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Sleep behaviours are potentially modifiable risk factors for infectious disease. However, little is known about the combined effects
of multiple sleep factors on the risk of infections. We investigated the prospective associations of combined healthy sleep patterns
with the risk of hospitalization for infection in 397,523 participants (mean (SD) age: 56.3 (8.1) years) from the UK Biobank. Healthy
sleep patterns were defined by healthy sleep scores according to a combination of adequate sleep duration (7–8 h/day), early
chronotype, no insomnia, and no excessive daytime sleepiness. During a median follow-up of 13.5 (interquartile range: 12.4–14.2)
years, 60,377 cases of hospitalization for any infection were documented. A healthy sleep score was inversely associated with the
risk of hospitalization for any infection and various infection subtypes in a dose-dependent manner (P for trend < 0.001). The
associations between a one-point increment of healthy sleep score and hospitalization for infections ranged from a 9% lower risk
for sepsis (HR= 0.91; 95% CI, 0.89–0.93) to a 20% lower risk for liver infection (HR= 0.80; 95% CI, 0.74–0.87). More than 10% of
hospitalizations for any infection could have been prevented if all participants adhered to the four low-risk sleep behaviours.
Adherence to a healthy sleep pattern was associated with a decreased risk of hospitalization for infections, especially for individuals
<65 years of age and females (P for interaction < 0.00045). Our findings highlight the potential of sleep behaviour interventions for
the primary prevention of infectious diseases.
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INTRODUCTION
Despite improvements in sanitation, vaccine development, and
other public health measures, infectious diseases remain a leading
cause of health loss globally [1, 2]. Approximately 10.2 million
people died of infectious diseases in 2019, representing 18.4% of
all deaths worldwide [3]. It is well established that lifestyle risk
factors are associated with the progression of infectious diseases
[4]. Therefore, it is of great necessity and high priority to explore
modifiable risk factors for contracting infectious diseases and
identify vulnerable groups [5].
Sleep behaviour is recognized as a key regulator of the

immune response [6] and a potentially modifiable risk factor for
infectious disease [7, 8]. Experimental evidence demonstrates
that sleep loss can adversely affect the immune system and host
resistance, potentially increasing the risk of infectious diseases
[9]. Recent epidemiologic studies have also linked a variety of
unhealthy sleep behaviours, including abnormal sleep duration
[10–12], insomnia [13, 14], excessive daytime sleepiness [15],
and evening chronotype [16], with an increased risk of
infections. Notably, various sleep behaviours are typically
clustered and intricately linked in a compensatory manner
[17]. Therefore, a combination of multiple sleep behaviours may
represent a comprehensive assessment of sleep patterns and

elucidate additional clinically relevant information [18, 19].
However, the majority of previous studies assessed sleep
behaviours individually without considering the complexity of
the overall sleep pattern. Only a few studies have simultaneously
assessed the independent effect of multiple sleep behaviours on
infections, and the results have been inconsistent [20–23].
Emerging studies have generated healthy sleep scores to
investigate the associations between healthy sleep patterns
and noncommunicable diseases [17, 24]. Nonetheless, the
associations between healthy sleep patterns and infectious
diseases remain unclear. Moreover, the available evidence on
the relationship between sleep behaviours and infections has
been restricted to a few infection subtypes, particularly
respiratory viral infections [25, 26]. However, whether these
associations are universally applicable for additional infection
subtypes has yet to be elucidated.
Therefore, we prospectively assessed the associations of

combined healthy sleep patterns with the risk of hospitalization
for infection and specific infection subtypes using data from a
large community-based cohort of the UK Biobank. Furthermore,
we conducted stratification analyses to examine whether the
associations were consistent among different subgroups stratified
by various potential confounders.
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MATERIALS AND METHODS
Study design and participants
The UK Biobank is a large population-based prospective cohort study in
which more than 500,000 participants aged 40–73 years were recruited
from 22 assessment centers throughout the UK between 2006 and 2010
[27]. The detailed study protocol has been previously described elsewhere
[28, 29]. Extensive data, including demographic data, lifestyle data (e.g.,
sleep behaviours), and medical information, were gathered from all
participants through touchscreen questionnaires, interviews, and physical
measurements [30]. All participants provided written informed consent.
The UK Biobank study received ethical approval from the NHS National
Research Ethics Service (16/NW/0274).
In the present study, we excluded participants who were subsequently

lost to follow-up (n= 1297), those with HIV/AIDS (n= 481) and/or
malignant neoplasm (n= 46,508) at any time, and those with incomplete
data regarding sleep behaviours (n= 56,525). Participants with corre-
sponding infection outcomes at baseline were excluded from each
analysis. After these exclusions, a total of 397,523 participants were
included in 1 or more of the final analyses. A flowchart depicting the
selection of the study participants is presented in Supplementary Fig. 1.

Ascertainment of sleep behaviours
The information on sleep behaviours in the UK Biobank study was self-
reported using a touchscreen questionnaire [17]. Sleep duration was
measured by asking participants ‘About how many hours sleep do you get
in every 24 h? (include naps)’. Chronotype was determined by the question
‘Do you consider yourself to be (i) definitely a morning person, (ii) more a
morning than evening person, (iii) more an evening than morning person,
or (iv) definitely an evening person’. Insomnia symptoms were recorded by
asking ‘Do you have trouble falling asleep at night or do you wake up in
the middle of the night?’, with responses of (i) never/rarely, (ii) sometimes,
or (iii) usually. Subjecive daytime sleepiness was collected by asking ‘How
likely are you to doze off or fall asleep during the daytime when you don’t
mean to?’, with responses of (i) never/rarely, (ii) sometimes, (iii) often, or
(iv) all of the time. Low-risk sleep factors were defined as adequate sleep
duration (7–8 h/day), early chronotype (“morning” or “morning than
evening”), no frequent insomnia symptoms (“never/rarely” or “some-
times”), and no excessive daytime sleepiness (“never/rarely” or “some-
times”). The details of the calculation of the sleep pattern score have been
described previously [17, 24]. We created dichotomous variables for each
sleep factor, which were assigned a score of 1 if they met the low-risk
criterion or a score of 0 otherwise. The scores of all four sleep factors were
summed to obtain a score for healthy sleep patterns. The healthy sleep
score ranged from 0–4, with a higher score indicating a healthier sleep
pattern.

