586, because of differences in the number of prevalent cases excluded.

Sleep Evaluation

Sleep evaluation was performed using in-home unattended
polysomnography (PS-2 System; Compumedics Limited), as
described in prior SHHS study publications.29,30 Apnea was
defined as absence or near absence (< 25% of baseline) of airflow
for a duration of > 10 s.29,30 Hypopnea was defined as a decrease
in the amplitude of the airflow below 70% of baseline for $ 10 s
and an oxyhemoglobin desaturation of at least 4%. The apnea-
hypopnea index (AHI) was calculated as the number of
obstructive apneas (regardless of the oxygen desaturation level)
plus hypopneas (with a $ 4% decrease in oxygen saturation) per
hour of sleep.30,31 AHI was used to categorize OSA into four
categories as follows: normal, less than 5 events per hour; mild
OSA, 5-14 events per hour; moderate OSA, 15-29 events per
hour; and severe OSA, $ 30 events per hour.31 Additionally, we
defined OSA severity according to a polysomnography-derived
hypoxic burden (T90). Hypoxic burden captures the total amount
of respiratory event-related hypoxemia over the sleep period.
Hypoxic burden (T90) was defined as the proportion of the total
sleep time with oxygen saturation < 90%, and participants were
categorized by tertiles: < 1% (reference), 1% to < 5% (mild/
moderate), and $ 5% (severe).
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Hospitalizations With Infection

Since baseline, ARIC participants have been followed for incident
hospitalizations through regular follow-up phone calls (annual before
2012, twice yearly thereafter), surveillance of local hospital patient
lists, and through linkage with national and state death indexes
(followed by proxy interviews in instances of death). International
Classification of Disease (ICD) codes are collected for all
hospitalizations.

For the current manuscript, the primary outcome of interest was
hospitalization with pneumonia, given the potential that microaspirations
associated with OSA may exacerbate risk of this outcome. Secondary
outcomes were hospitalizations with a new diagnosis of pneumonia,
respiratory infection, or any infection (composite). We used the same
ICD-9 codes as in a prior ARIC publication,32 then cross-walked ICD-
10 codes to ICD-9 codes (with evaluation for face-validity) to allow for
expanded follow-up. The codes used are provided in e-Table 1. To
increase the likelihood that we included infections that were meaningful,
we required infections to be listed in the first five positions of the
hospital discharge summary.

Covariates

Information on potential confounders was collected at ARIC clinic
visits. Age, sex, and education were gathered at visit 1. Sports
index was collected at visit 3. Smoking and drinking status were
self-reported at visit 4. Asthma and COPD were self-reported at
the SHHS visit. At visit 4, height (m) and weight (kg) were
measured by trained staff. BMI was calculated as weight divided
by height squared. Diabetes at visit 4 was defined by fasting
glucose $ 126 mg/dL, nonfasting glucose $ 200 mg/dL, self-
reported physician diagnosis, or current use of medications for
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diabetes. Using blood samples collected at visit 4, estimated
glomerular filtration rate (eGFR) was calculated using both
creatinine and cystatin-C. Also using samples from visit 4, high-
sensitivity C-reactive protein (CRP) was measured using a
nephelometric method on the Siemens Dade Behring BN II
chestjournal.org
analyzer (Siemens Healthcare Diagnostics). Prevalent cardiovascular
disease CVD (coronary heart disease, heart failure, or stroke) was
ascertained using all information available in the cohort (self-
reported prevalence, incidence from ICD codes before visit 4), as
has been done previously in ARIC.33
Statistical Analysis
Descriptive statistics (means and proportions) are
provided by OSA severity categories. Kaplan-Meier
graphs are used to illustrate the cumulative incidence of
infection outcomes between OSA categories over time.
Cox proportional hazards regression was used to
evaluate the association between OSA severity and risk
of hospitalization with pneumonia, respiratory infection,
and any infection. Person-time accrued from the date of
the SHHS examination until hospitalization with an
incident outcome of interest, loss to follow-up, death, or
administrative censoring at December 31, 2018. A series
of nested adjustments were conducted to account for
potential confounders of the association between OSA
and incident hospitalized infection. Model 1 adjusted for
demographic factors, including age, sex, and center.
Model 2 additionally adjusted for educational
attainment and behaviors, including sports index,
drinking status, and smoking status. Model 3 also
adjusted for BMI, which has an established and strong
association with OSA. Model 4 further adjusted for
clinical lung disease conditions that may confound the
association, specifically prevalent COPD, and prevalent
asthma. Model 5 additionally adjusted for eGFR,
prevalent diabetes, and prevalent cardiovascular
disease. Lastly, model 6 also adjusted for CRP to explore
whether adjustment for systemic inflammation as
assessed by CRP attenuates the association.
Multiplicative interactions by age (median split), sex,
and BMI were tested by including cross-product terms
in the models. The proportional hazards assumption was
tested by evaluating the interaction between OSA
categories and the natural log of person-time, and by
visual inspection of graphs of the survival function
vs survival time stratified by OSA categories. The
proportioanl hazards assumption held in both instances.
Finally, as a sensitivity analysis we accounted for
competing risk of death, using the Fine-Gray method.34

