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Study Objectives: Experimental evidence links poor sleep with susceptibility to infectious illness; however, it remains to be determined if naturally
occurring sleep is associated with immune responses known to play a role in protection against infection. The aim of this study was to determine
whether sleep duration, sleep efficiency, and sleep quality, assessed in the natural environment, predict magnitude of antibody responses to a novel
antigen among community volunteers in midlife.

Design: Observational.

Measurements and Results: Healthy midlife adults (n = 125; 70 female; age 40-60 yr) received the standard 3-dose hepatitis B vaccination
series. Actigraphy and electronic sleep diaries were used to assess sleep duration, sleep efficiency, and subjective sleep quality. Viral-specific
antibody titers were obtained prior to the 2nd and 3rd vaccination to assess primary and secondary antibody responses. Clinical protection status
(anti-hepatitis B surface antigen immunoglobulin G = 10 mlU/ml) was assessed 6 mo after the final immunization. Regression analyses revealed
that shorter actigraphy-based sleep duration was associated with a lower secondary antibody response independent of age, sex, body mass index,
and response to the initial immunization. Shorter sleep duration, measured by actigraphy and sleep diary, also predicted a decreased likelihood
of being clinically protected from hepatitis B at the conclusion of the vaccination series. Neither sleep efficiency nor subjective sleep quality were
significant predictors of antibody response.

Conclusions: Short sleep duration in the natural environment may negatively affect in vivo antibody responses to novel antigens, providing a pos-

sible explanation for observed associations of poor sleep with increased susceptibility to infectious disease.
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INTRODUCTION

Short sleep duration (< 6 or 7 hr/night) and poor sleep ef-
ficiency predict increased risk for several chronic diseases,'
susceptibility to acute infectious illness,*’ and all-cause mor-
tality.>'° Experimental sleep deprivation studies support the
immune system as a potential mechanism linking sleep dis-
turbance and disease risk. Indeed, acute and chronic sleep loss
interferes with immune processes integral to host resistance, '
including reductions in natural killer cell activity,'>"* T-cell
function,'*" shifts in helper T-cell cytokine production,'®!” and
increases in levels of proinflammatory cytokines.!826

Much of the research linking sleep and immunity has been
limited to in vitro measures of immunocompetence that are
often of unknown clinical significance and provide a poor
estimate of the body’s host defense against disease. Conse-
quently, researchers have turned to in vivo measures of immu-
nity, including antibody response to vaccination. Preliminary
experimental evidence demonstrates that young, healthy par-
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ticipants deprived of sleep in the laboratory produce fewer
antibodies to hepatitis A,??* hepatitis B,” and influenza vac-
cines.? It remains unclear, however, whether these findings
generalize beyond young adults or accurately reflect natural
variation in sleep observed outside the laboratory. Recent
prospective evidence shows that adults who sleep for shorter
periods of time or with lower efficiency are more likely to de-
velop a biologically verified upper respiratory infection after
exposure to a rhinovirus than those who sleep better.® These
findings raise the possibility that sleep patterns may affect im-
mune processes relevant for protection against infection. To
explore this possibility, the following study examined wheth-
er sleep duration, efficiency, and subjective quality predicted
antibody response to hepatitis B vaccination among healthy,
midlife community volunteers who were naive to the hepatitis
B antigen. Antibody response to this vaccination provides an
in vivo measure of the competence of the immune system to
respond when exposed to a novel antigen.