Ascertainment of hospitalization for infections
The date and cause of hospitalization for infections were identified by
linking to Hospital Episode Statistics (HES), which contains the International
Classification of Disease edition 10 (ICD-10) diagnoses for inpatient
admissions at National Health Service (NHS) hospitals in England.
Hospitalization for any infection was identified by specific ICD-10 codes
in the hospital inpatient records [1, 5]. Based on the infected organ, the
diagnoses of hospitalization for any infection were subdivided into
different subtypes, including central nervous system (CNS) infections,
gastrointestinal (GI) infections, liver infections, respiratory infections, sepsis,
skin infections, urogenital infections, and other infections. “Other infec-
tions” represent infectious diseases without a specific infected organ or too
rare to constitute a separate subtype [31]. The diagnoses were also
categorized into viral and bacterial infection subgroups based on the
pathogen. The detailed ICD-10 codes for any infection and the specific
infection subtypes are listed in Supplementary Table 1.

Covariates
Covariate information was obtained from the baseline questionnaires and
included sociodemographic factors (age, sex, race, Townsend Deprivation
Index (TDI), education), lifestyle habits (smoking status, drinking status,
body mass index (BMI), physical activity), and medical history [hyperten-
sion, diabetes and cardiovascular disease (CVD)]. The TDI is an indicator of
socioeconomic deprivation provided by the UK Biobank according to the
residential postcode [32]. Smoking status and drinking status were self-
reported and categorized as never, previous, or current. BMI was calculated
by dividing a participant’s weight by the square of his or her height in

meters (kg/m2). Participants were categorized into those who met and did
not meet WHO guidelines on physical activity (150min of moderate
activity per week or 75min of vigorous activity). Hypertension was
ascertained by self-reports of physician diagnoses, antihypertensive
medication use, systolic blood pressure ≥140mmHg, or diastolic blood
pressure ≥90mmHg. The medical history of diabetes and CVD was
obtained according to self-reported information about physician diagnosis
information at baseline. Details of the covariates are provided in
Supplementary Table 2 and are also available on the UK Biobank website
(www.ukbiobank.ac.uk).

Statistical analyses
The baseline characteristics of 397,523 participants are summarized as the
mean (SD) for continuous variables and as the number (%) for categorical
variables according to the healthy sleep score (Table 1). The follow-up time
was calculated from the recruitment date to the first incidence of hospital
admission for infection, the date of death, or the end of the follow-up (31
October 2022). To minimize the potential for inferential bias, multiple
imputations by chained equations (MICE) were used to address the missing
covariate values [33, 34]. The percentages of missing variables are shown
in Supplementary Table 3.
Cox proportional hazard regression models were applied to estimate the

associations of individual sleep factors and healthy sleep scores with the risk
of hospitalization for any infection and for specific infection subtypes. The
results are reported as hazard ratios (HRs) with 95% confidence intervals (CIs).
Proportional hazard assumptions were assessed by a combination of log-log
plots and Schoenfeld residuals, and no violations were revealed. The basic
model (Model 1) was adjusted for baseline age (continuous), sex (male or
female), and race (white or other). The fully adjusted model (Model 2) was
further adjusted for TDI (continuous), BMI (continuous), education (degree or
no), physical activity (meets WHO guidelines or no), smoking status (never,
previous, current), drinking status (never, previous, current), hypertension
status (yes or no), CVD status (yes or no), and diabetes status (yes or no). For
analyses of individual sleep factors, all four sleep factor data were
simultaneously adjusted. In addition, we calculated the population
attributable risk percent (PAR%) for individual and combined sleep factors
to estimate the proportion of hospitalization for infection cases that
theoretically would have been prevented if all participants adhered to low-
risk sleep behaviours. The calculation of PAR% was performed using the
“epi2by2” function of the “epiR” package. For analyses of overall sleep
patterns, we tested the linear trend by treating healthy sleep scores as
continuous variables to estimate HRs per 1 score increment and P for trend.
Subsequently, we performed stratified analyses according to age (≥65 or

<65 years), sex (male or female), race (white or other), BMI (≥30 kg/m2,
<30 kg/m2), physical activity (meets WHO recommends or no), smoking
status (current or no), drinking status (current or no), hypertension status
(yes or no), diabetes status (yes or no) and CVD status (yes or no). We
assessed the potential interaction between healthy sleep scores and
stratified factors using the likelihood ratio test by comparing the fully
adjusted models with and without a cross-product term. We performed
several sensitivity analyses to examine the robustness of our study. First,
we excluded participants who experienced hospitalization for infection
events within the first 2 years of follow-up to reduce potential reverse
causation. Second, we restricted the analyses to participants with no
missing covariate data. Moreover, the average 24-hour level of noise
pollution was further adjusted as possible confounders based on the main
model. Considering the potential influence of psychological factors, we
further adjusted for the depression and anxiety at baseline.
All the statistical analyses were performed using R software (version

4.3.1). A two-sided P value < 0.05 was considered to indicate statistical
significance. We adopted conservative Bonferroni correction using a
threshold of P < 4.55 × 10−4 (0.05/110) to determine a significant interac-
tion effect in the multiple testing of the stratified analysis.

RESULTS
Baseline characteristics
Table 1 describes the baseline characteristics of the included
participants (n= 397,523) according to the healthy sleep score.
Overall, participants had a mean (SD) age of 56.3 (8.1) years, and
54.9% were female. Participants with higher healthy sleep scores
were more likely to be younger, white, less materially deprived,
more educated, more physically active, never smokers, and have a
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lower BMI. They also tended to have a lower prevalence of
hypertension, diabetes, and CVD at baseline.

