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Abstract
Background—Both long and short sleep duration have been associated with obesity,
cardiovascular disease, and diabetes. However, there have been no previous studies investigating
the potential relationship between altered sleep duration and allergen sensitization.

Objective—To explore the association between sleep duration and sensitization to food and
aeroallergens.

Methods—This study includes 1534 rural Chinese adolescent twins aged 12 to 21 years who
completed standard sleep questionnaires and skin prick tests (SPTs) to 9 food and 5 aeroallergens.
Total sleep time was defined as the interval from bedtime to wake-up time minus sleep latency.
Sensitization was defined as having at least one positive SPT.

Results—Compared to individuals with the highest (3rd) tertile of sleep duration, those who slept
less were more likely to be sensitized to any food allergen with odds ratios (ORs) of 1.9 (95%
confidence interval(CI):1.3–2.7) and 1.4 (95%CI:1.0–1.9) for the 1st and 2nd tertiles (trend test
Ptrend=3×10−4), respectively. The corresponding ORs for sensitization to any aeroallergen were
1.5 (95%CI: 1.1–2.0) and 1.3 (95%CI:1.0–1.7) (Ptrend=8×10−3). These associations were
independent of percent body fat. In addition, we observed a significant dose-response association
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between the number of positive SPTs and percentage of shortest sleep duration (1st tertile)
(Ptrend=1×10−3).

Conclusions and Clinical Relevance—In this sample of relatively lean rural Chinese
adolescents, we found that short sleep duration was associated with increased risk of sensitization
to food and aeroallergens, independent of percent body fat. Longitudinal studies are needed to
further determine the temporal and causal relationships. If short sleep duration indeed is one of the
risk factors for allergic sensitization, the global burden of allergic diseases could be dramatically
reduced by providing appropriate guidance on sleep duration for youth.
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INTRODUCTION
Allergic diseases, including atopic dermatitis, food allergy, allergic rhinitis, and asthma are
common causes of morbidity worldwide [1–4], and have become more prevalent in the past
decades [4–8]. Allergic sensitization is considered a harbinger of, or a prerequisite for, many
allergic disorders and is usually defined as having detectable allergen specific IgE either by
way of in vivo (skin prick tests [SPTs]) or in vitro methods. The etiology of allergic
sensitization to food and aeroallergens is not fully understood. In light of the rapid rise of
allergic diseases, identification of modifiable risk factors for allergic sensitization and
diseases is of great clinical and public health importance.

One such potentially modifiable risk factor is short sleep duration. The mean sleep time
among American adults has declined from 8.5 to 6.9 hours per night over the last 40 years
[9,10]. Similarly, sleep duration in schoolchildren (especially adolescents) also has
decreased [11,12]. This change appears in parallel with an increased prevalence of
westernized diseases, such as obesity, cardiovascular disease, diabetes, and cancer [13–17].
Numerous epidemiologic studies have indicated that altered sleep duration (especially
inadequate sleep) plays an important role in overall human health and disease, with an
impact on metabolism[18,19], diabetes[20], immune function[21,22], and mortality[23].
Possible mechanisms may be due to the detrimental effects of sleep deprivation on
metabolic [24] and immune regulation [25], both of which may influence the development
of allergic sensitization and/or diseases, although no studies to date have been conducted to
investigate the potential association between sleep duration and allergic sensitization.

Most previous studies on the relationship between short sleep duration and health outcomes
were conducted in adults. Few such studies were conducted in adolescents [26] and none in
relatively lean rural Chinese adolescents. Adolescents are at a particularly high risk for short
sleep duration due to biological factors such as developmentally-adjusting circadian
rhythms, as well as increased social and educational demands [27]. It is well-recognized that
the prevalence of allergic disease is higher in adolescents than in adults [28,29].
Collectively, this provides a compelling rationale to examine the effect of short sleep
duration on allergic sensitization in adolescents.

