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Study Objective: Experimental data suggest sleep deprivation may impair host immunity. We sought to assess the effect of poor sleep on pneu-
monia risk.

Design: Prospective, observational cohort study.

Participants: 56,953 female nurses (ages 37 to 57 years old) participating in the Nurses’ Health Study Il cohort free of cancer, cardiovascular
disease, diabetes, and asthma with no prior history of pneumonia.

Measurements and Results: At baseline, participants reported their average sleep duration and whether this quantity was adequate for them.
Questionnaires ascertaining a new pneumonia diagnosis were mailed every 2 years. Cases required physician diagnosis and chest radiograph
confirmation. Cox proportional hazards models were used to assess the relative risk for incident pneumonia over 4 years. Over 217,500 person-
years, 977 cases of pneumonia were identified. Relative to 8-h sleepers, both short and long sleep durations were associated with elevated
pneumonia risk. The age-adjusted relative risk for pneumonia was 1.70 (95% CI 1.30-2.23) in those sleeping < 5 h and 1.49 (95% CI 1.12-1.98)
in those sleeping = 9 h. After adjusting for potential confounders, the relative risks were 1.39 (95% Cl: 1.06-1.82) in those sleeping <5 h and 1.38
(95% Cl 1.04-1.84) in those sleeping = 9 h. Perceived inadequate sleep was also associated with pneumonia with a relative risk of 1.50 (95% ClI
1.29-1.74) in multivariate models.

Conclusions: Both reduced and prolonged habitual sleep durations are associated with increased risk of pneumonia. Further research is needed

to understand how sleep habits can influence immunity.
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INTRODUCTION

Chronic partial sleep deprivation is exceedingly common in
today’s society.'> Evidence suggests that sleep durations have
been progressively declining for the past several decades for
a variety of technological and societal reasons.** This change
in behavior has important ramifications given the fundamental
role of sleep in maintaining health. Over a few days, restricting
sleep to 4-5 hours per night has been found to have a multi-
tude of adverse effects, including worsening of neurocognitive,
mood, metabolic, and autonomic parameters.’ Epidemiologic
studies suggest chronically altered sleep habits are associated
with elevated risks for diabetes, cardiovascular disease, cancer,
and mortality.®!!

One area that has received relatively little attention has been
the potential role of sleep in maintaining immune function and
host defense. Animal studies suggest complete sleep depriva-
tion can result in bacteremia and sepsis,'? but differentiating
the effects of lack of sleep from the stress used to maintain
wakefulness in these models is difficult. Several studies have
demonstrated that alterations in sleep can have effects on im-
mune cell function and cytokine levels, but the physiologic
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relevance of these changes has been unclear."*'* Similarly,
studies have demonstrated reduced antibody titers following
vaccination in sleep deprived individuals, but this has not been
correlated to differences in vaccine efficacy.'>' A recent report
suggested that upper respiratory symptoms may be more likely
in chronically sleep deprived individuals following viral in-
oculation.'” Whether poor sleep increases risk of more severe
infections is unclear.

In this work, we sought to better characterize the potential
role of sleep in host defense by assessing the relationship be-
tween habitual sleep duration and incident cases of pneumonia,
as a measure of a clinically relevant infectious outcome with
substantial morbidity, in a large cohort of middle-aged women.

METHODS

Study Population

The Nurses’ Health Study II (NHS2) cohort was established
in 1989 when 116,686 U.S. female registered nurses, aged 25
to 45 years completed a mailed questionnaire on their medi-
cal history and lifestyle. Follow-up questionnaires to ascertain
lifestyle factors and occurrence of diseases have been mailed
biennially, and the follow-up rate exceeds 90% of potential
person-years. Further details on the study design and data col-
lection have been previously published.' In 2001, sleep ques-
tions were added to the biennial questionnaire for the first time,
so this time point was used as the baseline for these analyses.
In order to limit confounding by comorbid illnesses and reverse
causation, individuals with cancer (except non-melanoma skin
cancer), cardiovascular disease, diabetes, asthma or a prior his-
tory of pneumonia at baseline, were excluded from analyses.

Sleep Duration and Pneumonia Risk—Patel et al



The protocol for this study was approved by the Institutional
Review Board of the Harvard School of Public Health.

