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Background: Adherence to a healthy lifestyle (no smoking, consuming a healthy diet, engaging in physical activity, and maintaining a healthy weight) is recommended in current guidelines for hypertension prevention. However, evidence regarding the association between sleep behaviors, independently and jointly with traditional lifestyle factors, and the risk of hypertension is limited.

Methods: This prospective study included 165,493 participants who are free of hypertension at baseline from the UK Biobank. Sleep behaviors, including chronotype, sleep duration, insomnia, snoring, and daytime sleepiness were used to construct a healthy sleep score. We also derived a healthy lifestyle score based on smoking status, diet quality, physical activity, and body mass index (BMI). Cox proportional hazards regression models and competing risk analyses were used to estimate the associations of the healthy sleep score and healthy lifestyle score with the risk of hypertension. The population attributable risk percent (PAR%) was estimated for increased cases of hypertension due to poor adherence to a healthy sleep pattern or a healthy lifestyle.

Results: A total of 10,941 incident hypertension cases were documented during a median of 11.8 years of follow-up. The multivariable-adjusted hazard ratio (HR) for hypertension was 0.58 [95% confidence interval (CI): 0.52, 0.65] for participants with a sleep score of 5 compared with 0–1, and 0.48 (95% CI: 0.43, 0.54) for participants with a lifestyle score of 4 compared with those who scored 0. For joint association, those with a poor sleep pattern and a poor lifestyle had the highest risk of hypertension [HR: 2.41 (95% CI: 2.12, 2.74)]. PAR% was 14.7% (95% CI: 12.3%, 17.1%), 20.1% (95% CI: 17.6%, 22.6%), and 31.7% (95% CI: 27.6%, 35.6%) for poor adherence to a healthy sleep pattern, a healthy lifestyle, and the combination of a healthy sleep pattern and a healthy lifestyle.

Conclusion: Both a healthy sleep pattern and a healthy lifestyle were associated with a lower risk of hypertension, and the benefits of adhering to a healthy sleep pattern complement the well-established lifestyle for the optimal primary prevention of hypertension. These findings support the current perspective that a healthy sleep pattern is an important part of a healthful and productive lifestyle for hypertension prevention.
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BACKGROUND

Hypertension is the leading risk factor for cardiovascular morbidity and mortality and accounted for 10.8 million (19.2% of all deaths) attributable deaths in 2019 globally (1, 2). Previous studies (3–6) and current guidelines (7, 8) advocate lifestyle, including smoking, diet, physical activity, and BMI, as one of the important modifiable risk factors for hypertension, and the association of the overall lifestyle with incident hypertension has been shown in several studies (9–11). Aside from these broadly recommended lifestyle factors, increasing evidence has implicated that sleep behaviors, such as chronotype, sleep duration, insomnia, snoring, and daytime sleepiness, are related to hypertension events (12–15). However, sleep behaviors typically interplay with each other, whereas most previous studies focus on individual behavior without considering the combined effect of other behaviors. Only few studies have taken several sleep behaviors together and assessed their joint association with hypertension risk. Limited evidence suggests that insomnia with short sleep duration is associated with the highest risk of hypertension among the sleep behaviors (16). Meanwhile, no prospective study, to our knowledge, has assessed the association of all the five sleep-related factors (i.e., chronotype, sleep duration, insomnia, snoring, and daytime sleepiness) with the risk of hypertension. Moreover, the interaction between sleep behaviors and lifestyles, as well as the joint association of sleep behaviors and lifestyles with hypertension, is still unclear.

Therefore, we aimed to estimate the association of the combination of the five sleep behaviors and overall lifestyle with the risk of hypertension independently and jointly. Meanwhile, we calculated the population attributable risk percent (PAR%) to estimate the percentage of hypertension events that theoretically will not occur if all participants had a healthy sleep pattern, a healthy lifestyle, or both at the same time.