METHODS

Participants

Data for the current study were derived from the Vaccina-
tion Immunity Project, a longitudinal study examining asso-
ciations of psychosocial, physiologic, and behavioral factors
with antibody response to hepatitis B vaccination. Partici-
pants were 70 women and 55 men recruited via mass mail
solicitation in Western Pennsylvania (primarily Allegheny
County). Eligible participants were nonsmokers, in good gen-
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eral health (including no history or symptoms of myocardial
infarction, asthma, cancer treatment in the past year, current
or past psychiatric illness, or other systemic disease known to
affect the immune system), and free from medications known
to affect the nervous, endocrine, or immune systems in the
past 3 mo (not including oral contraceptives). Women who
were pregnant or lactating were ineligible to participate. In
addition, participants more than 30% overweight, as esti-
mated by sex-specific height-weight tables,*' were excluded.
Prior to full enrollment, blood samples were drawn from oth-
erwise eligible participants to assess levels of hepatitis B sur-
face antigen (HBsAG) and antibodies to hepatitis B core and
surface antigens (anti-HBc and anti-HBs), indicating current
or past exposure or prior vaccination, respectively. Individu-
als who showed any serologic evidence of prior exposure to
the antigen were excluded.

Procedures

All participants were administered the standard 3 20-pg
doses of recombinant hepatitis B vaccine (Engerix-B, Glaxo
SmithKline, Research Triangle Park, NC) administered into
the deltoid muscle. The 1st and 2nd doses were administered
1 mo apart, followed by a booster dose at 6 mo. Because all
participants were naive to the hepatitis B antigen at baseline,
antibodies produced in response to the initial immunization
constituted a primary antibody response, whereas responses
recorded after doses 2 and 3 constituted secondary antibody
responses. For the 7 days surrounding each of the 3 vaccina-
tions (3 days before, the day of, and 3 days afterward), partic-
ipants completed electronic diaries assessing bedtime, wake
time, and subjective sleep quality. A subgroup of participants
(n=104) also wore actigraph watches over the same 7-day pe-
riod surrounding the 1st immunization. Blood was drawn im-
mediately before administration of the 2nd and 3rd dose of the
vaccine to assess primary and secondary antibody responses,
whereas the blood drawn 6 months after the final vaccination
assessed clinical protective status (anti-HBs immunoglobulin
G (IgG) > 10 mIU/ml). Participants were paid $230 for partic-
ipating in the study. Informed consent was obtained from all
participants in accordance with the University of Pittsburgh
Institutional Review Board.

Hepatitis B Antibody Levels

Blood samples for the determination of hepatitis B anti-
bodies were allowed to coagulate and were centrifuged, and
the serum was removed and frozen at -80°C until analysis.
Frozen samples were sent to Central Laboratory Services
(University of Pittsburgh Medical Center) for the determina-
tion of antibody titers by enzyme-linked immunoassay us-
ing commercially available kits (Abbott Laboratories, Abbott
Park, IL). Antisera with known titers were used to determine
the international units (IU)/ml of antibody in each sample. If
antibody levels were greater than 1,000 mIU/ml, the high-
est levels detectable by the enzyme-linked immunoassay
methods, they were sent to a commercial laboratory (Arup
Laboratories, Salt Lake City, UT) where they were diluted
and re-run. This permitted the quantification of high antibody
levels. Excellent reliability was observed between the two
laboratories (r = 0.998).
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Sleep Measures

Actigraphy

Actigraphy was used to obtain an objective measure of sleep
duration and efficiency collected continuously on 6 consecutive
nights (3 nights before and 3 nights after the initial immuniza-
tion). Participants wore an actigraph (Actiwatch-64; Respiron-
ics, Bend, OR) on their nondominant wrist to assess rest and
activity; these findings provide behavioral data to infer sleep/
wake patterns. Data were collected in 1-min epochs and vali-
dated manufacture-supplied software (Actiware 5.02, Minimit-
ter, Inc., Bend, OR) was used to estimate sleep patterns, which
were averaged over the 6 nights of collection. Actigraphy has
been shown to be a reliable and valid measure of sleep behav-
ior in healthy community samples.*>** Because actigraphy was
added after initiation of this study, only a subset of participants
(n = 104) wore wrist activity monitors. There were no signifi-
cant sociodemographic differences between participants who
did and did not complete the actigraphy protocol.

Actigraphy data was lost on 11 participants due either to
hardware malfunction or user error, yielding 93 participants
available for data editing. To obtain a stable average of actig-
raphy- derived sleep duration and efficiency at least 4 days of
complete data were required, which further reduced the sample
to 88 participants.