All statistical analyses were done using SAS v 9.4 (SAS
Inc.).

Results
Among 1,586 participants who were included in the
analysis for the pneumonia outcome, 47.2% were male,
and their median age was 62 years. Of this sample,
6.0% had severe OSA, 12.7% moderate OSA, 30.0% mild
OSA, and 51.3% had a normal sleep breathing pattern.
Participants with severe OSA tended to be male, be
older, be former smokers, have a higher BMI, have
higher CRP, have more prevalent CVD, and have lower
eGFR (Table 1). Similar results were observed in the
respiratory infections and any infections analytic
samples (e-Tables 2, 3).

Over a median follow-up of 20.4 years, a total of 253
participants experienced hospitalization with
pneumonia, yielding a crude incidence rate of 9.0 per
1,000 person-years. The crude association between OSA
severity and hospitalization with pneumonia is depicted
with a Kaplan-Meier plot (Fig 2). After adjustment for
demographics and behaviors (model 2), participants
with severe OSA had a 1.87 (95% CI, 1.19-2.95) times
higher risk of hospitalization with pneumonia compared
with participants without OSA (Table 2). The results
were attenuated with additional adjustment for BMI
(model 3, 1.62 [0.99-2.63]). Results were similar, with
additional adjustment for comorbidities, eGFR, and
CRP. Although there was some suggestion of dose
response, mild and moderate OSA estimates were not
statistically different from the null. No significant
interactions were observed by age, sex, or BMI category.
Results were similar in the sensitivity analysis,
accounting for competing risk of death. In that analysis
the subdistribution HR for model 3 was 1.66 (0.99-2.79)
(e-Table 4).

Hospitalization with respiratory infection and any
infection were secondary outcomes. Over follow-up, 330
participants experienced incident hospitalization with
respiratory infections; the crude incidence rate was 12.1
per 1,000 person-years. A total of 589 participants were
hospitalized with any infection, yielding a crude
incidence rate of 24.8 per 1,000 person-years. Crude
associations between OSA severity and incident
respiratory and any infection are depicted with Kaplan-
Meier plots (e-Figs 1, 2). We also found that participants
with severe OSA had 1.47 (95% CI, 0.96-2.25) times
higher risk of incident hospitalization with respiratory
infection (Table 3, model 2) and 1.48 times (95% CI:
1.07-2.04) higher risk of incident hospitalization with
any infection (Table 4, model 2), after adjustment for
945
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TABLE 1 ] Participant Characteristics by OSA–Hypopnea Index (OAHI) Categories: The ARIC Study, 1996-1998