Using a large rural Chinese adolescent cohort, the central focus of our study was to
investigate the potential relationship of short sleep duration and allergic sensitization to
common food allergens and aeroallergens among adolescents. Additionally, since previous
studies have suggested that both sleep duration and allergic sensitization are associated with
adiposity [16,30], we also examined whether the relationship of short sleep duration and
allergic sensitization was partially mediated by percentage body fat.
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METHODS
Study Sample

This study used data obtained from an ongoing NIH-funded prospective study on precursors
of metabolic syndrome in children in a large Chinese twin cohort. The baseline study was
carried out in 8 counties of the Anqing region of China from 1998 to 2000, and detailed
information for the baseline recruitment has been reported previously [31]. The follow-up
study was conducted from 2005 to 2008. Participants were invited to a central office to
complete the questionnaire interview (which included items about sleep, home environment,
smoking and history of breastfeeding). In addition, participants underwent physical
examinations, SPTs, anthropometric measurements, and DEXA scans. This study focused
on participants aged 12 to 21 years with complete information on sleep questionnaires and
SPTs at the follow-up survey. All subjects enrolled in this study provided informed consent.
The study protocol was approved by the Institutional Review Boards at Children's Memorial
Hospital and the Institute of Biomedicine, Anhui Medical University in Hefei, China.

Anthropometry and Puberty
Height and weight were measured using standard protocols. Height was measured to the
nearest 0.1 cm on a portable stadiometer. Weight was measured to the nearest 0.1 kg with
the subjects standing motionless on a scale. Each anthropometric measure was repeated
three times, and the mean value was used for subsequent analyses.

Dual Energy X-ray Absorptiometry Measurements
Standard whole-body scans were performed by dual energy X-ray absorptiometry
densitometer (DEXA, GE-Lunar Prodigy, USA) to measure total body fat and three regional
fat and lean compositions, including the trunk (chest, abdomen and pelvis), arms, and legs.
A standard software calculation [32] was used to calculate total body fat, which was
measured with a Lunar DPXL instrument (Madison, WI, USA). Percent body fat was
calculated as (total body fat/ body weight) × 100.

Skin Prick Tests (SPTs)
Detailed descriptions of SPTs for this twin cohort have been reported previously [33].
Briefly, the SPT was performed on the volar surfaces of the arms on normal skin using the
Multi-Test II (Lincoln Diagnostics, Decatur, IL). Subjects were tested to 14 allergens,
including 9 foods (cow milk, egg white, soybean, wheat, peanut, black walnut, sesame seed,
fish mix [cod, flounder, halibut, mackerel, tuna], shellfish mix [clam, crab, oyster, scallops,
shrimp]), 5 aeroallergens (Alternaria tenuis, cat hair, dog epithelia, house dust mite mix
[equal parts mixture of Dermatophagoides farinae and Dermatophagoides pteronyssinus],
and cockroach mix [American and German cockroach]), positive control (histamine, 1.0 mg/
mL) (Greer, Lenoir, NC) and negative control (50% glycerinated saline). The largest wheal
diameter and perpendicular wheal diameter were measured 15 minutes after application. The
average values computed from the largest wheal diameter and perpendicular wheal diameter
were used for the subsequent analyses. SPT was considered invalid and excluded if the
wheal diameter of the negative control was greater than 3 mm, or the difference of histamine
minus saline was 3 mm or less. Among valid SPTs, a positive SPT was defined if the mean
wheal diameter was 3 mm or greater than the saline control. “Any sensitization”, “any
sensitization to food”, and “any sensitization to aeroallergens” was defined as a positive SPT
to at least one of the 14 allergens; at least one of the 9 food allergens; and one of the 5
aeroallergens tested, respectively.
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Sleep Parameter Measurements
Sleep duration was assessed by standard sleep questionnaires and diaries. A Chinese
translation of the Pittsburgh Sleep Quality Index (PSQI) questionnaire, which has been
proven to have excellent sensitivity and reliability [34], was used to obtain average sleep
characteristics over the month prior to the interview. The major questions in the PSQI about
sleep duration were as follows:

i. “During the last month, what time did you usually go to bed for sleep?”

ii. “During the last month, how long did it take for you to fall asleep (after going to
bed) each night?” (i.e. sleep latency)

iii. “During the last month, what time did you usually wake up in the morning?”

iv. “During the last month, how many hours did you actually sleep during the night?”