Sleep diaries

All participants (n = 125) completed electronic diaries (Palm
Zire21, Sunnyvale, CA) each morning of the 7-day period sur-
rounding each of the three vaccinations to assess sleep times.
In the case of the first vaccination period, the sleep times were
used to set rest intervals for actigraphy editing. In addition, self-
reported bedtimes, minutes until sleep onset, and wake times
were also used to calculate subjective sleep duration. Partici-
pants also rated the quality of the past night’s sleep (from 1 =
very poor to 4 = very good), providing a measure of subjective
sleep quality. Sleep diary measures were averaged over the 7
days surrounding the first immunization to coincide with actig-
raphy measurement as well as over the 21 days of collection in
this study.

Other Variables

A number of sociodemographic variables previously shown
to be related to antibody response to hepatitis B immuniza-
tion*7 were assessed and treated as covariates in analyses,
including age, sex, and body mass index (BMI; kg/m?). Be-
cause previous studies support an inverse association between
psychological stress and antibody response to vaccination,*®4
participants also completed the 4-item Perceived Stress Scale
(PSS)* 5 times per day via electronic daily diary to obtain an
average level of daily stress over the 7 days surrounding each
of the three vaccination periods. The PSS is a well-validated
measure for assessing stress perception; psychometrics of this
measure are good with internal consistency reported to be
above 0.84 and test-retest reliability above 0.85.*" Similar to
the sleep diary data, the diary stress measures were averaged
over the 7 days surrounding the first immunization to coin-
cide with actigraphy measurement as well as over the 21 days
of diary collection.
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Statistical Analyses

All analyses were performed using Predictive Analytics
Software (PASW), Version 18.0 (SPSS: An IBM Company, Ar-
monk, NY). Viral-specific antibody titers were measured after
all 3 vaccinations of the series. Consistent with existing litera-
ture,*? only 25% of participants (31 of 125) mounted detectable
levels of antibody after the first vaccination. Thus, individuals
were categorized as early responders or early nonresponders.
In contrast, 89% of the 123 individuals on whom we had an-
tibody levels after the second vaccination had detectable lev-
els. One participant was a clear outlier (> 9 standard deviations
above the mean) and was dropped from analyses, leaving 122
participants with secondary antibody data. Antibody levels to
the second immunization were natural log-transformed before
analysis. This transformation was successful in yielding a nor-
mal distribution of the data. Finally, antibody levels measured
6 mo after the final vaccination were used to assess whether
participants had mounted a clinically protective response to the
vaccination series. Here, 18 of 123 participants failed to meet
the accepted clinical threshold for protection (anti-HBs IgG >
10 mIU/ml).*® Consequently, a dichotomous variable was cre-
ated (protected versus unprotected) to examine associations be-
tween sleep and clinical protection status.

Unadjusted and adjusted binary logistic and linear regres-
sion analyses were computed to predict primary and secondary
antibody responses and clinical protection status to the vacci-
nation. In adjusted analyses, sociodemographic covariates, in-
cluding age, sex, and BMI, were entered in the first step of the
model, with the sleep measure entered in the second step. In
separate models, sociodemographic covariates were entered in
the first step followed by the measure of psychological stress in
the second step, with the sleep measure entered in the final step.
Preliminary analyses found that responders to the first immuni-
zation mounted higher antibody levels to the second injection
(r=0.22, P <0.05). Thus, in models predicting antibody levels
to the second vaccination, responder status (responder versus
nonresponder) to the first immunization was also entered as a
covariate in the first step. Because secondary antibody respons-
es were natural log-transformed, predicted geometric means
were calculated to aid in interpreting magnitude of effect. Ad-
ditionally, to better clarify associations of sleep with hepatitis B
clinical protection status and provide clearer estimates of effect
sizes, we fit regression equations using categorical measures of
sleep (approximate tertiles) and reported odd ratios (ORs) and
95% confidence intervals (CIs).