MATERIALS AND METHODS


Study Design and Participants

The study design and population of the UK Biobank have been reported in detail previously (17). Briefly, the UK Biobank is a large-scale prospective cohort with more than 500,000 participants aged 37–73 years who attended 1 of 22 assessment centers across the United Kingdom between 2006 and 2010.1 At baseline recruitment, participants completed touch-screen questionnaires and a standardized interview, had physical measurements taken, and provided biological samples. Data from the health care system were also collected. The UK Biobank study was approved by the North West Multi-centre Research Ethics Committee (REC reference for UK Biobank 11/NW/0382), and all participants provided written informed consent.

In the present analysis, we excluded participants who withdrew from the UK Biobank (n = 31), those who were pregnant or unsure of their pregnancy status at baseline (n = 371), those with hypertension at baseline (n = 280,273), and those with missing value on variables used to define a healthy sleep pattern (n = 39,291) and a healthy lifestyle (n = 17,046), finally, 165,493 participants were included in this analysis (Supplementary Figure 1).



Assessment of Incident Hypertension

At baseline, blood pressure was measured twice a few minutes apart using Omron 705 IT electronic blood pressure monitor. We calculated the mean systolic blood pressure (SBP) and diastolic blood pressure (DBP) from two automated BP readings (n = 456,936). For participants with at least one missing automated BP reading, the mean of two manual BP measurements (n = 28,699), or a single automated BP reading (n = 15,421), or a single manual BP measurement (n = 15,099) was used instead. A threshold of ≥ 140/90 mm Hg was used to determine baseline hypertension according to the 2018 European Society of Cardiology (ESC)/European Society of Hypertension (ESH) Guidelines for the management of arterial hypertension (7). Recorded hypertension events before recruitment, self-reported use of BP-lowering medication, and doctor-diagnosed hypertension at recruitment were considered baseline hypertension. Participants with hypertension at baseline were all excluded from our analysis.

Incident hypertension was ascertained based on hospital admission and diagnosis data and death registry records linked to the UK Biobank according to ICD-9 and ICD-10 (the 9th and 10th revisions of the International Classification of Diseases, n = 10,057). The ICD code and UK Biobank Field ID of hypertension are shown in Supplementary Table 1. The recorded date of hypertension diagnosis was used as the time of the event. The admission date was used as a substitute for participants with a missing diagnosis date. Self-reported physician-diagnosed hypertension and use medication for lowering blood pressure during follow-up were also used to double check the disease ascertainment (n = 884). Self-reported age of hypertension diagnosis was used to help calculate the period of the disease.



Assessment of Healthy Sleep Behaviors

All sleep behaviors were self-reported and recorded using an electronic questionnaire. Questions about sleep behaviors have been described in detail (18). Five sleep factors (chronotype, duration, insomnia, snoring, and excessive daytime sleepiness) were used to generate a healthy sleep score and low-risk sleep behaviors were defined as follow (18): early chronotype (“morning” or “more morning than evening”), ideal sleep duration (7–8 h/day), reported never/rarely insomnia, no snoring, and reported no excessive daytime sleepiness (“never/rarely” or “sometimes,” Supplementary Table 2). We scored each sleep behavior with 1 point and summed the five sleep factors score to constitute a healthy sleep score ranging from 0 to 5, where a higher score indicating a healthier sleep pattern. We categorized sleep patterns into healthy (4 ≤ healthy sleep score ≤ 5), intermediate (2 ≤ healthy sleep score ≤ 3), and poor (0 ≤ healthy sleep score ≤ 1). We also calculated a weighted sleep score based on β coefficients of each sleep factor in the Cox proportional hazard regression model, which included all five sleep factors and adjusted for age, sex, ethnicity, education, household income, Townsend deprivation index, healthy lifestyle categories, baseline mean arterial pressure, alcohol consumption, family history of hypertension, self-reported cardiovascular diseases, diabetes, chronic kidney disease, and cancer. The equation is as follow: weighted score = [(β1 × factor1) + (β2 × factor2) + (β3 × factor3) + (β4 × factor4) + (β5 × factor5)] × (5/sum of the β coefficients). The weighted sleep score also ranged from 0 to 5 with the consideration of the effect of each individual component on the risk of hypertension, and the weighted score was categorized as healthy, intermediate, and poor according to the distribution of the unweighted sleep score (19).