Children under 18 years old were asked to answer these questions first. Their parents were
then asked to confirm and verify their children’s’ answers during a subsequent joint
interview. Sleep diaries were obtained for 4–7 consecutive days from the date of the
interview.

In the sleep diary, all subjects were asked to answer the following questions:

i. “What time did you wake up today?”

ii. “What time did you go to bed for sleep last night?”

iii. “How long did it take for you to fall asleep (after going to bed) last night?”

iv. “How many hours did you sleep last night?”

In addition, pre-sleep activities, defined as anything done within one hour before bedtime,
were also recorded by participants.

In this report, total sleep time was defined using sleep parameters including bedtime at
night, wake-up time in the morning, and sleep latency (i.e. total sleep time (hours) = wake-
up time in the morning - bedtime at night - sleep latency time) obtained via sleep
questionnaires.

Statistical Analysis
The major outcomes included sensitization to any food allergen and any aeroallergen, as
well as sensitization to a specific allergen if its prevalence was 10% and above. We
presented the mean anthropometric measures and the frequencies of epidemiological factors
by sensitization status (yes vs. no). We then compared the differences by fitting generalized
estimating equations (GEE) to adjust for the correlation within each twin pair.

Sleep duration status was grouped into general tertiles or age group, gender-specific tertiles;
the lowest tertile was defined as having short sleep duration. We applied GEE models to
examine the associations between tertiled sleep duration and allergen sensitization. We first
fitted Model 1 to adjust for covariates that are potential risk factors for allergic sensitization
or allergic disease [35], including age, gender, education (primary school or lower, junior
high (middle school, high school or higher), occupation (student/non-student), visible
cockroaches in the home (none, occasional, some, or many), tobacco exposure (active/
passive), and birth order. To evaluate whether the relationship of sleep duration and allergic
sensitization was partially mediated by body fat, we fitted Model 2 by including percent
body fat (age, gender-specific tertiles) and the covariates in Model 1. Finally, we examined
the effect of short sleep duration on the number of allergen sensitizations (i.e. number of
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positive SPTs: sensitization to zero, one, two, three, and four or more allergens). All
analyses were performed using SAS software, version 9.0 (SAS Institute, Cary, North
Carolina).

RESULTS
Characteristics of the study subjects

A total of 1,534 participants aged 12 to 21 years were included in the present study. The
number of subjects who were sensitized to any food allergen, any aeroallergen, and none of
the 14 common allergens was 379 (24.7%), 651 (42.4%), and 759 (49.5%), respectively.
Among these common allergens, sensitization to four specific allergens (shellfish, peanut,
house dust mite, and cockroach) each had a prevalence of 10% and above (Supplemental
Table I), and thus were tested for the associations with sleep duration indicated below. Table
1 shows the general characteristics of the subjects by sensitization status. Compared with
twins who had no allergen sensitization, those sensitized to any food allergen were younger
(16.3 vs. 16.7 years) and also had a lower BMI (19.0 vs. 19.4 Kg/m2) (p<0.05). This
difference was not seen for the sensitization to aeroallergens; instead, twins who were
sensitized to any aeroallergen were taller (158.0 vs. 156.1 cm) (p<0.01) and heavier (48.7
vs. 47.4 Kg) (p<0.001) than non-sensitized twins. The prevalence of any aeroallergen
sensitization was higher in boys than in girls (p<0.01). There were no significant differences
between the non-sensitized group and the groups with any food sensitization and any
aeroallergen sensitization with regard to percent body fat, smoking status, breastfeeding, and
the presence of pets, mice, farm animals, or cockroaches in the home. In addition, the
subgroup of subjects sensitized to both food and aeroallergen had demographic
characteristics that were similar to the non-sensitized controls. We also performed analyses
to examine the associations of those factors with sleep duration (Supplemental Table II).
Compared with subjects who had longer sleep duration, those with short sleep duration and
medium sleep duration had higher weight, height, education level, and were more likely to
be students. Additionally, the subjects with short sleep duration were slightly older than
those with longer sleep duration.