Associations of individual sleep factors with the risk of
hospitalization for infection
During a median of 13.5 (interquartile range: 12.4–14.2) years of
follow-up, we documented 60,377 cases of hospitalization for any
infection. When four low-risk sleep factors were considered
separately, adequate sleep duration (HR= 0.89; 95% CI,
0.87–0.90), early chronotype (HR= 0.96, 95% CI, 0.94–0.97), no
frequent insomnia (HR= 0.90; 95% CI, 0.88–0.91), and no excessive
daytime sleepiness (HR= 0.83; 95% CI, 0.80–0.87) were each
independently associated with a lower risk of hospitalization for
any infection in the fully adjusted model (Table 2). The proportion
of hospitalization for any infection due to individual unhealthy
sleep behaviours ranged from 0.79–8.00%, among which sleep
duration (PAR%= 8.00%; 95% CI, 7.48–8.51%) and insomnia (PAR
%= 6.40%; 95% CI, 5.93–6.86%) were the predominant factors.
The combined PAR% of any infection for all four sleep factor
combinations was 12.09% (95% CI, 11.09–13.08%), suggesting that
more than 10% of hospitalizations for any infection would have
been prevented if all participants adhered to the four low-risk
sleep behaviours.
Similar protective effects of individual sleep factors were

observed in the analyses of specific infection subtypes, although

with a few exceptions (all P < 0.05). Specifically, there were no
significant associations between adequate sleep duration and CNS
infection; early sleep duration with CNS infection, GI infection or
liver infection; or no association between excessive daytime
sleepiness and liver infection (all P > 0.05). Four low-risk sleep
factors were simultaneously associated with decreased risks of
hospitalization for viral (HR= 0.85; 95% CI, 0.83–0.88; PAR
%= 15.78%) and bacterial infections (HR= 0.89; 95% CI,
0.87–0.91; PAR%= 12.18%). The risk of hospitalization for infection
attributable to all four sleep factors varied by specific infection
subtype, ranging from 13.41% (95% CI, 10.95%–15.80%) for sepsis
to 26.36% (95% CI, 15.27–35.99%) for liver infection.

Associations of healthy sleep patterns with the risk of
hospitalization for infection
When these four sleep factors were combined, the risk of
hospitalization for any infection and specific infection subtypes
gradually attenuated with increasing healthy sleep score in a
dose-dependent manner (all P values for trend < 0.001; Table 3).
Fig. 1 and Supplementary Fig. 2 present the cumulative risk of
hospitalization for any infection and specific infection subtypes
stratified by healthy sleep score during follow-up, respectively.
These inverse associations and dose–response relationships
remained statistically significant after adjustment for a series of
potential confounders. Compared with participants with the

Table 1. Baseline characteristics according to healthy sleep score.

Characteristic Healthy sleep score Overall
(n= 397,523)

0 (n= 1335) 1 (n= 22,822) 2 (n= 83,869) 3 (n= 156,395) 4 (n= 133,102)

Age, mean (SD) 56.3 (8.0) 56.4 (8.0) 56.6 (8.0) 56.1 (8.2) 56.2 (8.1) 56.3 (8.1)

Female (%) 659 (49.4) 13779 (60.4) 48209 (57.5) 82870 (53.0) 72667 (54.6) 218184 (54.9)

White (%) 1144 (85.7) 20711 (90.8) 76763 (91.5) 143748 (91.9) 123293 (92.6) 365659 (92.0)

TDI 0.46 (3.65) −0.63 (3.38) −1.06 (3.19) −1.36 (3.05) −1.60 (2.92) −1.33 (3.07)

BMI (kg/m2), mean (SD) 30.48 (6.47) 28.51 (5.58) 27.92 (5.10) 27.38 (4.70) 27.00 (4.49) 27.44 (4.80)

Education (%)

College or University
degree

290 (21.7) 5819 (25.5) 24587 (29.3) 53114 (34.0) 46552 (35.0) 130362 (32.8)

No 1045 (78.3) 17003 (74.5) 59282 (70.7) 103281 (66.0) 86550 (65.0) 267161 (67.2)

Physical activity (%)

Meets WHO guidelines 509 (38.1) 10880 (47.7) 42892 (51.1) 84685 (54.1) 76709 (57.6) 215675 (54.3)

Smoking status (%)

Never 554 (41.5) 10638 (46.6) 42646 (50.8) 84584 (54.1) 79406 (59.7) 217828 (54.8)

Previous 475 (35.6) 8321 (36.5) 30155 (36.0) 54693 (35.0) 43283 (32.5) 136927 (34.4)

Current 306 (22.9) 3863 (16.9) 11068 (13.2) 17118 (10.9) 10413 (7.8) 42768 (10.8)

Drinking status (%)

Never 84 (6.3) 1115 (4.9) 3835 (4.6) 6344 (4.1) 5850 (4.4) 17228 (4.3)

Previous 145 (10.9) 1216 (5.3) 3404 (4.1) 5196 (3.3) 4006 (3.0) 13967 (3.5)

Current 1106 (82.8) 20491 (89.8) 76630 (91.4) 144855 (92.6) 123246 (92.6) 366328 (92.2)

Hypertension (%) 857 (64.2) 13376 (58.6) 48476 (57.8) 86860 (55.5) 73044 (54.9) 222613 (56.0)

Diabetes (%) 214 (16.0) 1902 (8.3) 5282 (6.3) 7735 (4.9) 5387 (4.0) 20520 (5.2)

CVD (%) 229 (17.2) 2007 (8.8) 5940 (7.1) 8348 (5.3) 5881 (4.4) 22405 (5.6)

Low-risk sleep factors (%)

Sleep duration, 7–8 h/d — 3.4 27.4 72.1 — 67.8

Early chronotype — 8.0 42.1 50.0 — 62.5

No frequent insomnia — 4.2 35.2 79.2 — 72.3

No excessive daytime
sleepiness

— 84.4 95.3 98.7 — 97.2

TDI townsend deprivation index, BMI body mass index, Meets WHO guidelines: 150mins of moderate activity per week or 75 mins of vigorous activity, CVD
cardiovascular disease.
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Table 2. Relationships between individual sleep factors and risk of hospitalization for infection.