Assessment of Healthy Lifestyle

A healthy lifestyle score was constructed based on four modifiable lifestyle factors [smoking status, diet, physical activity, and BMI (1)]. Low-risk lifestyle factors were defined according to the American Heart Association guidelines: no current smoking, a healthy diet, regular physical activity, and 18.5 ≤ BMI < 25 kg/m2 (Supplementary Table 3). In this analysis, regular physical activity was defined as at least 150 min of moderate activity, 75 min of vigorous activity weekly, or 150 min of moderate and vigorous activities every week (20). We defined a healthy diet according to a previous UK study (21), which considered the increased consumption of fruits, vegetables, whole grains, vegetable oil, fish, and dairy and the decreased consumption of refined grains, unprocessed meats, processed meats, and sugar-sweetened beverages (SSB) based on dietary priorities for cardiometabolic health (22), and we modified it by substituting SSB with Kawasaki formula-estimated daily sodium intake (23), considering the essential role of sodium in the development of hypertension, as well as the unpractical evaluation of SSB intake in the UK Biobank. We defined a healthy diet as adherence to at least four of the items mentioned above. The definitions and variables used for diet components are shown in Supplementary Table 4. For each lifestyle factors, participants received 1 point if he or she met the criterion for the low-risk category or 0 point otherwise. The overall healthy lifestyle score ranges from 0 to 4, and higher scores indicate higher adherence to a healthy lifestyle. We also categorized lifestyles into healthy (3 ≤ healthy lifestyle score ≤ 4), intermediate (healthy lifestyle score = 2), and poor (healthy lifestyle score ≤ 1).



Statistical Analyses

Cox proportional hazards regression models were used to estimate hazards ratio (HR) and 95% confidence interval (CI) with the years of follow-up as the time metric, and competing risk analyses with cause-specific hazard function were conducted. The time of events was calculated from the baseline recruitment date to the date of the first diagnosis of hypertension, death, lost of follow-up, or censoring date (31 December, 2020), whichever came first. We first investigated the association of healthy sleep scores and healthy lifestyle scores with the risk of hypertension separately, and then we examined the joint association and interaction between sleep pattern categories and lifestyle categories on hypertension events.

Three stepwise models were established to adjust for known or suspected risk factors for hypertension. Model 1 was adjusted for age (continuous) and sex (male or female). Model 2 was adjusted for Model 1 covariates and ethnicity (White, mixed, Asian, Black, Chinese, or others), education (college or university, vocational, upper secondary, lower secondary, or others), Townsend deprivation index quintiles, household income (< £18,000, £18,000–£30,999, £31,000–£51,999, £52,000–£100,000, or > £100,000), baseline mean arterial pressure [MAP, calculated as MAP = (SBP + 2 × DBP)/3], moderate alcohol consumption [0–14 g/day for women and 0–28 g/day for men (22)], and lifestyle categories (for sleep pattern analysis) or sleep pattern categories (for lifestyle analysis). Model 3 was adjusted for Model 2 covariates plus a family history of hypertension (yes or no), baseline cardiovascular disease (CVD, yes or no), diabetes (yes or no), chronic kidney disease (CKD, yes or no), and cancer (yes or no). The definitions of these diseases are shown in Supplementary Table 1. All individual sleep factors or lifestyle factors were included in the final model simultaneously and mutually adjusted to estimate their effects on hypertension risk (Model 4 in Supplementary Tables, if any). Linear trend tests were conducted by treating the healthy sleep score and healthy lifestyle score as continuous variables, and the HRs were interpreted as the hypertension risks associated with per lifestyle score or sleep score increment. The P-value for interaction was obtained by the joint test to estimate the statistical significance of the difference between subgroups (24). We calculated PAR% using the fully adjusted Model 3 to estimate the percentage of hypertension events in the study population that theoretically will not occur if all participants had a healthy sleep pattern, a healthy lifestyle, or both (25). We conducted PAR analysis for the sleep and lifestyle scores separately or in combination with healthy lifestyle or healthy sleep pattern to estimate the incremental benefits of sleep and lifestyle factors.