RESULTS

Sample Characteristics

The sample included 125 relatively healthy participants
(56% female, 91.2% Caucasian) age 40 to 60 yr (mean = 50.1 +
5.4 yr). Sociodemographic characteristics, sleep averages, and
antibody levels are provided in Table 1. Antibody levels were
largely unrelated to sociodemographic characteristics, with the
exception of sex. In this regard, women displayed higher sec-
ondary antibody levels (#(120) =3.83, P<0.001) and were more
likely to be clinically protected at the conclusion of the vaccina-
tion series (X? (1) = 6.87, P < 0.01) than men. Antibody levels
were unrelated to diary measures of perceived stress (P > 0.35).
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Table 1—Sociodemograhic characteristics, sleep averages, and anti-
HBs IgG antibody levels for the study sample

Variable Mean (SD) or Percentage
Gender (% Female) 56%
Age (years) 50.1 (5.4)
Race (% Caucasian) 91.2%
Body Mass Index (kg/m2) 25.2(3.3)
Education: Some college (%) 92.5%
Employment Status (% Full time) 64.8%
Family Income (%)

< $50,000 31.2%
$50,000-$74,999 20.0%
$75,000-$99,999 13.6%
>$100,000 24.8%
No response 10.4%

Diary-based perceived psychological
stress score?

5.1 (2.8);4.9 (2.8)

Actigraphy-based sleep duration (hrs) 6.7 (0.8)
80.6 (7.1)
7.1(0.7);7.0 (0.8)

3.2(0.4);3.2 (0.4)

Actigraphy-based sleep efficiency (%)
Diary-based sleep duration (hrs)?

Diary-based subjective sleep quality
(very poor [0-4] very good)?

Primary antibody levels (mIU/ml) 4.76 (26.5)
median = 0.0
Secondary antibody levels (mlU/ml) 96.0 (217.4)
median = 23.1
% clinically protected (= 10 mIU/ml) 84.8%

dValues of diary measures averaged over the 21 days of collection and
the 7 days surrounding the first immunization.

Older adults displayed more efficient sleep (r = 0.23, P < 0.05)
and reported better sleep quality (r = 0.18, P < 0.05). Actigra-
phy-derived sleep duration was positively correlated with diary-
based sleep duration averaged over the three collection periods
(r=0.75,P <0.001) and when constrained to diary-based sleep
duration measured over the 7 days surrounding the first vac-
cination period (r = 0.86, P < 0.001). Actigraphy-derived sleep
duration was also associated with actigraphy-derived sleep ef-
ficiency (r=0.26, P=0.01). Conversely, subjective sleep qual-
ity was unrelated to actigraphy-derived measures of efficiency,
duration, and diary-based sleep duration (P > 0.20).

Sleep and Antibody Response

Initial bivariate analyses showed no associations of actig-
raphy-derived sleep efficiency, diary-based sleep duration, or
subjective sleep quality with magnitude of secondary antibody
response. In contrast, shorter sleep duration, as measured by ac-
tigraphy, was associated with lower secondary antibody levels
(r =0.23, P = 0.04). Linear regression analyses, adjusting for
age, sex, BMI, and response to the initial dose of vaccine, con-
tinued to support this association; F(5, 79) = 5.35, P < 0.001;
AR? = 0.04; b = 0.44, SE = 0.22, P < 0.05 (Table 2). To il-
lustrate this relationship (Figure 1), sleep duration was catego-
rized into approximate tertiles (< 6 hr per night, n = 19; 6-7
hr per night, n = 37; > 7 hr per night, n = 29). Estimated from
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predicted geometric means (model adjusted for age [mean =
50.4 yr], sex [female], BMI [mean = 25.3 kg/m?], and responder
status [nonresponder]), each additional hr of sleep was associ-
ated with a 56% increase in secondary antibody levels. Shorter
sleep duration remained an independent predictor of second-
ary antibody response after further adjustment for diary-based
perceived psychological stress averaged over 21 days of daily
stress assessment (b = 0.47, SE = 0.22, P = 0.04); however, this
association was slightly attenuated when adjusting for diary-
based perceived psychological stress averaged over the 7 days
of the first vaccination (b = 0.42, SE = 0.22, P = 0.065). Sleep
measures were unrelated to likelihood of a detectable primary
antibody response, with the exception of actigraphy-derived

sleep efficiency (r = -0.25, P = 0.02); however, this associa-
tion did not withstand covariate adjustment (OR, 0.94; 95% CI,
0.87-1.01, P=0.09).