Participant Characteristics

OSA Category

P for Difference

Normal Mild Moderate Severe

< 5 Events/h 5-14 Events/h 15-29 Events/h $ 30 Events/h

No. 814 475 202 95

OAHI median, events/h 1.8 8.4 19.9 43.9

Demographics

Age, y 61.9 � 5.5 63.4 � 5.3 63.5 � 5.4 63.9 � 5.4 < .0001

Male, No. (%) 286 (35.1) 260 (54.7) 141 (69.8) 61 (64.2) < .0001

Education, No. (%) .20

Less than high school diploma 72 (8.9) 61 (12.8) 27 (13.4) 8 (8.4)

High school graduate 389 (47.8) 218 (45.9) 88 (43.6) 50 (52.6)

Some college/ graduate school 353 (43.4) 196 (41.3) 87 (43.1) 37 (39.0)

Behavioral characteristics

Drinking status, No. (%) .37

Current 568 (69.8) 323 (68.0) 125 (61.9) 62 (65.3)

Former 158 (19.4) 104 (21.9) 53 (26.2) 20 (21.1)

Never 88 (10.8) 48 (10.1) 24 (11.9) 13 (13.7)

Smoking status, No. (%) .001

Current 110 (13.5) 31 (6.5) 14 (6.9) 7 (7.4)

Former 360 (44.2) 245 (51.6) 110 (54.5) 50 (52.6)

Never 344 (42.3) 199 (41.9) 78 (38.6) 38 (40.0)

Sport index 2.7 � 0.8 2.7 � 0.8 2.6 � 0.8 2.5 � 0.7 .06

Physiologic characteristics

BMI 27.3 � 4.4 29.4 � 4.9 31.4 � 5.5 34.0 � 5.4 < .0001

C-reactive protein, mg/La 2.1 (3.5) 2.2 (3.6) 2.1 (3.6) 4.0 (6.4) .001

Prevalent asthma, No. (%) 51 (6.3) 31 (6.5) 20 (9.9) 5 (5.3) .28

Prevalent COPD, No. (%) 6 (0.7) 4 (0.8) 2 (1.0) 0 (0) .

Prevalent CVD, No. (%) 84 (10.3) 54 (11.4) 29 (14.4) 18 (19.0) .05

Prevalent diabetes, No. (%) 65 (8.0) 73 (15.4) 27 (13.4) 20 (21.1) < .0001

eGFR, mL/min/1.73 m2 86.6 � 14.2 84.2 � 15.1 83.8 � 14.6 78.7 � 17.1 < .0001

< 60 40 (4.9) 33 (7.0) 14 (6.9) 9 (9.5) .005

60-89 408 (50.1) 253 (53.3) 114 (56.4) 62 (65.3)

➢ 90 366 (45.0) 189 (39.8) 74 (36.6) 24 (25.3)

Data are shown as No. (percentage) for categorical variables and as mean � SD for continuous variables. CVD ¼ cardiovascular disease; eGFR ¼ estimated
glomerular filtration rate.
aData are shown as median (interquartile range) for C-reactive protein because of skewness.
demographics, physical activity, alcohol use, and
smoking. However, these results were attenuated with
further adjustment in the remaining models. No
significant interactions were observed by age, sex, or
BMI category for respiratory infection. For any
infection, there was a significant interaction (P ¼ .03) by
baseline age, whereas the association of severe OSA
vs normal was stronger among younger (# 62 years;
HR: 2.11 [1.26-3.54]) than older (> 62 years; HR: 0.89
[0.56-1.40]) individuals with model 3 adjustments.
Results were similar in the sensitivity analysis
946 Original Research
accounting for competing risk of death; for respiratory
infection (e-Table 5) the subdistribution HR for model 3
was 1.34 (0.83-2.17), whereas for any infection (e-
Table 6) it was 1.15 (0.80-1.64).