Subgroup analyses and several sensitivity analyses were conducted. We performed stratified analyses to test the association of healthy sleep score with incident hypertension across age, sex, baseline CVD, CKD, diabetes, cancer, and each component of the healthy lifestyle. For sensitivity analyses, we first analyzed the association of healthy sleep scores and healthy lifestyle scores with the risk of hypertension among participants without CVD at baseline recruitment. Second, we excluded those who developed hypertension or died within 2 years from baseline and re-ran the analyses to minimize the reverse causation. Third, we further adjusted for lipid-lowering medication use and diabetes medication use in the regression model. Finally, considering the interrelationship between sleep, hypertension, and obstructive sleep apnea (OSA), we further adjusted for baseline OSA risk based on Berlin Questionnaire in the final model (26). All statistical analyses were performed using SAS version 9.4 (SAS Institute Inc.). A two-sided P-value < 0.05 was considered statistically significant.




RESULTS

The baseline characteristics of all participants are shown in Table 1. Among 165,493 participants, the mean age at baseline was 53.6 years (standard deviation: 8.0 years), and 37.7% were male. The proportions of participants with a healthy sleep score of 0–1, 2, 3, 4, and 5 were 3.5, 17.7, 37.7, 32.7, and 8.5%, respectively. The proportions of participants with lifestyle score of 0, 1, 2, 3, and 4 were 2.6, 21.3, 37.0, 28.8, and 10.4%, respectively. Over 1,892,157 person-years follow-up [median, 11.8 years (interquartile range: 11.0–12.5)], 10,941 incident hypertension cases were documented.


TABLE 1. Baseline characteristics of 165,493 participants in UK Biobank study.
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The multivariable-adjusted HRs for hypertension by healthy sleep scores and healthy lifestyle scores are shown in Table 2. We found that a higher sleep score was associated with a lower risk of hypertension after adjusting for a wide range of covariates and lifestyle categories in Model 3. Participants with a sleep score of 5 had a fully adjusted HR of 0.58 (95% CI: 0.52, 0.65) for hypertension compared to those with a sleep score of 0–1 (P trend < 0.0001), and a 1 score increment in healthy sleep score was associated with a 12% lower risk of hypertension [HR, 0.88 (95% CI: 0.86, 0.90)]. Similarly, the healthy lifestyle score was inversely associated with the risk of hypertension, and the fully adjusted HR was 0.48 (95% CI: 0.43, 0.54) in participants with a lifestyle score of 4 compared with those with a score of 0 (P trend < 0.0001). A 1 score increment in healthy lifestyle score was associated with a 16% lower risk of hypertension [HR, 0.84 (95% CI: 0.83, 0.86)]. In terms of individual factors of sleep patterns and lifestyles, short or long sleep duration, self-reported insomnia, snoring, and excessive daytime sleepiness, as well as smoking, physical inactivity, poor-quality diet, and not optimal body weight, were all associated with the risk of hypertension in the fully adjusted model (Supplementary Tables 5, 6).


TABLE 2. Hazard ratios (HRs) for hypertension by healthy sleep score or healthy lifestyle score among 165,493 participants.
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We further examined the joint association of sleep patterns and lifestyles with the risk of hypertension (Figure 1 and Supplementary Table 7). A healthy sleep pattern within each category of lifestyle, as well as a healthy lifestyle in each sleep pattern stratum, was associated with a lower risk of hypertension (Supplementary Table 8). Compared with those who have a healthy sleep pattern and a healthy lifestyle, participants with a poor sleep pattern and a poor lifestyle had the highest risk of subsequent hypertension [adjusted HR, 2.41 (95% CI: 2.12, 2.74)], though the interaction between sleep patterns and lifestyle was not significant (P for interaction = 0.13).
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FIGURE 1. Joint association of sleep patterns and lifestyles with hypertension incidence among 165,493 participants. The models were fully adjusted for age, sex, ethnicity, education, Townsend deprivation index, household income, baseline mean arterial pressure, alcohol consumption, healthy lifestyle categories, family history of hypertension, baseline cardiovascular disease, diabetes, chronic kidney disease, and cancer.