Distribution of sleep duration
The distributions of median sleep duration vs. age by allergic sensitization status and gender
were illustrated in Figure 1. Of note, there were only four subjects who were 12 years of age
in this study population; these four subjects were merged to the age 13 group when we
plotted Figure 1. Compared to the non-sensitization group, most of the age-specific medians
of sleep duration were lower in the allergic sensitization group. Additionally, the ranges of
sleep duration tertiles were 3.0 to 7.8 hours (T1:1st tertile), 7.8 to 8.9 hours (T2:2nd tertile),
and 8.9 to 14.7 hours (T3:3rd tertile), respectively.

Relationship between sleep duration and allergen sensitization to food and aeroallergens
As shown in Tables 2 and 3, there were dose-response relationships between sleep duration
(grouped by general tertiles) and allergen sensitization to any food allergen, any
aeroallergen, and four common allergens. Compared with those having the highest tertile of
sleep duration, twins who slept less were more likely to be sensitized to any food allergen
with ORs of 1.9 (95% confidence interval(CI):1.3–2.7) and 1.4 (95%CI:1.0–1.9) for the 1st

and 2nd tertiles, respectively (p-trend=3 × 10−4, model 1) (Table 2). Similarly, the risk of
being sensitized to any aeroallergen increased with decreasing sleep duration (2nd tertile:
1.3(95%CI: 1.0–1.7); p-trend=8×10−3; 1st tertile: 1.5 (95%CI:1.1–2.0) (Table 3). These
dose-response patterns were also observed for sensitization to peanut, shellfish, house dust
mites, and cockroach. Finally, the associations persisted after adjusting for percent body fat
(Model 2 in Table 2 and Table 3). Note that the results did not substantially change when we
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analyzed age group, gender-specific sleep duration tertiles compared to general sleep
duration tertiles (Supplemental Table III and IV) or when we excluded subjects with current
or prior allergic diseases or sleep disorders (Supplemental Table V and VI).

Relationship between short sleep duration and the number of sensitizations
We further investigated the relationship between short sleep duration and the number of
sensitizations (i.e. number of positive SPTs) after adjusting for covariates in Model 2. As
shown in Figure 2, twins with more positive SPTs were more likely to have a higher
percentage of short sleep duration. This positive linear trend was statistically significant (p-
trend=1×10−3).

DISCUSSION
To our knowledge, this is the first study to investigate the potential relationship between
sleep duration and allergen sensitization in a large population. We demonstrated not only
that short sleep duration was associated with increased sensitization to food allergens and
aeroallergens, but also that such an association appeared to occur in a dose-response manner
and was independent of percent body fat. As compared to adults and urban or western
counterparts, this is a relatively lean rural population [30], thus, it is less likely to be
confounded by obesity and obesity-associated sleep disorders, and urban factors that could
adversely affect the sleep environment. Although this study is limited by its cross-sectional
study design, the finding on the association between sleep duration and allergen sensitization
is intriguing. It raises the possibility that short sleep duration may be a modifiable risk factor
for allergic sensitization or future development of allergic diseases.

Inadequate sleep is common in modern societies [9,10]. Evidence from the National Sleep
Foundation Survey in the U.S. indicated that 45% of adolescents slept less than 8 hours on
school nights, and 78% reported that they needed more than 8 hours of sleep to feel their
best [36]. Compared to their U.S. counterparts, Chinese adolescents reported later bedtimes,
earlier rise times, and shorter sleep duration [37]. Our previous study reported that later
bedtime coupled with earlier wake-up time associated with academic demand appeared to be
important contributors to sleep loss among this population, in which the majority was
school-age students [12]. Both epidemiological and experimental studies have shown that
short sleep duration is associated with an increased risk of developing diabetes [14,38],
obesity [39,40], and cardiovascular disease [13,41], with evidence of influence on immune
function. To our knowledge, however, no previous study has examined the relationship
between short sleep duration and IgE-mediated allergen sensitization.