No. of cases/person-
years

Model 1a Model 2b PAR% (95% CI)

HR (95% CI) P value HR (95% CI) P value

Any infection

Sleep duration, 7–8 h/d 37942/3226664 0.82 (0.80–0.83) <0.001 0.89 (0.87–0.90) <0.001 8.00 (7.48–8.51)

Morning person 37488/2933939 0.91 (0.90–0.93) <0.001 0.96 (0.94–0.97) <0.001 0.79 (0.22–1.35)

No frequent insomnia 41101/3427451 0.85 (0.84–0.87) <0.001 0.90 (0.88–0.91) <0.001 6.40 (5.93–6.86)

No excessive daytime
sleepiness

57988/4567393 0.72 (0.69–0.75) <0.001 0.83 (0.80–0.87) <0.001 1.36 (1.22–1.50)

All four factorsc 17960/1604611 0.81 (0.79–0.82) <0.001 0.88 (0.87–0.90) <0.001 12.09 (11.09–13.08)

Infection subtype

CNS

Sleep duration, 7–8 h/d 433/3610892 0.86 (0.73–1.00) 0.055 0.90 (0.76–1.05) 0.189 7.91 (2.45–13.07)

Morning person 437/3317516 0.97 (0.83–1.13) 0.685 0.98 (0.84–1.15) 0.802 −0.86 (−6.77–4.72)

No frequent insomnia 449/3840809 0.78 (0.67–0.92) 0.003 0.80 (0.68–0.95) 0.009 10.40 (5.32–15.20)

No excessive daytime
sleepiness

657/5160589 0.57 (0.41–0.80) 0.001 0.62 (0.44–0.87) 0.006 2.51 (0.80–4.19)

All four factors 210/1784420 0.86 (0.73–1.01) 0.063 0.90 (0.76–1.06) 0.191 9.51 (−1.30–19.17)

GI

Sleep duration, 7–8 h/d 2319/3590569 0.73 (0.69–0.78) <0.001 0.82 (0.76–0.87) <0.001 13.18 (10.89–15.40)

Morning person 2451/3295190 0.93 (0.87–0.99) 0.033 0.97 (0.91–1.03) 0.335 0.34 (−2.10–2.73)

No frequent insomnia 2569/3818767 0.82 (0.77–0.88) <0.001 0.88 (0.82–0.94) <0.001 9.73 (7.66–11.75)

No excessive daytime
sleepiness

3732/5126757 0.61 (0.53–0.70) <0.001 0.75 (0.65–0.87) <0.001 2.45 (1.75–3.16)

All four factors 1087/1775074 0.75 (0.70–0.81) <0.001 0.84 (0.78–0.90) <0.001 17.57 (13.31–21.62)

Liver

Sleep duration, 7–8 h/d 340/3610904 0.72 (0.61–0.85) <0.001 0.79 (0.67–0.94) 0.007 15.93 (9.87–21.58)

Morning person 354/3317211 0.88 (0.75–1.03) 0.121 0.94 (0.80–1.11) 0.472 5.00 (−1.51–11.10)

No frequent insomnia 378/3840491 0.69 (0.58–0.82) <0.001 0.73 (0.61–0.86) <0.001 12.27 (6.76–17.46)

No excessive daytime
sleepiness

564/5159981 0.63 (0.44–0.90) 0.012 0.74 (0.52–1.07) 0.107 2.69 (0.82–4.53)

All four factors 147/1784434 0.65 (0.54–0.79) <0.001 0.73 (0.60–0.88) <0.001 26.36 (15.27–35.99)

Respiratory

Sleep duration, 7–8 h/d 19024/3487745 0.78 (0.76–0.80) <0.001 0.87 (0.85–0.89) <0.001 10.13 (9.36–10.89)

Morning person 19129/3192939 0.88 (0.86–0.90) <0.001 0.94 (0.91–0.96) <0.001 1.77 (0.94–2.60)

No frequent insomnia 20781/3706980 0.83 (0.81–0.85) <0.001 0.89 (0.87–0.91) <0.001 7.83 (7.13–8.51)

No excessive daytime
sleepiness

29712/4966157 0.68 (0.64–0.71) <0.001 0.81 (0.77–0.85) <0.001 1.90 (1.67–2.12)

All four factors 8773/1728164 0.76 (0.74–0.78) <0.001 0.85 (0.83–0.87) <0.001 16.12 (14.68–17.54)

Sepsis

Sleep duration, 7–8 h/d 7231/3591314 0.81 (0.78–0.84) <0.001 0.90 (0.87–0.94) <0.001 8.88 (7.59–10.15)

Morning person 7192/3297804 0.87 (0.84–0.91) <0.001 0.93 (0.90–0.97) <0.001 1.64 (0.24–3.02)

No frequent insomnia 7886/3819200 0.86 (0.83–0.90) <0.001 0.93 (0.89–0.97) <0.001 6.72 (5.56–7.87)

No excessive daytime
sleepiness

11121/5130228 0.64 (0.59–0.70) <0.001 0.78 (0.72–0.85) <0.001 2.21 (1.82–2.60)

All four factors 3392/1775242 0.8 (0.76–0.83) <0.001 0.90 (0.86–0.93) <0.001 13.41 (10.95–15.80)

Skin

Sleep duration, 7–8 h/d 8604/3523359 0.80 (0.77–0.83) <0.001 0.89 (0.86–0.93) <0.001 9.43 (8.26–10.59)