Ascertainment of Sleep Habits

Subjects were asked to report their average sleep duration
over a 24-h period with the following choices for response: < 5
h,5h,6h,7h,8h,9h, or 10+ h. Because of the low frequency
of extreme responses, women reporting < 5 h were combined
into one group, as were women reporting > 9 h. An analogous
question about habitual sleep duration has been previously val-
idated against sleep diaries in a similar cohort."" In addition,
participants were asked “Do you feel that your sleep duration
is adequate?”’

Identification of Cases of Pneumonia

Every 2 years, participants were asked to report cases of
pneumonia. Medical records were obtained from all women
who reported physician-diagnosed pneumonia confirmed by
a chest radiograph, and records were reviewed by a physician
to validate the findings. Only the first documented episode of
pneumonia occurring between June 1, 2001 and May 31, 2005
was included. A validation study reviewing medical records
of 76 women reporting pneumonia verified the radiographic
presence of a pulmonary infiltrate in 82% of cases.!” A second
validation study reviewing medical records found only 1 of 99
cases might have represented nosocomial pneumonia rather
than community-acquired pneumonia.*

Assessment of Covariates

A set of covariates was selected that had been found to predict
incident pneumonia in the NHS2 cohort and/or that were associ-
ated with sleep duration. Body mass index (BMI) was calculated
as the ratio of weight to the square of height using self-reported
height from the start of the study and self-reported weight from
the time of the sleep assessment. Cigarette smoking was as-
sessed based on whether the woman smoked and the amount
smoked. Alcohol and caffeine consumption were estimated from
a semi-quantitative food frequency questionnaire. Snoring was
based on self-report as a surrogate for sleep apnea. A history of
shift work was defined as having spent > 1 month working rotat-
ing shifts in the past 2 years. Hypertension was based on self-
report of a physician diagnosis. Depressed mood was defined as
a score < 52 on the 36-Item Short Form Health Survey (SF-36)
mental health index. Covariate information regarding age, BMI,
smoking, and hypertension was updated based on questionnaire
results every 2 years. Alcohol and caffeine consumption were
obtained from the 1999 food frequency questionnaire at baseline
and then updated with the 2003 questionnaire.

Statistical Analysis

The outcome considered in this study was incident pneu-
monia. Person-time of follow-up was calculated as the time
from the return of the 2001 questionnaire until the first report
of pneumonia, death, or the end of the study period (May 31,
2005). Cox proportional hazards models with updating of co-
variate data were used to estimate the rate ratio (RR) for inci-
dent pneumonia for each sleep duration category relative to the
reference group of 8 hours. Similar models were developed to
estimate the rate ratio for inadequate sleep. Additional analyses
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were conducted stratifying on age, body mass index (BMI), and
smoking status to investigate the presence of effect modifica-
tion by these factors. Interactions between sleep and each of
these factors were tested for statistical significance using log
likelihood tests. All statistical analyses were conducted using
SAS version 9.1 (Cary, NC).

RESULTS

Of the 84,527 women who completed the sleep questions on
the 2001 questionnaire and had follow-up data, 18,222 were ex-
cluded from this analysis due to the presence of baseline medi-
cal illness. This included 4,303 women with a history of cancer,
673 with heart disease, 591 with stroke, 2,155 with diabetes,
and 10,500 with asthma. Another 9,352 women were excluded
due to a history of pneumonia in the past. Thus, 56,953 women
were included in this analysis. The distribution of habitual sleep
duration was 5.2%, 23.3%, 42.7%, 23.7%, and 5.0% for < 5,
6,7, 8, and > 9 h, respectively. The overall prevalence of per-
ceived inadequate sleep was 48%, varying from < 20% in those
sleeping > 8 h up to 88% in those sleeping < 5 h. Baseline char-
acteristics of the cohort by habitual sleep duration are displayed
in Table 1. Mean age and caffeine consumption decreased,
while alcohol consumption increased with increasing sleep du-
ration. Women reporting both long and short sleep durations
tended to be heavier and more likely to have hypertension and
depressed mood.

A total of 977 cases of pneumonia were identified over
217,500 person-years of follow up. Short sleep was associated
with increased pneumonia risk (Table 2). The unadjusted inci-
dence rates for pneumonia were 6.5, 4.8, 4.3, 3.8, and 5.7 cases
per 1000 person-years for women sleeping < 5, 6, 7, 8, and > 9
h, respectively. In age-adjusted analyses, those sleeping < 5 h/
night were at 70% greater risk of pneumonia than 8-h sleepers
(95% CI 30%-123%). After adjustment for alcohol, caffeine,
and tobacco use, the RR remained elevated at 1.53 (95% CI
1.17-2.01). This association persisted after further adjustment
for comorbidity, with a RR of 1.39 (95% CI 1.06-1.82). Inter-
estingly, long sleep durations were also associated with elevat-
ed risk. Compared to 8-h sleepers, the RR associated with > 9
h sleep was 1.49 (95% CI 1.12-1.98) in age-adjusted analyses.
After covariate adjustment, this risk was only slightly attenu-
ated (RR = 1.38, 95% CI 1.04-1.84).