In the present study, we demonstrated a dose-response relationship between short sleep
duration and allergen sensitization to food and aeroallergens. Allergen sensitization was
more prevalent among those in the lower sleep duration tertiles compared to those in the
highest sleep duration tertile. These associations were not substantially changed when we
adjusted for percentage body fat and other covariates, such as age, occupation, education,
cockroach at home, smoking status, and birth order. More interestingly, we found a linear
relationship between short sleep duration and the number of positive SPTs.

Although the biologic mechanisms underlying this finding remain unclear, the immune
alterations due to sleep deprivation may contribute to the development of allergen
sensitization. Prior studies have demonstrated that sleep deprivation affects immune
function, including an increased susceptibility to infections [25,42]. Leeuwen et al [43]
reported that sleep restriction resulted in an elevated production of pro-inflammatory
cytokines (e.g., IL-1β, IL-6, and IL-17), which play important roles in immune defense and
tissue damage [44–46]. So far, the results related to the effect of sleep deprivation on
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immunoglobulin level are not well understood in humans. One study reported that
immunoglobulin level increases with sleep deprivation [47], while another study suggested
that sleep deprivation decreased the immunoglobulin level [48]. However, most of these
studies were based on short periods of sleep loss. The effects of long-term sleep deprivation
on B-cell proliferation and IgE production have not yet been elucidated. It is possible that
the influence of sleep duration on immune function varies according to the degree of sleep
deprivation. For example, natural killer-cell activity has been reported to decrease after
partial night sleep deprivation [49,50] and increase during prolonged sleep deprivation [51].

Our findings should be interpreted in the context of this study. Total sleep duration was
calculated based on sleep questionnaires, which, we believe, reflect long-term sleep habits.
Due to the cross-sectional nature of our study, we cannot determine the causal relationship
between short sleep duration and allergen sensitization, which may be bi-directional.
However, in this study population we speculate that short sleep duration more likely led to
allergen sensitization rather than vice versa for the following reasons. Our previous report
showed that there was a low prevalence of allergic diseases in this population despite a high
prevalence of sensitization [25], and thus the vast majority of sensitized subjects were
clinically asymptomatic. Furthermore, we also obtained similar results when the subjects
with current or prior allergic diseases or sleep disorders were excluded from the analyses.

There were several limitations in our study. Firstly, although we tested the most common
food and indoor allergens among our population, we may have missed some common and
important food or aeroallergens, for example, the pollens. This may lead to a
misclassification of the non-sensitized group. this were the case, it would have biased the
sleep-sensitization association towards null. That is, we might have underestimated the true
association. Secondly, in this report we treated twins as individuals, although we corrected
intra-twin correlations using GEE. We did not correct multiple comparisons because two
highly correlated phenotypes were tested here. Nevertheless, the robust association and
highly significant p-values suggested that the associations were unlikely due to chance
alone.

In summary, we demonstrated that short sleep duration was associated with sensitization to
food allergens and aeroallergens in this large sample of rural Chinese adolescents. Our
findings may be generalized to the general population in the Anqing area because this twin
population was enrolled from the local community, had similar demographic characteristics
and lifestyle, and were comparable to the local general population with regards to age- and
gender-specific weight, height, and pulmonary functions as demonstrated in our previous
study [31]. But caution is needed in generalizing our findings to other populations due to
differences in demographic, environmental, dietary, and lifestyle factors. Additional
longitudinal and experimental studies are needed to confirm our findings and elucidate the
causality of the association between short sleep duration and allergen sensitization, and the
underlying biological mechanisms, which may provide useful information and help in
developing novel prevention and treatment strategies for reducing the global burden of
allergic diseases.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure.1. Age-specific median sleep duration by sensitization status in male (left) and female
(right)
S denotes the allergic sensitization group; N denotes the non-allergic-sensitization group.
Four subjects who were 12 years-old were grouped with those aged 13.
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Figure.2. Dose-response effect of allergen sensitization on prevalence of short sleep duration
GEE model was used to test the associations of short sleep duration and allergen
sensitization with adjustment for age, sex, occupation, education, cockroach at home,
smoking status, birth order and percent body fat ;Short sleep duration was defined as the 1st

tertile of sleep duration tertiles (I.e. bottom tertile, 3.0 to 7.8 hours).
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Table I

Characteristics of Chinese Adolescents.