Morning person 8495/3231395 0.89 (0.86–0.92) <0.001 0.94 (0.90–0.97) <0.001 2.85 (1.57–4.11)

No frequent insomnia 9362/3745142 0.83 (0.80–0.86) <0.001 0.89 (0.86–0.92) <0.001 7.47 (6.41–8.52)

No excessive daytime
sleepiness

13336/5025835 0.65 (0.60–0.70) <0.001 0.81 (0.75–0.88) <0.001 1.96 (1.61–2.31)

All four factors 3957/1743564 0.77 (0.74–0.80) <0.001 0.87 (0.84–0.90) <0.001 15.67 (13.46–17.83)

Urogenital

Sleep duration, 7–8 h/d 12020/3507569 0.82 (0.80–0.85) <0.001 0.90 (0.87–0.92) <0.001 9.04 (8.06–10.02)
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unhealthiest sleep score of 0, participants with a healthy sleep
score of 1 (HR= 0.78; 95% CI, 0.70–0.87), 2 (HR= 0.71; 95% CI,
0.64–0.78), 3 (HR= 0.62; 95% CI, 0.56–0.69), or 4 (HR= 0.59; 95%
CI, 0.53–0.65) had increasingly lower risks of hospitalization for any
infection in the fully adjusted model. A one-point increment in the
healthy sleep score was associated with a 9% lower risk of
hospitalization for any infection (HR= 0.91; 95% CI, 0.90–0.92). For
specific infection subtypes, the associations between a one-point
increment in the healthy sleep score and hospitalization for
infection ranged from a 9% lower risk for sepsis (HR= 0.91; 95%
CI, 0.89–0.93) to a 20% lower risk for liver infection (HR= 0.80; 95%
CI, 0.74–0.87). Healthy sleep scores were associated with
decreased risks of hospitalization for both viral (HR for per 1
score= 0.89; 95% CI, 0.88–0.90) and bacterial infections (HR for
per 1 score= 0.91; 95% CI, 0.90–0.92).

Subgroup and sensitivity analyses
Consistent inverse associations were observed in analyses
stratified by age, sex, race, BMI, physical activity, smoking status,
drinking status, hypertension status, diabetes status and CVD
status (Figs. 2–3 and Supplementary Fig. 3–13). Stronger inverse
associations of healthy sleep scores with the risk of hospitalization
for any infection, respiratory infection, or bacterial infection were
observed among younger participants (<65 years of age) than
older participants (≥65 years of age). The inverse associations of

healthy sleep scores with the risk of hospitalization for any
infection, respiratory infection, or urogenital infection were
stronger in females than in males. The interactions remained
statistically significant after the Bonferroni correction (P for
interaction < 0.00045). Sensitivity analyses showed no substantial
change when using nonimputed data (Supplementary Table 4),
excluding participants who developed events within the first two
years of follow-up (Supplementary Table 5), or average 24-hour
level of noise pollution (Supplementary Table 6). The results for
sensitivity analyses also remained consistent with our main
analysis after further adjusting for depression (Supplementary
Table 7) or anxiety (Supplementary Table 8) at baseline.

DISCUSSION
In this large community-based cohort study, our analyses
demonstrated that higher healthy sleep scores were significantly
associated with lower risk of hospitalization for any infection and
for specific infection subtype in a dose-dependent manner. More
than 10% of hospitalizations for infections could have been
prevented if all participants adhered to the overall healthy sleep
pattern. Moreover, the observed protective association was
stronger among individuals <60 years of age and females.
Consistent with the findings of previous epidemiological

studies, our study revealed associations between individual sleep

Table 2. continued

No. of cases/person-
years

Model 1a Model 2b PAR% (95% CI)

HR (95% CI) P value HR (95% CI) P value

Morning person 12128/3212709 0.90 (0.88–0.93) <0.001 0.94 (0.91–0.97) <0.001 0.28 (−0.79–1.33)

No frequent insomnia 12773/3731745 0.82 (0.79–0.84) <0.001 0.87 (0.84–0.89) <0.001 9.31 (8.41–10.20)

No excessive daytime
sleepiness

18486/5001729 0.62 (0.58–0.66) <0.001 0.73 (0.69–0.78) <0.001 2.31 (2.01–2.61)

All four factors 5548/1736101 0.78 (0.75–0.80) <0.001 0.85 (0.83–0.88) <0.001 15.01 (13.14–16.83)

Other

Sleep duration, 7–8 h/d 13615/3497667 0.79 (0.77–0.81) <0.001 0.88 (0.85–0.90) <0.001 10.23 (9.31–11.13)

Morning person 13777/3202135 0.91 (0.88–0.93) <0.001 0.95 (0.92–0.97) <0.001 1.25 (0.25–2.23)

No frequent insomnia 14753/3718842 0.81 (0.79–0.84) <0.001 0.87 (0.84–0.89) <0.001 8.69 (7.86–9.52)

No excessive daytime
sleepiness

21225/4982759 0.63 (0.59–0.67) <0.001 0.76 (0.72–0.81) <0.001 2.19 (1.92–2.47)

All four factors 6291/1732231 0.77 (0.74–0.79) <0.001 0.85 (0.83–0.88) <0.001 16.05 (14.32–17.74)

Viral infection

Sleep duration, 7–8 h/d 13138/3502137 0.80 (0.78–0.82) <0.001 0.88 (0.86–0.91) <0.001 9.67 (8.73–10.60)

Morning person 13173/3207791 0.90 (0.88–0.93) <0.001 0.94 (0.92–0.97) <0.001 1.54 (0.53–2.55)

No frequent insomnia 14187/3724131 0.82 (0.79–0.84) <0.001 0.87 (0.85–0.90) <0.001 8.44 (7.58–9.28)

No excessive daytime
sleepiness

20423/4989600 0.67 (0.63–0.71) <0.001 0.80 (0.75–0.86) <0.001 1.86 (1.59–2.14)