Results from analyses stratified by age, BMI, and smoking
status are presented in Table 3. The pattern of an increased
pneumonia risk with extremes of sleep duration was found in
each subgroup. Point estimates suggest an increased suscepti-
bility to altered sleep in those younger than 45 years of age,
the overweight, and active smokers. However, formal tests for
interaction were not significant for any of these analyses.

Perceived inadequate sleep was also associated with in-
creased pneumonia risk. In age-adjusted models, inadequate
sleep was associated with a 1.55-fold increased risk of pneu-
monia (95% CI 1.37-1.76). Inadequate sleep remained an inde-
pendent risk factor for pneumonia after adjusting for smoking,
alcohol, caffeine, BMI, depressed mood, snoring, shift work
history, and hypertension, with a RR of 1.44 (95% CI 1.26-
1.64). After further adjustment for habitual sleep duration,
those reporting inadequate sleep remained at elevated risk for
pneumonia (RR = 1.50, 95% CI 1.29-1.74). The effect of sleep
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Table 1—Baseline characteristics stratified by self-reported sleep duration in 2001

adequacy categories (P < 0.05). BMI, body mass index.

Hours of Sleep per Day Adequacy of Sleep
<5 6 7 8 29 Inadequate Adequate
Number of Subjects (%) 2957 (5.2) 13,290 (23.3) 24,326 (42.7) 13,517 (23.7) 2863 (5.0) 27,000 (47.7) 29,643 (52.3)
Mean (SD)
Age (y) 47.1 (4.6) 46.7 (4.6) 46.5(4.7) 46.2 (4.7) 46.1 (4.7) 46.3 (4.6) 46.7 (4.7)
BMI (kg/m?) 27.3 (6.6) 26 6 (6.2) 25 9(5.6) 25 7 (5.5) 26.4 (6.2) 26.5 (6.0) 25.8 (5.5)
Alcohol (g/day) 3.5(7.4) 7(6.7) 1(7.0) A4(7.7) 44(8.3) 3.8(6.8) 4.4(7.5)
Caffeine (mg/day) 234 (221) 229 (206) 222 (194) 217 (193) 210(192) 221 (200) 223 (196)
Sleep duration (h) - - - - - 6.5(0.9) 7.4(0.8)
% of women
Hypertension 19.6 16.5 13.5 13.9 14.5 15.8 13.6
Depressed mood 18.3 11.9 7.9 7.7 13.8 141 55
Current smoking 12.7 9.9 7.6 6.6 7.7 8.5 7.9
Regular snoring 7.3 6.2 5.2 5.6 7.2 6.4 5.1
Rotating shift work 17.2 12.7 89 8.0 8.7 121 8.1
Self-reported adequate sleep 121 216 53.5 83.1 81.6 - -

All variables are significantly different across sleep duration categories (P < 0.05). All variables except caffeine intake are significantly different across sleep

duration on pneumonia risk stratified by sleep Table 2—Rate ratios (95% confidence intervals) of incident pneumonia by self-reported
adequacy is shown in Table 3. Interestingly, an | sleep duration
adverse effect of short sleep was only seen in Hours of Sleep Per Day
those reporting inadequate sleep, though it should <5 6 7 8 >9
be noted that a formal test of interaction did not Number of Incident 73 245 401 196 62
meet standard criteria for statistical mgmﬁcance Pneumonia Cases
(P=0.09). In contrast, a long sleep duration of >9 Ao Adiusted 170 19 (15 100 1 49
: . o ge-Adjuste . . . . .
h was associated with an clevated pneumoniarisk | oo (130-2.23) (1.07-156) (0.97-1.37) (1.12-1.98)
independent of sleep adequacy.
Multivariate 1.53 1.23 1.15 1.00 1.45

DISCUSSION Model #1* (1.17-201) (1.02-1.49) (0.97-1.36) (1.09-1.93)