In additional analyses, we explored the association
between hypoxic burden (T90) and risk of hospitalized
pneumonia and respiratory and composite infections. As
shown in e-Tables 7 through 9, after accounting for
demographics, behaviors, and BMI, severe hypoxic
burden (> 5%) compared with normal (< 1%) was
[ 1 6 3 # 4 CHES T A P R I L 2 0 2 3 ]
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Figure 2 – Kaplan-Meier plot - The crude as-
sociation between OSA–hypopnea index cate-
gories and incident hospitalization with
pneumonia: the ARIC study, 1996-1998
through 2018 (N ¼ 1,586).
associated with elevated risk of incident hospitalized
pneumonia (HR, 1.59 [95% CI, 1.12-2.24]), respiratory
infection (HR, 1.53 [95% CI, 1.12-2.08]), and any
infection (HR, 1.25 [95% CI, 0.98-1.59]).
Discussion
In a community-based sample of nearly 1,600 middle-
aged and older adults, severe OSA was associated with
an 87% greater risk of incident hospitalization with
pneumonia. Hypoxic burden (T90) > 5% vs < 1% was
associated with a 59% greater risk of hospitalized
pneumonia. These associations persisted after
accounting for demographics and lifestyle behaviors,
including smoking. For OSA, there was also evidence
of dose-response, with increasing risk of
hospitalization with pneumonia observed with greater
severity of OSA. The overall pattern of association was
similar for hospitalization with respiratory infections
and with any infection, although the magnitudes of
association were somewhat smaller. These findings
complement the growing evidence base linking OSA to
chronic inflammation, adverse infectious disease
outcomes, and specifically pneumonia. OSA is
substantially underdiagnosed in the community, with
an estimated 85% of individuals who meet the
diagnostic criteria unaware of their status.35 Through
appropriate OSA screening in primary care settings
and subsequent treatment, it may be possible to reduce
the rate of hospitalizations attributable to pneumonia
and other respiratory infections, including COVID-19
infection.
chestjournal.org
Comparison With Prior Literature

Our findings supporting the association of severe OSA
with greater risk of hospitalization with pneumonia
align with prior literature. In a study by Chiner et al,7

among 82 patients with community-acquired
pneumonia matched to 41 control subjects with other
nonrespiratory infections, patients with severe OSA had
three times higher odds for pneumonia (OR, 3.18; 1.11-
11.56) compared with patients with normal breathing
during sleep.7 Furthermore, evidence was seen of dose-
response across AHI strata and numerous indexes of
oxygen saturation, suggesting that as OSA severity
increased, so did the odds of pneumonia. In a
retrospective cohort analysis of the Taiwan National
Health Insurance database, Su et al8 reported a modest
(1.2-fold) greater risk of pneumonia among 6,186 OSA
patients compared with 27,284 age-, sex-, and
comorbidity-matched control subjects over 4.5 years of
follow-up.8 Although the Chiner et al7 study used a
polysomnography assessment of OSA similar to our
study, in the Su et al8 study, OSA was defined by ICD-9
diagnostic codes. The high prevalence of undiagnosed
OSA in the general population,1 which would not be
captured by an exposure defined by OSA diagnosis, may
have resulted in misclassification that could explain the
difference in the magnitude of association between Su
et al’s8 findings and our own results. In the current
analysis, we leveraged polysomnography assessment of
OSA in a nonclinical population and a prospective
design to enhance causal inference regarding the
association between OSA and risk of hospitalization
with pneumonia.
947
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TABLE 2 ] Association Between OSA–Hypopnea Index and Incident Hospitalization With Pneumonia Infection: The
ARIC Study, 1996-1998 Through 2018 (N ¼ 1,586)

OSA Category

P for
Trend

Normal Mild Moderate Severe

< 5 Events/h 5-14 Events/h 15-29 Events/h $ 30 Events/h

No. 814 475 202 95

Any incident hospitalizationwith
pneumonia, n

109 79 41 24

Person-y at risk 14,700 8,289 3,471 1,535

Crude pneumonia infection
incidence rate (per 1,000
person-y)