All four factors 6053/1734815 0.77 (0.75–0.79) <0.001 0.85 (0.83–0.88) <0.001 15.78 (14.01–17.51)

Bacterial infection

Sleep duration, 7–8 h/d 25420/3351010 0.82 (0.80–0.84) <0.001 0.90 (0.88–0.92) <0.001 8.16 (7.51–8.81)

Morning person 25219/3056987 0.91 (0.89–0.93) <0.001 0.95 (0.94–0.97) <0.001 0.73 (0.02–1.44)

No frequent insomnia 27522/3561122 0.86 (0.84–0.87) <0.001 0.90 (0.88–0.92) <0.001 6.65 (6.06–7.24)

No excessive daytime
sleepiness

38885/4759186 0.69 (0.66–0.72) <0.001 0.81 (0.77–0.85) <0.001 1.63 (1.44–1.81)

All four factors 12030/1662647 0.81 (0.79–0.83) <0.001 0.89 (0.87–0.91) <0.001 12.18 (10.92–13.42)

CNS central nervous system, GI gastrointestinal.
aModel 1: Compared with the opposite category participants (high risk). The model was adjusted for age, sex, race, Townsend deprivation index, body mass
index, education, physical activity, smoking status, drinking status, hypertension, diabetes and cardiovascular disease.
bModel 2: Compared with participants without all four low-risk sleep factors.
cAll four factors: All four individual sleep factors were included in the model simultaneously.
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Table 3. Risk of hospitalization for infection according to the healthy sleep score.

Sleep pattern No. of cases/person-years Model 1a Model 2b

HR (95% CI) P value HR (95% CI) P value

Any infection (n= 60,377)

0 (unhealthiest) 368/12893 Reference Reference

1 4478/250847 0.65 (0.59–0.73) <0.001 0.78 (0.70–0.87) <0.001

2 14512/960732 0.54 (0.49–0.60) <0.001 0.71 (0.64–0.78) <0.001

3 23059/1854895 0.45 (0.40–0.50) <0.001 0.62 (0.56–0.69) <0.001

4 (healthiest) 17960/1604611 0.40 (0.36–0.44) <0.001 0.59 (0.53–0.65) <0.001

Per 1 score increment – 0.85 (0.84–0.86) <0.001 0.91 (0.90–0.92) <0.001

P for trend <0.001 <0.001

CNS (n= 693)

0 (unhealthiest) 5/17045 Reference Reference

1 57/300774 0.64 (0.26–1.59) 0.338 0.71 (0.28–1.77) 0.460

2 184/1112315 0.55 (0.23–1.34) 0.190 0.64 (0.26–1.56) 0.325

3 237/2088905 0.39 (0.16–0.94) 0.036 0.46 (0.19–1.13) 0.091

4 (healthiest) 210/1784420 0.40 (0.16–0.97) 0.042 0.49 (0.20–1.19) 0.114

Per 1 score increment – 0.84 (0.77–0.91) <0.001 0.87 (0.80–0.94) <0.001

P for trend <0.001 <0.001

GI (n= 3934)

0 (unhealthiest) 49/16719 Reference Reference

1 310/297550 0.36 (0.27–0.49) <0.001 0.46 (0.34–0.63) <0.001

2 1051/1102710 0.33 (0.25–0.44) <0.001 0.47 (0.35–0.62) <0.001

3 1437/2076004 0.24 (0.18–0.32) <0.001 0.38 (0.28–0.50) <0.001

4 (healthiest) 1087/1775074 0.21 (0.16–0.29) <0.001 0.35 (0.26–0.47) <0.001

Per 1 score increment – 0.80 (0.78–0.83) <0.001 0.87 (0.84–0.90) <0.001

P for trend <0.001 <0.001

Liver (n= 596)

0 (unhealthiest) 9/16972 Reference Reference

1 56/300425 0.39 (0.19–0.80) 0.010 0.49 (0.24–0.98) 0.045

2 160/1112172 0.30 (0.15–0.59) 0.001 0.42 (0.21–0.82) 0.011

3 224/2088691 0.22 (0.11–0.43) <0.001 0.33 (0.17–0.64) 0.001

4 (healthiest) 147/1784434 0.17 (0.09–0.34) <0.001 0.27 (0.14–0.54) <0.001

Per 1 score increment – 0.74 (0.68–0.81) <0.001 0.80 (0.74–0.87) <0.001

P for trend <0.001 <0.001

Respiratory (n= 31,130)

0 (unhealthiest) 242/15284 Reference Reference

1 2526/283041 0.60 (0.52–0.68) <0.001 0.74 (0.65–0.84) <0.001

2 7739/1060339 0.47 (0.42–0.54) <0.001 0.65 (0.58–0.74) <0.001

3 11850/2012480 0.38 (0.34–0.43) <0.001 0.58 (0.51–0.66) <0.001

4 (healthiest) 8773/1728164 0.33 (0.29–0.37) <0.001 0.53 (0.46–0.60) <0.001

Per 1 score increment – 0.82 (0.81–0.83) <0.001 0.89 (0.88–0.90) <0.001

P for trend <0.001 <0.001

Sepsis (n= 11,694)