In this study, we have demonstrated that both Multivariate 1.39 117 114 1.00 1.38
reduced and prolonged habitual sleep durations Model #25 (1.06-1.82) (0.96-1.41) (0.96-1.35) (1.04-1.84)
are associated with an increased risk of incident
pneumonia. Prior research has demonstrated *Adjusted for age, smoking status, alcohol consumption, and caffeine consumption. SAdjusted
that altered sleep can have important effects on for above plus body mass index, depressed mood, hypertension, snoring, and shift work.
immune function.?! Sleep deprivation acutely

reduces natural killer cell, T lymphocyte, and

monocyte function.'***? In addition, alterations in sleep have
been found to increase levels of cytokines and markers of in-
flammation.'*'* These alterations appear to have physiologi-
cally relevant effects as sleep deprivation has been shown to
impair antibody responses to vaccination.'>'® Analysis of an
occupational cohort comparing day shift, night shift, and rotat-
ing shift found those on a rotating shift had the worst quality
sleep and also the highest rate of common colds, flu-like ill-
nesses, and episodes of gastroenteritis based on self-report.*
A prospective study found that those reporting lower habitual
sleep times were more likely to develop clinical disease fol-
lowing controlled exposure to rhinovirus suggesting sleep
deprivation may increase the susceptibility to upper respira-
tory infections.'” In the present study, we demonstrate that
reduced sleep also predisposes to pneumonia. Several studies
have demonstrated that extremes of sleep duration are associ-
ated with increased risk of non-cardiovascular and non-cancer
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deaths."? Increased risk of severe infections such as pneumo-
nia and sepsis may partially explain this association.

Several studies have suggested reduced sleep may increase
the risk of heart disease,’ diabetes,® and obesity,* all conditions
that may increase the risk of pneumonia. Our study restricted
analysis to women free of heart disease and diabetes and ad-
justed for BMI, suggesting the identified associations were in-
dependent of these potential pathways and instead more likely
related to direct effects of sleep on the immune system.

Individual susceptibility to neurocognitive deficits from
sleep deprivation varies substantially, suggesting individu-
als may have differing sleep needs.”’” Our findings support
such variability in requirements for optimal immune function
as well, in that perceived inadequate sleep predicted incident
pneumonia independent of sleep duration. In addition, the ad-
verse effect of short sleep on pneumonia risk was present only
in those reporting inadequate sleep. While sleep adequacy is
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Table 3—Age-adjusted rate ratios (95% confidence intervals) of incident pneumonia by self- ; Tk;)e tp .rteCISe role 2f sleep remalns.a mys-
reported sleep duration ery but its conservation across species sug-
gests a strong evolutionary benefit. A recent
Hours of Sleep per Day P-value for study suggests a primary role for sleep may
s5 6 7 8 interaction be in support of host defenses. Habitual
Age <45y 2.04 1.49 1.26 1.00 0.69 sleep duration across mammalian species is
(1.32-3.16) (1.11-2.02) (0.96-1.66) (1.16-2.73) predictive of circulating levels of lympho-
Age=45y 152 117 1.08 1.00 cytes, neutrophils, and eosinophils.’! In ad-
(1.08-2.14)  (0.92-1.49) (0.87-1.35) (0.88-1.91) dition, the more a species sleeps, the lower

. . ) .

BMI < 25 131 138 112 100 0.45 the density of m1(.:rob.1al.paf[hogens. .
kg/m? (0.83-2.06) (1.05-1.80) (0.88-1.43) (0.96-2.23) Several potentlal.hmltatlons of th.ls study
B > 25 /88 118 118 100 should be noted. First, our population was
= ) : : : limited to women who were well-nourished

2 i . X -

kglm (1:34-265) (091-1.54)  (0.92-1.50) (0.98-2.17) and had a similar socioeconomic status. Al-
Not current 1.63 1.25 1.1 1.00 0.38 though such homogeneity would reduce
smoker (1.21-219) (1.02-1.53) (0.92-1.33) (0.97-1.83) confounding by these factors, it may reduce
Current 1.95 1.57 1.60 1.00 3.19 the generalizability of our findings to other
smoker (0.96-3.93) (0.88-2.78) (0.93-2.77) (1.51-6.71) populations. For example, data from the
Inadequate 152 110 114 100 0.09 Whitehall 11 Fohort suggest.women may be
sleep (1.04-2.24) (0.78-154) (0.82-159) (0.73-2.56) more susceptible to the pro-inflammatory ef-
fects of sleep deprivation th 22 In addi-
Adequate  0.20 0.98 0.97 1.00 tiecnso Sliffi’t glz;lvat;%n an ﬁ?n tn ?h !
sleep (0.03-1.40) (0.68-1.39) (0.77-1.20) (1.12-2.14) on, we fimited the study popuiation fo those
without major comorbidities or prior history