We further conducted stratified analyses according to individual lifestyle factors. A higher healthy sleep score was associated with a lower risk of hypertension in all categories, whereas no significant interactions were found (all P for interaction > 0.05, Supplementary Figure 2). Stratified analyses were also conducted according to other potential risk factors, including age, sex, baseline diabetes, CVD, CKD, and cancer. The associations between healthy sleep score and the risk of hypertension were stronger among participants younger than 60 years (P for interaction < 0.0001), without CVD (P for interaction = 0.005), and without diabetes at baseline (P for interaction < 0.0001; Figure 2).
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FIGURE 2. Subgroups analysis of the healthy sleep score with incident hypertension in UK Biobank. The models were fully adjusted for age, sex, ethnicity, education, Townsend deprivation index, household income, baseline mean arterial pressure, alcohol consumption, healthy lifestyle categories, family history of hypertension, baseline cardiovascular disease, diabetes, chronic kidney disease, and cancer.


We also calculated the PAR% for healthy sleep patterns and healthy lifestyles (Supplementary Table 9). The PAR% for poor adherence to a healthy lifestyle (defined as lifestyle score ≥ 3) was 20.1% (95% CI: 17.6%, 22.6%), which increased to 31.7% (95% CI: 27.6%, 35.6%) when combined with a healthy sleep pattern. For individual factors, self-reported insomnia and overweight were top contributors to hypertension risk in sleep patterns and lifestyles, respectively (Supplementary Table 10). We further observed that PAR% increased with the increment in sleep or lifestyle score on the basis of a healthy lifestyle or a healthy sleep pattern (Figure 3 and Supplementary Table 9).
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FIGURE 3. PAR estimates for hypertension incidence associated with sleep scores and lifestyle scores. PARs and 95% CIs were calculated adjusting for age, sex, ethnicity, education, Townsend deprivation index, household income, baseline mean arterial pressure, alcohol consumption status, family history of hypertension, baseline cardiovascular disease, diabetes, chronic kidney disease, and cancer; Healthy sleep is defined as healthy sleep score ≥ 4; Healthy lifestyle is defined as healthy lifestyle score ≥ 3.


In terms of weighted sleep score instead of primary score, participants with a higher weighted score had a lower risk of hypertension, and the same results pattern was observed when the weighted score was categorized into quintiles (Supplementary Table 11). Additionally, when combined with lifestyle categories, the joint association of the weighted sleep pattern and lifestyle with the hypertension risk did not change materially (Supplementary Table 12).

In the sensitivity analyses, the results remained largely unchanged when additionally adjusted for lipid-lowering medication use and diabetes medication use (Supplementary Table 13, Model 2). The association of healthy sleep score and lifestyle score with hypertension risk was lightly attenuated but still significant after further adjusting for baseline OSA risk (Supplementary Table 13, Model 3). We repeated our analyses after excluding participants with a hypertension event within the first 2 years of follow-up or those with self-reported CVD at recruitment, and the associations of sleep patterns and lifestyles with the hypertension risk were still robust (Supplementary Tables 14, 15). In addition, similar results were observed regarding the association of the joint effects of sleep patterns and lifestyles with the risk of hypertension (Supplementary Tables 16, 17).



DISCUSSION

In this study of 165,493 participants from the UK Biobank, we observed that adherence to a healthy sleep pattern and a healthy lifestyle was independently associated with a decreased risk of subsequent hypertension. Participants with both a poor sleep pattern and a poor lifestyle had a 2.41-fold risk of hypertension compared with those who kept a healthy sleep pattern and lifestyle. Though speculative, if these associations were causal, approximately 14.7, 20.1, and 31.7% of hypertension cases would be avoided when all participants had a healthy sleep pattern, a healthy lifestyle, or both, respectively.