Sleep and Clinical Protection
In the current study, 14.6% of participants failed to meet the
threshold for clinical protection (anti-HBs IgG > 10 mIU/ml),
as assessed 6 mo after the final dose of vaccine. Logistic re-
gression analyses demonstrated that shorter actigraphy-derived
sleep duration was associated with decreased likelihood of clin-
ical protection, which remained significant after adjustment for
age, sex, and BMI (OR, 3.53; 95% CI, 1.22-10.27, P = 0.02).
This graded relationship is shown in Figure 2. Furthermore,
using approximate tertiles of sleep duration

antibody levels to the hepatitis B immunization

Dependent Variable: anti-HBs IgG levels b SE  P-value
Sleep Duration
Actigraphy-based sleep duration 0.50 0.23 0.04
After adjustment for covariates 0.44 0.22 0.045
Diary-based sleep duration' 0.19 0.25 0.77
After adjustment for covariates 0.06 0.23 0.79
Diary-based sleep duration? 0.26 0.24 0.28
After adjustment for covariates 0.18 0.22 0.41
Sleep Efficiency
Actigraphy-based sleep efficiency 0.02 0.03 0.55
After adjustment for covariates 0.03 0.03 0.34
Sleep Quality
Diary-based sleep quality -0.06 0.45 0.90
After adjustment for covariates -0.13 0.42 0.75
Diary-based sleep quality? -0.01 0.42 0.98
After adjustment for covariates -0.01 0.38 0.98

first immunization.

Table 2—Unadjusted and adjusted (age, gender, BMI, responder status) linear regression
analyses examining whether average sleep duration, efficiency, and quality predicts secondary

'Averaged over 21 days of diary collection; 2averaged over 7 days of diary collection around the

to predict protection status, sleeping fewer
than 6 hr conferred a significant risk of being
unprotected as compared with sleeping more
than 7 hr per night (for < 6 hr/night, OR, 0.09;
R AR? 95% CI, 0.01-0.94; for 6-7 hr/night, OR, 0.36;
95% CI, 0.04-3.67; > 7 hr/night [reference].
0.04 - Further, this association remained significant
021 0.04 after adjustment for diary-based psychologi-
0.00 - cal stress, averaged over 21 days of collection
0.17 0.0 (OR, 3.77; 95% CI, 1.30-10.90, P = 0.01) and
82(1) 0_0 1 7 days surrounding the first vaccination (OR,
' ' 3.70; 95% CI, 1.24-11.06, P = 0.02). Shorter
diary-based sleep duration, averaged over the
-0.01 - . T
017 0.00 7 days suljroundlr.lg the first vacc1.nat1.on, was
also associated with a decreased likelihood of
clinical protection, and withstood adjustment
oot - for sociod hic factors and psycho-
017 0.00 or sociodemographic factors psy
0.00 _ logical stress (OR, 2.73; 95% CI, 1.20-6.23,
019  0.00 P=0.02) (findings were similar when analyses
were restricted to participants for whom actig-
raphy assessment was available). Likelihood
of clinical protection was unrelated to actigra-
phy-derived sleep efficiency, diary-based sleep

4.0

3.5

3.0 1

2.5

2.0 1

1.0 +

anti-HBs IgG mlIU/ml (nat log)

0.5 4

0.0 4

> 7 hours

<6 hours 6-7 hours

Figure 1—Average actigraphy-based sleep duration predicts anti-HBs
IgG levels in response to the second hepatitis B immunization after
adjustment for age, gender, BMI, and responder status.