7.4 9.5 11.8 15.6

Model 1 hazard ratio (95% CI) 1 (reference) 1.08 (0.81-1.45) 1.32 (0.91-1.92) 1.77 (1.13-2.76) .01

Model 2 hazard ratio (95% CI) 1 (reference) 1.19 (0.88-1.61) 1.34 (0.92-1.95) 1.87 (1.19-2.95) .01

Model 3 hazard ratio (95% CI) 1 (reference) 1.14 (0.84-1.55) 1.24 (0.85-1.83) 1.62 (0.99-2.63) .05

Model 4 hazard ratio (95% CI) 1 (reference) 1.13 (0.83-1.53) 1.23 (0.83-1.80) 1.62 (0.99-2.63) .06

Model 5 hazard ratio (95% CI) 1 (reference) 1.15 (0.85-1.56) 1.25 (0.85-1.84) 1.55 (0.95-2.51) .07

Model 6 hazard ratio (95% CI) 1 (reference) 1.15 (0.85-1.56) 1.29 (0.87-1.90) 1.54 (0.95-2.51) 0.06

ARIC ¼ Atherosclerosis Risk in Communities.
Model 1: Cox regression adjusted for age, sex, and center.
Model 2: Model 1 þ adjustment for education, sports index, drinking status, and smoking status.
Model 3: Model 2 þ adjustment for BMI.
Model 4: Model 3 þ adjustment for prevalent asthma and prevalent COPD.
Model 5: Model 4 þ adjustment for estimated glomerular filtration rate (eGFR), diabetes, and prevalent cardiovascular disease.
Model 6: Model 5 þ adjustment for log(C-reactive protein).
Although not the focus of the current manuscript,
studies evaluating whether pneumonia patients with
prevalent clinically recognized OSA experience worse
outcomes have yielded mixed findings.9,11 One of the
highest-quality studies was a retrospective cohort of
250,907 pneumonia patients from 347 US hospitals;
patients with concomitant OSA had higher rates of
mechanical ventilation, intubation, transfer to the ICU,
and longer hospital stays.9 In aggregate, data from
numerous clinical and epidemiologic sources suggest
OSA is associated with greater risk of pneumonia and
poorer outcomes among individuals with pneumonia.
Randomized clinical trials are needed to evaluate
whether screening for and treatment of OSA could
reduce the burden of pneumonia and other infectious
conditions in the aging population.
Pathophysiology of OSA and Risk of Pneumonia and
Other Infections

Mechanistic and systemic pathways may underlie the
association between OSA and risk of pneumonia and
other infections. In the current analysis, associations
between OSA and risk of infections were attenuated after
accounting for BMI. Although the observed pattern
remained consistent with OSA associated with greater
948 Original Research
hospitalized infection risk, precision was poor, and some
of the associations were not statistically significant after
BMI adjustment. The strongest findings were for the
pneumonia outcome, for which we observed a
54% greater risk of pneumonia among individual with
OSA vs no OSA in our most adjusted model.
Independence of the association between OSA and
pneumonia risk suggests that OSA may act directly on
risk of pneumonia, and not simply through the effect of
obesity.

Mechanistically, OSA may lead to increased risk of
respiratory infection via inflammation of the upper
airway, episodes of gastroesophageal reflux, and
excessive silent aspirations. Coordination between
swallowing and breathing is essential to prevent
aspiration of food, fluids, saliva, pharyngeal secretions,
or gastric contents, which can lead to aspiration
pneumonitis or aspiration pneumonia, along with other
comorbidities,36-38 particularly among older
indviduals.39,40 Excessive silent microaspirations may
repeatedly expel significant quantities of bacterial
organisms into the airway.7 Although microaspirations
are experienced by healthy adults during sleep, some
evidence suggests that they are more frequent in patients
with OSA.41 Upper airway inflammation and laryngeal
[ 1 6 3 # 4 CHES T A P R I L 2 0 2 3 ]



TABLE 3 ] Association Between OSA–Hypopnea Index and Incident Hospitalization With Respiratory Infection: The
ARIC Study, 1996-1998 Through 2018 (N ¼ 1,563)

OSA Category

P for
Trend

Normal Mild Moderate Severe

< 5 Events/h 5-14 Events/h 15-29 Events/h $ 30 Events/h

No. 803 467 199 94 .