Previous studies have discussed the role of sleep behaviors in the development of hypertension. Although the majority of prior evidence was consistent with our findings, several results were conflicting. Meta-analyses found that short sleep duration but not long sleep was associated with the risk of hypertension (13, 27, 28). Nonetheless, we observed that not only short sleep but somewhat long sleep duration was significantly associated with subsequent hypertension, which might need further evidence to clarify the relationship between long sleep duration and hypertension incidence. Insomnia was another widely investigated sleep factor for hypertension. Consistent with previous studies, we observed a significant association between self-reported insomnia and hypertension incidence in this middle-aged population (16, 29, 30). Previous studies have also shown the associations of snoring (15), chronotype (31), and excessive daytime sleepiness (32) with hypertension. However, few prospective studies have investigated the association between the combination of these sleep parameters and the risk of hypertension or focused on insomnia and sleep duration only (16, 29, 33). The Penn State study on 786 individuals showed that chronic insomniacs with short sleep duration (< 6 h) had the highest risk of hypertension compared with normal sleepers who slept ≥ 6 h [adjusted odds ratio, 3.8 (95% CI: 1.6, 9.0)] after 7.5 years of follow-up (16). A recent study on 2,148 US Latinos observed the association of actigraphy-based sleep duration, sleep fragmentation index, sleep efficiency, insomnia, and frequent napping with the prevalence of hypertension (34). This study gave a hint that a combination of different sleep domains might be associated with hypertension, however, the cross-sectional study design and the limited sample size hampered the interpretation and generalization of the study. Moreover, the pathophysiological pathways involved in the impacts of sleep behaviors on hypertension and other cardiometabolic dysfunctions might be overlapped (35), that mainly included systemic inflammation (36), vascular endothelial dysfunction and oxidative stress (37), stimulation of the renin-angiotensin-aldosterone system (38), and altered tone of the sympathetic nervous system (39), the latter of which might also impact the nighttime blood pressure and cause the non-dipping pattern (40). This mechanistic evidence underscored the possible synergistic effects and the multi-dimensional influence of sleep disorders on the occurrence and development of CVDs including hypertension. These findings indicated that considering sleep parameters in combination is more practical in the related studies. Meanwhile, the large sample size and the prospective study design further strengthened our results.

Healthy lifestyle factors, including not current smoking, regular physical exercise, maintaining healthy body weight, and having a healthy diet are highly recommended in the ESC/ESH and American Heart Association guidelines for hypertension prevention and management (7, 8). However, evidence on the temporal association between healthy lifestyle defined by these four factors and the risk of hypertension was still limited. In the Nurses’ Health Study II, adherence to a healthy lifestyle with three low-risk factors [BMI < 25, daily vigorous exercise > 30 min, and Dietary Approaches to Stop Hypertension (DASH) scores in the top quintile] was associated with a low risk of self-reported hypertension, and the PAR% was 53% (95% CI: 45%, 60%) (9), which is higher than the PAR% for adherence to more than three healthy lifestyle factors in our study [20.1% (95% CI:17.6%, 22.6%)]. The difference might be explained by the younger (mean age, 36 years) female population, longer follow-up (14 years), and the specific definition of low-risk lifestyle factors in the Nurses’ Health Study II, because hypertension is progressively prevalent with increased age and more common in males (41). The Jackson Heart study in 1,878 blacks found that adherence to three of four health behaviors in Life’s simple 7 (BMI, physical activity, diet, and smoking status) was associated with a 60% reduction in hypertension risk (HR: 0.40, 95% CI: 0.25, 0.64) after a median of 8.0 years of follow-up (42), which is close to the 52% reduction of hypertension risk (HR: 0.48, 95% CI: 0.43, 0.54) observed in our analysis. Our findings added strong evidence to the association of lifestyle with the risk of hypertension and emphasized the importance of adherence to an overall healthy lifestyle for hypertension prevention.