100

% Clinically Protected

6-7 hours > 7 hours

<6 hours

Figure 2—Average actigraphy-based sleep duration predicts likelihood
of being clinically protected (i.e. anti-HBs IgG = 10 mlU/ml) 6-months
following the third hepatitis B immunization.
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duration, when averaged over the 21 days of collection, and
subjective sleep quality.

DISCUSSION

Shorter sleep duration, assessed objectively using actigraphy
and averaged over 6 consecutive days of collection, was as-
sociated with lower secondary antibody response to hepatitis
B antigen and decreased likelihood of mounting a clinically
protective response to the hepatitis B vaccination series. The
latter finding was also predicted by self-reported sleep duration
measured via electronic sleep diary. These findings were inde-
pendent of several factors known to be associated with magni-
tude of vaccination response, including age, sex, and BMI.3*%’
Conversely, measures of sleep efficiency and sleep quality were
largely unrelated to magnitude antibody response to the hepa-
titis B vaccine.

Existing evidence linking sleep and antibody response
comes from controlled laboratory studies using total or partial
sleep deprivation. These studies show that sleep restriction for
several consecutive nights prior to* and immediately after im-
munization®’?* are associated with reduced antibody responses
when compared with responses among nonrestricted sleepers.
The current study extends this laboratory evidence by showing
that shorter sleep duration, assessed in the natural environment,
is associated with lower antibody response as well as decreased
likelihood of clinical protection. Moreover, our data are con-
sistent with recent evidence that short sleep duration predicts
increased susceptibility to infectious disease.® These findings
provide initial evidence that natural variation in sleep may con-
tribute to clinically relevant differences in the magnitude of
immune responses to vaccination, possibly providing a physi-
ologic basis for observed differences in susceptibility to infec-
tion. Indeed, the magnitude of the sleep effect observed in this
study is comparable to other known risk factors (age, sex, BMI,
smoking status) for clinical nonprotection after the hepatitis B
vaccination series.**3644

The literature supports attenuated vaccination responses
in individuals experiencing elevated levels of psychological
stress.*®0 In this study, however, daily psychological stress,
measured via electronic diaries, was unrelated to antibody lev-
els and likelihood of clinical protection 6 mo after concluding
the vaccination series. Adjustment for psychological stress, av-
eraged over 7 days of measurement, in statistical models pre-
dicting secondary antibody responses, reduced the amount of
variance accounted for by sleep duration from 4.0% to 3.5%,
representing a 12.5% decrease. This suggests that although
psychological stress plays some role in the sleep-vaccination
response link in this sample, its effect is modest. Indeed, ac-
tigraphy and diary-based sleep duration were significant pre-
dictors of likelihood of clinical protection, independent of
sociodemographic covariates and psychological stress, provid-
ing further evidence for the unique influence of sleep duration
on vaccination response.

What mechanisms might link sleep and magnitude of an-
tibody response to vaccination? Sleep loss is associated with
fluctuations in several immune processes integral to antigen pre-
sentation and antibody production following immunization."
Indeed, prolonged sleep deprivation is associated with shifts in
numbers of T and B cells in peripheral circulation,'**¢ dimin-
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ished antigen-specific T-helper cell response,”® declines in the
production of interleukin-1247 (a cytokine critical in orchestrat-
ing T-helper cell maturation), and increased levels of systemic
inflammation.'®?!->* Sleep-related alterations in neuroendocrine
outputs also likely play a role. Indeed, elevations in sympathet-
ic activation and cortisol output have been observed sleep-de-
prived participants.*®* Moreover, administration of exogenous
epinephrine and cortisol at physiologic levels modulate several
lymphocyte subsets, including natural killer cells and naive and
T-helper cells.*® Notably, the effects of catecholamines on T and
B cells are somewhat inconsistent.’! Indeed, other biochemical
mediators, including growth hormone and prolactin, have been
shown to have stronger influences on antigen-specific T-helper
cell activity than epinephrine and norepinephrine.?® Further re-
search exploring these sleep-immune pathways in the context
of vaccination and antibody production is warranted.