Incident hospitalization with
respiratory infection, No.

152 103 49 26 .

Person-y at risk 14,290 7,992 3,389 1,497 .

Crude respiratory infection
incidence rate, per 1,000
person-y

10.6 12.9 14.5 17.4 .

Model 1 hazard ratio (95% CI) 1 (reference) 1.03 (0.80-1.33) 1.15 (0.83-1.60) 1.40 (0.92-2.13) .13

Model 2 hazard ratio (95% CI) 1 (reference) 1.10 (0.85-1.43) 1.19 (0.85-1.66) 1.47 (0.96-2.25) .07

Model 3 hazard ratio (95% CI) 1 (reference) 1.08 (0.83-1.40) 1.13 (0.80-1.59) 1.34 (0.85-2.11) .21

Model 4 hazard ratio (95% CI) 1 (reference) 1.07 (0.82-1.39) 1.11 (0.78-1.56) 1.33 (0.85-2.10) .25

Model 5 hazard ratio (95% CI) 1 (reference) 1.07 (0.82-1.40) 1.14 (0.80-1.61) 1.26 (0.80-1.99) .27

Model 6 hazard ratio (95% CI) 1 (reference) 1.07 (0.82-1.40) 1.15 (0.81-1.62) 1.26 (0.80-1.97) .27

ARIC ¼ Atherosclerosis Risk in Communities.
Model 1: Cox regression adjusted for age, sex, and center.
Model 2: Model 1 þ adjustment for education, sports index, drinking status, and smoking status.
Model 3: Model 2 þ adjustment for BMI.
Model 4: Model 3 þ adjustment for prevalent asthma and prevalent COPD.
Model 5: Model 4 þ adjustment for estimated glomerular filtration rate (eGFR), diabetes, and prevalent cardiovascular disease.
Model 6: Model 5 þ adjustment for log(C-reactive protein).
inflammation have been shown to be common among
OSA patients.12 Furthermore, greater upper airway
sensory impairment and a weak cough reflex are
correlated with both the severity of inflammation and
higher AHI.12-14 OSA has also been associated with
dysphagia (difficulty swallowing), which makes OSA
patients prone to aspiration.36 Finally, in a study
conducted among COPD patients, intermittent hypoxia
was associated with higher concentrations of hypoxia–
inducible factor, which can upregulate the platelet-
activating factor receptor on the airway epithelial surface
and may facilitate respiratory bacterial infections.42

Taken together, the sensory and reflux impairments and
repeated microaspirations commonly experienced in
OSA patients may lead to changes in the oropharyngeal
microflora, an inflammatory response in the lower
airway, and dysregulation of the gut microbiome,43

which all may contribute to the development of lower
respiratory infections, including pneumonia.

Systemically, patients with OSA experience frequent
sleep disruptions and chronic sleep deprivation, which
can impair immune function and increase inflammation,
causing greater susceptibility to infection.15,16 Chronic
sleep deprivation may impact immune response via
alternation in cytokine production, decreased immune
cell count, and impaired function and elevation of
chestjournal.org
glucocorticoids.15,16,44 Both the sleep deprivation and
intermittent hypoxia commonly experienced by OSA
patients are believed to trigger systemic
inflammation.15,45 Epidemiologic studies and mouse
models support the connection between OSA and
inflammation, with higher inflammatory markers,
including interleukin 6, tumor necrosis factor alpha, and
CRP reported among OSA patients,46,47 and
inflammatory responses observed in mice with
simulated OSA.48 These findings, together with
mechanistic evidence, suggest OSA may exacerbate or
cause systemic inflammation, impaired immune
response, and increased risk of infection.
Strengths and Limitations