Variables

Any food allergen
sensitization Any aeroallergen sensitization

Both Food &
aeroallergen
sensitization

No sensitization

N=379 N=651 N=261 N=759

Mean±SD

Age (Yr) 16.3 ± 2.1* 16.8 ±2.1 16.6 ±2.1 16.7 ±2.1

Weight (kg) 46.8±8.3 48.7 ± .1** 47.9 ± 8.4 47.4 ± 7.5

Height (cm) 156.6 ± 8.1 158.0 ± 8.2*** 157.3 ±8.5 156.1 ± 7.9

BMI (kg/m2) 19.0± 2.5* 19.4 ± 2.4 19.3 ± 2.5 19.4 ± 2.3

Percent body fat 18.7±9.3 18.2 ±9.4 19.1±9.3 19.2±9.7

N (%)

Sex

  Male 212(55.9)       389(59.8)** 146(55.9) 383(50.5)

  Female 167(44.1) 262(40.2) 115(44.1) 376(49.5)

Education

  Primary school and lower 44(11.6) 51(7.8) 27(10.3) 71(9.4)

  Junior High/middle school 229(60.7) 392(60.2) 152(58.2) 467(61.5)

  High school and higher 105(27.7) 208(32.0) 82(31.4) 221(29.1)

Occupation

  Students 276(72.8)* 443(68.1) 185(70.9) 499(65.7)

  Others 103(27.2) 208(31.9) 76(29.1) 260(34.3)

Smoking Status

  Non-Smoking 91 (24.0) 132 (20.3) 61(23.4) 155(20.4)

  Current or passive Smoking 288 (76.0) 519 (79.7) 200(76.6) 604 (79.6)

Breastfeeding

  No 157(44.4) 276(42.4) 110(42.1) 322(42.4)

  Yes 222 (58.6) 375 (57.6) 151(57.9) 437 (57.6)

Pet at home

  No 163(43.0) 308(47.3) 118(45.2) 334(44.0)

  Yes 216 (57.0) 343(52.7) 143(54.8) 425 (56.0)

Farm animal

  No 95(25.1) 165(25.3) 62(23.7) 168(22.1)

  Yes 284(74.9) 486(74.7) 199(76.3) 591(77.9)

Mice at home

    No 117 (30.9) 218 (33.5) 80(30.7) 251 (33.1)

    Yes, Occasionally 175 (46.2) 283 (43.5) 123(47.1) 347 (45.7)

    Yes, Some or Many 87 (23.0) 150 (23.0) 58(22.2) 161 (21.2)

Cockroach at home

   No 222 (58.6) 411 (63.1) 151(57.8) 480 (63.2)

   Yes, Occasionally 119 (31.4) 191 (29.3) 85(32.6) 224 (29.5)
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Variables

Any food allergen
sensitization Any aeroallergen sensitization

Both Food &
aeroallergen
sensitization

No sensitization

N=379 N=651 N=261 N=759

   Yes, Some or Many 38 (10.0) 49 (7.5) 25(9.6) 55 (7.3)

Birth order

   First 196(51.7) 332(51.0) 135(51.7) 373(49.1)

   Second 183(48.3) 319(49.0) 126(48.3) 386(50.9)

i
GEE model was used to test the differences between no sensitization group and any food allergen sensitization group, any aeroallergen

sensitization group, both food and aeroallergen sensitization group;
ii

*
p<0.05;

**
p<0.01;

***
p<0.001.
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