0 (unhealthiest) 113/16725 Reference Reference

1 946/298069 0.50 (0.41–0.61) <0.001 0.63 (0.52–0.77) <0.001

2 2813/1104729 0.38 (0.32–0.46) <0.001 0.55 (0.45–0.66) <0.001

3 4430/2076683 0.32 (0.27–0.39) <0.001 0.50 (0.41–0.60) <0.001

4 (healthiest) 3392/1775242 0.29 (0.24–0.34) <0.001 0.48 (0.39–0.58) <0.001

Per 1 score increment – 0.83 (0.81–0.85) <0.001 0.91 (0.89–0.93) <0.001

P for trend <0.001 <0.001
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factors, including abnormal sleep duration [35, 36], late chron-
otype [16, 37], insomnia [13, 38], and excessive daytime sleepiness
[23], and the risk of hospitalization for infection. Given the intricate
interconnection of various sleep behaviours, evaluating sleep
patterns incorporating multiple sleep behaviours via an integral
approach is essential [39]. However, existing prospective studies
on the relationship of multiple sleep behaviours with infections
have been restricted to respiratory viral infections. For instance,

two recent cohort studies simultaneously evaluated the indepen-
dent effects of multiple sleep factors on the risk of hospitalization
for COVID-19, but the results were inconsistent [23, 40]. A cohort
study revealed that abnormal sleep duration, insomnia, and
excessive daytime sleepiness were associated with an increased
risk of COVID-19 hospitalization [40], whereas another cohort
study reported significant associations between only excessive
daytime sleepiness and COVID-19 hospitalization [23]. The

Table 3. continued

Sleep pattern No. of cases/person-years Model 1a Model 2b

HR (95% CI) P value HR (95% CI) P value

Skin (n= 13,983)

0 (unhealthiest) 123/15970 Reference Reference

1 1108/289788 0.52 (0.43–0.62) <0.001 0.67 (0.56–0.81) <0.001

2 3524/1077881 0.43 (0.36–0.52) <0.001 0.64 (0.53–0.76) <0.001

3 5271/2035306 0.34 (0.29–0.41) <0.001 0.55 (0.46–0.66) <0.001

4 (healthiest) 3957/1743564 0.30 (0.25–0.36) <0.001 0.51 (0.43–0.62) <0.001

Per 1 score increment - 0.82 (0.81–0.83) <0.001 0.90 (0.88–0.92) <0.001

P for trend <0.001 <0.001

Urogenital (n= 19,453)

0 (unhealthiest) 155/15937 Reference Reference

1 1616/286548 0.59 (0.50–0.70) <0.001 0.73 (0.62–0.87) <0.001

2 4803/1071636 0.46 (0.39–0.54) <0.001 0.62 (0.53–0.73) <0.001

3 7331/2026507 0.38 (0.32–0.44) <0.001 0.55 (0.47–0.65) <0.001

4(healthiest) 5548/1736101 0.33 (0.28–0.39) <0.001 0.51 (0.43–0.59) <0.001

Per 1 score increment – 0.83 (0.81–0.84) <0.001 0.89 (0.87–0.90) <0.001

P for trend <0.001 <0.001

Others (n= 22,307)

0 (unhealthiest) 181/15687 Reference Reference

1 1839/284525 0.58 (0.50–0.68) <0.001 0.74 (0.64–0.86) <0.001

2 5621/1065086 0.47 (0.40–0.54) <0.001 0.66 (0.57–0.76) <0.001

3 8375/2019259 0.37 (0.32–0.43) <0.001 0.57 (0.49–0.66) <0.001

4(healthiest) 6291/1732231 0.32 (0.28–0.37) <0.001 0.52 (0.45–0.61) <0.001

Per 1 score increment – 0.82 (0.80–0.83) <0.001 0.88 (0.87–0.90) <0.001

P for trend <0.001 <0.001

Viral infection (n= 21,391)

0 (unhealthiest) 174/15395 Reference Reference

1 1719/285335 0.55 (0.47–0.64) <0.001 0.68 (0.59–0.80) <0.001

2 5345/1066444 0.45 (0.39–0.52) <0.001 0.62 (0.53–0.72) <0.001

3 8100/2022057 0.36 (0.31–0.42) <0.001 0.54 (0.46–0.63) <0.001

4 (healthiest) 6053/1734815 0.31 (0.27–0.36) <0.001 0.49 (0.43–0.58) <0.001

Per 1 score increment – 0.82 (0.81–0.83) <0.001 0.89 (0.88–0.90) <0.001

P for trend <0.001 <0.001

Bacterial (n= 40,611)

0 (unhealthiest) 281/14195 Reference Reference

1 3069/266426 0.61 (0.54–0.69) <0.001 0.74 (0.66–0.84) <0.001

2 9836/1009983 0.50 (0.45–0.57) <0.001 0.67 (0.60–0.76) <0.001

3 15395/1930439 0.41 (0.37–0.47) <0.001 0.60 (0.53–0.67) <0.001

4 (healthiest) 12030/1662647 0.37 (0.33–0.42) <0.001 0.56 (0.50–0.64) <0.001

Per 1 score increment – 0.85 (0.84–0.86) <0.001 0.91 (0.90–0.92) <0.001

P for trend <0.001 <0.001
aModel 1: adjusted for age, sex and race.
bModel 2: adjusted for age, sex, TDI, race, BMI, education, physical activity, smoking status, alcohol consumption, hypertension, diabetes, and cardiovascular
disease.
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inconsistency observed in these findings can be attributed to
inadequate consideration of the combined effect of multiple sleep
behaviours. Regarding other subtypes of infection, previous
studies have reported that infected patients are more likely to
have sleep disorders, including CNS [41], GI [42], skin [42], liver
infection [43], sepsis [44], etc. However, these studies have only
evaluated the sleep quality of infected patients based on a cross-
sectional design, making it difficult to clarify whether the sleep
disorders preceded the development of infection or were
consequences of it.
Instead of considering individual sleep behaviours in isolation,

our study comprehensively examined the combined effects of
multiple sleep factors on the risk of hospitalization for infection via
healthy sleep scores. Our prospective study consolidated the
existing evidence and revealed that healthy sleep patterns yield
similar but different magnitudes of protective effects on most
subtypes of infections, including respiratory infections, sepsis, skin
infections, urogenital infections, and “other infections”. Intrigu-
ingly, the associations of some individual sleep factors with the
risk of hospitalization for CNS, GI, or liver infection were not
significant while the associations of overall healthy sleep patterns
with these infection outcomes were significant. It may be
attributed to the relatively small sample size of outcome cases,
which led to attenuated statistical power. Moreover, we also found
that healthy sleep patterns were associated with a decreased risk
of hospitalization for either viral or bacterial infections. While most
previous studies have focused on viral infections, our findings
highlight the protective effects of healthy sleep patterns on
bacterial infections as well, offering new insights into the broader
impact of sleep on infection risk.
Considering the association between healthy sleep patterns and