Strengths of the study include the prospective design,
community-based (nonclinical) population, objective
assessment of OSA, a substantial number of
hospitalizations with infections, and information on key
covariates such as BMI. The current study also has
important limitations. Only White individuals from two
US communities were included; therefore,
generalizability in other populations is uncertain.
Evaluation of OSA was done using in-home
polysomnography rather than in-lab polysomnography,
which is the gold standard diagnostic method.49
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TABLE 4 ] Association Between OSA–Hypopnea Index and Incident Hospitalized Infection: The ARIC Study, 1996-
1998 Through 2018 (N ¼ 1,475)

OSA Category

P for
Trend

Normal Mild Moderate Severe

< 5 Events/h 5-14 Events/h 15-29 Events/h $ 30 Events/h

No. 750 447 189 89 .

Any incident hospitalization
with infection, n

274 191 78 46 .

Person-y at risk 12,419 7,073 3,012 1,280 .

Crude infection incidence rate,
per 1,000 person-y

22.1 27.0 25.9 35.9 .

Model 1 hazard ratio, 95% CI 1 (reference) 1.08 (0.89-1.31) 1.05 (0.81-1.36) 1.45 (1.05-1.99) .07

Model 2 hazard ratio, 95% CI 1 (reference) 1.13 (0.93-1.37) 1.08 (0.83-1.40) 1.48 (1.07-2.04) .04

Model 3 hazard ratio, 95% CI 1 (reference) 1.06 (0.87-1.29) 0.95 (0.72-1.24) 1.20 (0.85-1.69) .58

Model 4 hazard ratio, 95% CI 1 (reference) 1.05 (0.86-1.28) 0.94 (0.72-1.23) 1.20 (0.85-1.69) .61

Model 5 hazard ratio, 95% CI 1 (reference) 1.05 (0.86-1.28) 0.95 (0.72-1.24) 1.13 (0.80-1.59) .76

Model 6 hazard ratio, 95% CI 1 (reference) 1.04 (0.86-1.27) 0.95 (0.73-1.25) 1.12 (0.80-1.58) .77

ARIC ¼ Atherosclerosis Risk in Communities.
Model 1: Cox regression adjusted for age, sex, and center.
Model 2: Model 1 þ adjustment for education, sports index, drinking status, and smoking status.
Model 3: Model 2 þ adjustment for BMI.
Model 4: Model 3 þ adjustment for prevalent asthma and prevalent COPD.
Model 5: Model 4 þ adjustment for estimated glomerular filtration rate (eGFR), diabetes, and prevalent cardiovascular disease.
Model 6: Model 5 þ adjustment for log(C-reactive protein).
However, data from home sleep testing has been shown
to be consistent with lab polysomnography.31,50 The
indication for hospitalization may have been other
noninflammatory conditions. However, to increase the
likelihood that infections were clinically meaningful, we
required them to be recorded in the first five positions of
the hospitalization record. Unfortunately, our infection
ICD code-based outcome definitions have not been
validated. Also, most infections do not require inpatient
treatment. Although our study did not capture milder
infections, severe forms of infection are a clinically
relevant outcome. Finally, the study is observational, so
causal inference is limited.

Interpretation
Severe OSA and hypoxemia were independently
associated with increased risk of hospitalization with
pneumonia in a community-based sample of older
adults. Findings for respiratory infection and
hospitalization with any infection followed a similar
pattern, though effect sizes were modestly lower.
Recently, OSA has been linked to COVID-19 infection,
hospitalizations, and respiratory failure.24,27,51 Given
this emerging evidence, more research is needed to
determine whether screening for OSA and treating
950 Original Research
severe OSA in the primary care setting will lower the risk
of hospitalization resulting from pneumonia and other
infectious diseases, including COVID-19.
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