clearly correlated with sleep duration (as seen in Table 1), other
factors beyond the quantity of sleep obtained and intrinsic sleep
need may factor in to this construct. Inadequate sleep may also
reflect poor quality sleep or altered sleep architecture. In addi-
tion, adequate sleep may require sufficient sleep duration at the
appropriate circadian phase and as such, shiftwork may modu-
late the relationship between sleep duration and sleep adequa-
cy. Further research into the determinants of sleep adequacy is
clearly needed given the association of inadequate sleep with
not only infectious outcomes but also metabolic and cardiovas-
cular outcomes.?**

An interesting finding of this study is that women sleep-
ing 9 hours or more appeared to also be at elevated risk for
pneumonia. The effects of prolonged sleep on leukocyte func-
tion or vaccine response are unknown, but an association with
elevated levels of inflammation has been previously reported
suggesting the potential for immune dysregulation. Prior
work suggests oropharyngeal aspiration is fairly common
during sleep,* so that in those who sleep 9 or more hours,
the potential immune restorative effects of sleep in protecting
against pneumonia may be outweighed by increased microbial
deposition in the lungs. Another possible explanation for the
increased pneumonia risk in long sleepers may be that these
individuals have poor quality sleep that results in both an el-
evated infection risk and a desire to sleep longer. Although
we adjusted for two of the most common causes of poor qual-
ity sleep, depression and sleep apnea, residual confounding
may be present, as we relied on questionnaire-based measures
for these conditions. Arguing against this possibility is the
fact that 9-hour sleepers were the least likely to report inad-
equate sleep and that the effect of sleeping 9 hours or more
on pneumonia risk was similar in magnitude in those report-
ing adequate and inadequate sleep. These findings suggests
that self-reported adequacy of sleep may not accurately reflect
sleep requirements for optimal health.
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of pneumonia in order to limit the possibility
of confounding or reverse causation. While this strengthens the
argument that a causal relationship between sleep and pneumo-
nia risk exists, such a restriction limits the generalizability of our
findings to this healthy subgroup of the population. Second, our
study was observational in design, and thus, we cannot conclude
that modifying sleep duration will alter pneumonia risk. In addi-
tion, we cannot exclude the presence of unrecognized confound-
ers not accounted for in our analyses as a cause of the reported
associations. The effects of recognized confounders, such as
shiftwork and sleep apnea, may also not have been adequately
accounted for in this analysis because of the inability to measure
them fully with the questionnaire instruments used.

The use of self-reported sleep duration to estimate exposure
to sleep rather than a more objective assessment introduces the
possibility of measurement error. However, we have previously
validated our self-reported sleep question in a similar cohort,
the Nurses’ Health Study, where a Spearman correlation (p) of
0.79 was found between one question about usual sleep and
the average sleep obtained from one week of sleep diaries." In
addition, objective measurement of sleep habits suggests indi-
viduals typically overestimate their actual sleep time,**** and
the less one sleeps, the greater the overestimate.* A similar pat-
tern in overestimation with use of a single question about usual
sleep was found in the Nurses’ Health Study.!' As a result of this
reporting bias, the effect of reduced sleep on pneumonia risk
would tend to be underestimated by relying on self-report. The
stability of sleep duration in this cohort over the four years of
this study is unclear, although prior work in the Nurses’ Health
Study suggests fairly good stability of self-reported response
over two years.'" To the extent that changes in sleep habits lead
to misclassification, assuming this misclassification is non-
differential between those with average and extremes of sleep
duration, it would tend to lead to an underestimate of the effect
of extremes of sleep duration on pneumonia risk. It should also
be noted that we were unable to characterize sleep architecture
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in order to identify which stages of sleep may be most strongly
correlated with pneumonia risk. Lastly, we were unable to dis-
tinguish between viral and bacterial pneumonia, but even under
the best of circumstances, the microbiological etiology of pneu-
monia is difficult to establish.?

Nevertheless, our findings suggest that both inadequate and
excessive sleep are associated with an increased risk of severe
infections. Further work is needed to identify the specific mech-
anisms by which altered sleep may impact normal immune
function.
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