Strengths of this study include its prospective design, the use
of actigraphy as a more objective method for assessing sleep
in the natural environment, and use of a clinically relevant in
vivo model of immunocompetence. However, there are a num-
ber of limitations that must be considered when interpreting the
current findings. For instance, actigraphy was only assessed
around the time of the 1st vaccination, which limited our ability
to illuminate possible “critical periods” when short sleep dura-
tion contributes to antibody response. Prior studies demonstrate
that the timing of psychological and behavioral factors during
vaccination influence subsequent antibody production.?3%5
For example, Miller and colleagues™ found that higher daily
stress experienced 8 days after immunization uniquely predict-
ed fewer circulating antibodies to the influenza vaccine among
healthy college students. Data from the current study failed to
reveal any individual nights of sleep as uniquely predictive of
antibody response or likelihood of clinical protection (data not
shown); however, further research using continuous actigraphy
measurements across the vaccination series could potentially
identify periods during antibody production that are sensitive
to changes in sleep.

It is important to note that the first immunization occurred in
the middle of the actigraphy assessment. Evidence shows that
peripheral immune activation can result in sleep disturbance;
thus, it is possible that the immune response to the antigen af-
fected subsequent sleep. An examination of sleep parameters
across the assessment days, however, did not reveal any signifi-
cant changes in sleep on the days after vaccination, making it
unlikely that the vaccination contributed to shortened sleep du-
ration. Moreover, this finding is consistent with prior research.?®
It is recognized that actigraphy assesses activity levels, not sleep
specifically. As such, a confirmatory study using home-based
polysomnography is warranted. This is particularly relevant
given recent laboratory evidence showing that higher levels of
slow wave activity during non-rapid eye movement sleep on
the nights after hepatitis A vaccination were associated with
higher percentages of hepatitis A-specific T-helper cells 18-20
wk and 1 yr later.?® Finally, there are several considerations with
respect to the study sample that should be noted. First, the men-
strual phase of female participants was not controlled in this
study, a limitation given that fluctuations in sex steroids have
been shown to affect immune function.’> Second, better and
more efficient sleep was positively correlated with age, which
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is inconsistent with literature showing that quality of sleep de-
clines with increasing age.”’*® This contradictory finding may
be explained by the fact that there was limited variance in the
age of the sample, which was restricted to participants between
40 and 60 yr old. Further, enrollment into this study required
participants to meet strict health criteria, including being free
for 3 months from immune-related conditions and medica-
tions known to affect immune, endocrine, and nervous system
function. As such, the participants may not accurately reflect
midlife adults in the general population where underlying ill-
ness is more common. Third, this study did not formally assess
for clinical sleep impairment or use a diary assessment of sleep
efficiency, limiting our ability to generalize these findings to
clinical populations. Relatedly, the presence of clinical sleep
disorders, such as obstructive sleep apnea (OSA), was not as-
sessed in the current sample. However, associations of sleep
duration with antibody response were independent of BMI, a
strong correlate of OSA.* Moreover, a recent study found no
differences in antibody responses to influenza vaccination be-
tween individuals with OSA and normal sleepers.*®® Investiga-
tion into how sleep affects immune function among individuals
with diagnosed clinical sleep impairments is a fertile area for
future research.

Observed associations of shorter sleep duration with lower
antibody responses to vaccination and decreased likelihood of
mounting a clinically protective response raises the possibility
that interventions designed to promote sleep may be of health
benefit. However, given the preliminary nature of this work,
further exploration of sleep-immune relationships is needed
because it may assist in the development of novel therapeutic
strategies, including potential sleep interventions to modify in-
fectious disease risk.

In summary, this study provides initial evidence that natural
variation sleep duration is positively associated with second-
ary antibody response to hepatitis B vaccination and likelihood
of clinical protection. Further investigation into the influence
sleep has on clinically relevant measures of immunity is war-
ranted.
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