Sleep is increasingly recognized as a crucial lifestyle contributor to hypertension and other cardiometabolic health (43). However, evidence on the effect of sleep in conjunction with lifestyle on hypertension incidence is sparse. A prospective study conducted among adults with hypertension in the Tongji-Dongfeng cohort found that adopting a healthy lifestyle (constructed by BMI, diet, physical activity, smoking, and sleep duration) is associated with benefits in the prevention of premature death among hypertensives using or not using antihypertensive medication (44). This study showed that a healthy lifestyle including a sleep parameter plays an important role in the management of hypertension, which in some way supported our findings. In our study, we observed that a healthy sleep pattern was consistently associated with a lower risk of hypertension independent of lifestyle strata, and a healthy lifestyle was similarly related to a lower risk of hypertension in each sleep stratum. Furthermore, the great benefit of adherence to a healthy lifestyle and the incremental benefit after combining a healthy sleep pattern with a healthy lifestyle indicates that a healthy lifestyle is the cornerstone of hypertension prevention, whereas adherence to a healthy sleep pattern might complement the well-established lifestyle for the primary prevention of hypertension. Although sleep duration and some sleep disorders have been reported associated with hypertension risk in scientific statements (43), the present guidelines only recommend the following lifestyle factors for the primary prevention of hypertension: weight control, increased physical activity, smoking cessation, alcohol moderation, and healthy diet (7). Though more high-quality studies are warranted to incorporate these modifiable sleep factors in the recommendation of hypertension prevention, our findings provided robust evidence that adherence to a healthy sleep pattern exerts protection against hypertension regardless of previously recommended lifestyles.

The prospective study design and the large sample size are the two main strengths of this study. Another strength is that we constituted an overall sleep pattern using five sleep behaviors, which describes sleep conditions more comprehensively. Moreover, to our knowledge, this is the first longitudinal study to estimate the joint association of sleep pattern and lifestyle with incident hypertension. Our study has several limitations. First, sleep parameters and part of lifestyles were self-reported through simplified questionnaires in this large-population-based study rather than objectively measured or physicians diagnosed (for insomnia), therefore, recall bias and misclassification of exposures were possible. However, misclassifications would likely bias our estimates toward the null. Second, the healthy sleep score did not include other sleep factors, such as periodic limb movement disorder and restless leg syndrome, which might be involved in the occurrence and development of hypertension (43). Third, approximately 19% of participants missed data on any sleep parameters. However, those excluded from our analyses for missing data on sleep broadly had similar baseline characteristics to those included and had a higher incidence of hypertension (Supplementary Table 18). Therefore, the association of the sleep pattern and hypertension risk in our study might be underestimated. Fourth, although individual sleep and lifestyle factors were differentially associated with the risk of hypertension, we assigned equal weight to each sleep and lifestyle factor in our healthy sleep pattern score and healthy lifestyle score. However, our analyses based on weighted scores yielded similar results. Fifth, though moderate alcohol consumption was recommended in hypertension prevention guidelines, we did not include alcohol consumption in the overall lifestyle because of the increasing controversies over the health effects of alcohol consumption, as well as the possible inaccurate estimate of alcohol intake in the UK Biobank (45). Therefore, we treated alcohol drinking status as a confounder in this analysis. Sixth, the interpretation of PAR% assumes a causal relationship, whereas inferences on causality should be made with caution due to the observational nature of this study. Seventh, we considered a wide range of confounders, but the residual confounding from unmeasured or unknown factors might remain. Additionally, the participants were predominantly White, which limits the generalizability of our findings to other racial or ethnic groups. However, the relative homogeneity of this study population reduces confounding and potential bias. Finally, reverse causality might exist in our study, although we strictly excluded participants at baseline, and the results remained unchanged after excluding participants with a hypertension event during the first 2 years of follow-up.



CONCLUSION

Our findings indicated that adherence to a healthy sleep pattern and a healthy lifestyle is associated with a low risk of hypertension, and the benefits of adhering to a healthy sleep pattern complement the well-established lifestyle for the optimal primary prevention of hypertension. These findings suggest that a healthy sleep pattern is an important part of a healthful and productive lifestyle for hypertension prevention.
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Model 1 adjusted for age and sex; Model 2 adjusted for Model 1 + ethnicity, education, Townsend deprivation index, household income, baseline mean arterial pressure,
alcohol consumption, and healthy lifestyle categories; Model 3 adjusted for Model 2 + family history of hypertension, baseline cardiovascular disease, diabetes, chronic

kidney disease, and cancer.
*Adjusted for healthy sleep pattern categories in Models 2 and 3.