infections may be influenced by demographic factors, other lifestyle

factors, and health status, we conducted multiple subgroup analyses
to explore the potential heterogeneity. Similar protective effects of
healthy sleep patterns were observed across different subgroups
stratified according to age, sex, race, BMI, physical activity, smoking
status, drinking status, hypertension status, diabetes status and CVD
status. These findings suggest that the beneficial impact of overall
healthy sleep patterns on infection risk is robust and generalizable
across diverse populations. Notably, we found that the protective
effects of adhering to healthy sleep patterns on the risk of
hospitalization for any infection were more remarkable in those
<65 years of age and females. These age and sex differences could
be explained by discrepancies in host susceptibility, lifestyle
characteristics (e.g., smoking, drinking), exposure risk, health-
seeking behaviour, sex steroid hormones and immune response
[45, 46]. Moreover, despite the significant interactions, protective
dose‒response associations between higher healthy sleep scores
and the risk of hospitalization for infection were observed across the
age and sex subgroups. Our findings highlighted the additive effects
of multiple sleep factors on the risk of infection and appealed for
adherence to overall healthy sleep patterns across entire population.
The mechanisms through which combined sleep behaviours

affect the risk of infectious disease have not been fully elucidated.
However, these sleep behaviours may affect the risk of infectious
disease through different but complementary pathways. Existing
evidence has demonstrated that sleep is considered a prominent
modulator of the immune response and is critical to host resistance
to infection [6, 9]. For instance, reduced sleep duration and insomnia
symptoms may be associated with alterations in cellular immunity
(e.g., natural killer cell activity, T-cell proliferative response) and
increased expression of inflammatory cytokines (e.g., CRP, IL-6, TNFα,
and IL-1β) [47–49]. The late chronotype was related to circadian
misalignment, persistent hypothalamic–pituitary–adrenal (HPA) axis

Fig. 1 Cumulative risk of hospitalization for any infection stratified by healthy sleep score.
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activation, and increased concentrations of B and T cells [16, 26, 50].
Excessive daytime sleepiness is commonly defined as a sign of
insufficient sleep and circadian misalignment, which may result in
oxidative stress and systemic inflammation, dysmetabolism, and
immune derangements [40, 51]. However, further research is
needed to determine how combined sleep behaviours operate
synergistically and affect the risk of infectious disease.

Strengths and limitations
Our study has several major strengths. First, the large sample size
and prospective design assured a large number of outcome events
and adequate statistical power. Second, extensive data collection

allowed us to adjust for a wide range of potential confounders and
enabled a comprehensive definition of hospitalization for infections
through linkages to hospital episode data. More importantly, we
extended the existing studies and constructed healthy sleep scores
to comprehensively assess the prospective association of overall
healthy sleep patterns with the risk of hospitalization for any
infection and various infection subtypes.
However, several potential limitations of the current study should

be considered. First, the observational study design made it difficult
to interpret the association as causal. Despite full adjustment for
various confounders, residual confounding by other unmeasured or
unknown factors remained possible. Second, sleep behaviours were

Fig. 2 Association between healthy sleep score and the risk of hospitalization for infections stratified by age. A Association between
healthy sleep score and the risk of hospitalization for any infection stratified by age. B Association between healthy sleep score and the risk of
hospitalization for respiratory infection stratified by age. C Association between healthy sleep score and the risk of hospitalization for bacterial
infection stratified by age. The model was adjusted for sex, TDI, race, BMI, education, physical activity, smoking status, drinking status,
hypertension, diabetes, and cardiovascular disease.
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self-reported, which may lead to recall bias and misclassifications
compared to objective measures. Third, we dichotomized four sleep
factors to create a healthy sleep score for simplicity, which might
have resulted in a loss of information and study power. Moreover,
the healthy sleep score did not include all sleep behaviours, such as
obstructive sleep apnea and daytime napping, which could
additionally increase the risk of infection [23, 52]. Fourth, sleep
behaviour data were collected only once at baseline, making it
difficult to assess long-term patterns. Future studies should include
repeated sleep measurements to explore the long-term effects of
healthy sleep patterns on infection outcomes. Fifth, to ensure the

adequacy of the sample, we used both primary and secondary ICD-
10 codes to identify diagnoses of infection, making it challenging to
distinguish whether the infection was a cause of hospitalization or
was acquired during hospitalization. In addition, our definition of
infection was restricted to hospitalization, which might be
insensitive to mild cases of infection. Finally, UK biobank participants
are relatively healthier than the general population [53], potentially
leading to an underestimation of the associations between healthy
sleep patterns and infection outcomes. Additionally, most partici-
pants were of European descent, which might affect the general-
izability of our findings to other populations.

Fig. 3 Association between healthy sleep score and the risk of hospitalization for infections stratified by sex. A Association between
healthy sleep score and the risk of hospitalization for any infection stratified by sex. B Association between healthy sleep score and the risk of
hospitalization for respiratory infection stratified by sex. C Association between healthy sleep score and the risk of hospitalization for
urogenital infection stratified by sex. The model was adjusted for age, TDI, race, BMI, education, physical activity, smoking status, drinking
status, hypertension, diabetes, and cardiovascular disease.
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CONCLUSION
Our study extended the existing knowledge and indicated that
adhering to a healthy sleep pattern was prospectively associated
with a decreased risk of hospitalization for infection, especially for
individuals <65 years of age and females. Our findings highlight
the potential of sleep behaviour interventions for the primary
prevention of infectious diseases.

DATA AVAILABILITY
The UK Biobank data are available from the UK Biobank on request
(www.ukbiobank.ac.uk/).
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