Ref, reference.
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Deprivation fifth, n (%)
First (least deprived) 946 (16.1) 5,460 (18.7) 12,436 (20.0) 11,274 (20.9) 2,925 (20.9)
Second 996 (17.0) 5,516 (18.8) 12,420 (19.9) 11,200 (20.7) 2,941 (21.0)
Third 1,118 (19.1) 5,730 (19.6) 12,438 (20.0) 10,977 (20.3) 2,796 (20.0)
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BMI, mean = SD, kg/m? 28.04+4.7 269+ 4.4 26.0 + 4.1 25.44 3.8 251 £ 3.7
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College or university 1,809 (30.9) 10,162 (34.7) 23,821 (38.2) 22,933 (42.4) 6,453 (46.1)
Vocational 670 (11.4) 3,158 (10.8) 6,379 (10.2) 5,016 (9.3) 1,223 (8.7)
Upper secondary 674 (11.5) 3,577 (12.2) 7,900 (12.7) 6,808 (12.6) 1,811 (13.0)
Lower secondary 1,835 (31.3) 8,633 (29.5) 17,170 (27.6) 14,119 (26.1) 3,457 (24.7)
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Chinese 27 (0.5) 129 (0.4) 216 (0.4) 180 (0.3) 49 (0.4)
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Moderate alcohol consumption, n (%) 2,938 (50.1) 15,491 (52.9) 34,036 (54.6) 30,742 (56.9) 8,245 (58.9)
Healthy lifestyle factors, n (%)
No current smoking 4,649 (79.3) 24,602 (84) 55,327 (88.8) 49,750 (92.1) 13,036 (93.2)
Regular physical activity 2,863 (48.9) 15,028 (51.3) 34,443 (55.3) 31,583 (58.4) 8,625 (61.7)
Healthy diet 1,563 (26.7) 8,616 (29.4) 20,659 (33.2) 19,574 (36.2) 5,442 (38.9)
Healthy body weight 1,607 (27.4) 10,362 (35.4) 27,131 (43.5) 26,895 (49.8) 7,458 (53.3)
Having low-risk sleep factors, n (%)
Early chronotype 359 (6.1) 7,793 (26.6) 34,128 (54.8) 45,503 (84.2) 13,988 (100)
Sleep 7-8 h/day 267 (4.6) 10,652 (36.4) 41,681 (66.9) 50,565 (93.6) 13,988 (100)
Never/rarely insomnia 65 (1.1) 1,658 (56.7) 9,043 (14.5) 18,728 (34.7) 13,988 (100)
No self-reported snoring 318 (5.4) 10,647 (36.4) 40,711 (65.3) 47,496 (87.9) 13,988 (100)
No frequent daytime sleepiness 4,583 (78.2) 27,810 (95.0) 61,400 (98.5) 53,880 (99.7) 13,988 (100)
Systolic blood pressure, mean + SD, mm Hg 124.8 +£ 95 1243+ 9.7 123.9+9.8 128.5+10.0 128.2 +£10.0
Diastolic blood pressure, mean £+ SD, mm Hg 7784689 76.7 £6.9 7862+ 8B8 75.84+7.0 75.7+£7.0
Cardiovascular disease, n (%) 242 (4.1) 956 (3.3) 1,765 (2.8) 1,220 (2.3) 266 (1.9)
Diabetes mellitus, n (%) 256 (4.4) 879 (3) 1,384 (2.2) 999 (1.9) 246 (1.8)
Chronic kidney disease, n (%) 78 (1.3) 313 (1.1) 537 (0.9) 429 (0.8) 71(0.5)
Cancer, n (%) 499 (8.5) 2,418 (8.3) 5,422 (8.7) 4,409 (8.2) 1,018 (7.3)

SD, standard deviation; IQR, interquartile range; BMI, body mass index.





