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Abstract

Study Objectives: To investigate whether a healthy sleep pattern would reduce the risk of cardiometabolic multimorbidity (CMM) among hypertensives.

Methods: This is a prospective cohort analysis from the UK Biobank. A total of 69 524 hypertensives without a history of diabetes mellitus, coronary heart disease, or stroke
at baseline were enrolled. Five dimensions of healthy sleep at baseline including early chronotype, sleep 7-8 h/d, free of insomnia, no snoring, and no frequent excessive
daytime sleepiness were used to generate a healthy sleep score ranging from 0 to 5 (one point was given for each dimension of healthy sleep). A higher score indicated a
healthier sleep pattern. We set five groups corresponding to the healthy sleep score of 5, 4, 3, 2, and 0-1, respectively. The primary outcome was the incidence of overall CMM
among enrolled hypertensives. We assessed the adjusted hazard ratios (HRs) and 95% confidence intervals (CIs) by Fine-Gray subdistribution hazard models.

Results: We found the full-adjusted HR (95% CI) for overall CMM was 0.93 (0.91-0.95) for a 1-point increase in the healthy sleep score. Compared to hypertensives
with a healthy sleep score of 0-1, those with a score of 5 had a 27% lower risk of overall CMM, and 37%, 23%, and 20% lower risks of diabetes mellitus, coronary heart
disease, and stroke, respectively, after adjusting for sociodemographic characteristic, lifestyle, and clinical factors.

Conclusions: Our results indicated that a healthy sleep pattern was associated with lower risks of CMM outcomes among hypertensives.

Statement of Significance

As the aging population globally, cardiometabolic multimorbidity (CMM), the cooccurrence of at least two cardiometabolic diseases in one
individual, has become a novel and growing medical issue. A healthy sleep pattern combining five dimensions of healthy sleep was demon-
strated to be associated with lower risks of cardiovascular diseases, heart failure, cardiac arrhythmias, and mortality in the general popu-
lation. However, the role of this healthy sleep pattern in the incidence of overall CMM among hypertensives is not clear yet. In this study,
we mainly estimated the risk of overall CMM among 69 524 hypertensives and found a significant inverse association between the healthy
sleep score and the incidence of overall CMM. These results showed this healthy sleep pattern might be regarded as one of the healthy life-
styles for individuals with hypertension to lower the risk of CMM.
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Introduction

With the aging of the global population, the prevalence of
multimorbidity, especially cardiometabolic multimorbidity
(CMM), which refers to the cooccurrence of at least two
cardiometabolic diseases (CMDs) (including hypertension, dia-
betes mellitus [DM], coronary heart disease [CHD] and stroke
in our study) in an individual, has been increasing rapidly [1,
2]. Studies on the global, United Kingdom, and Chinese popula-
tions showed that CMM cumulatively increased the risk of all-
cause mortality and reduced life expectancy [3-5]. Considering
its high prevalence and poor prognosis, CMM has been rising
as a global issue of public health, which needs our concern.
In addition, hypertension, the most prevalent chronic disease,
contributes to common comorbidities worldwide [6]. In the UK
Biobank (UKB), the most pervasive comorbidities include hyper-
tension and chronic kidney disease (70%), and hypertension
and DM (64%) [7]. Furthermore, a previous study showed an in-
creased risk of all-cause mortality among hypertensives signifi-
cantly elevated from 7% to 30% and 136% after cooccurrences
with DM and cardiovascular diseases (CVD), respectively [5].
Therefore, it is urgent to explore practical strategies to reduce
the risk of progression from hypertension to CMM. A few ex-
isting studies indicated the critical role of socioeconomic class,
some behavioral factors, and clinical profiles in the progress of
CMM [8, 9]. However, the potential effects of other lifestyle be-
haviors which have been demonstrated to be associated with
lower risks of CMDs, on the trajectory from hypertension to
CMM are unclear yet.

Sleep is increasingly recognized as one of the essential factors
in our health. Previous studies have found that some common di-
mensions of unhealthy sleep, including long or short sleep duration
[10, 11], insomnia [12, 13], snoring [14, 15], daytime sleepiness [16,
17], and late chronotype [18, 19], were related to increased risks of
CMDs and mortality in the general population. Additionally, short
sleep duration and insomnia were also found to be associated with
a higher risk of CVD among hypertensives [20-22]. However, sleep
is a multidimensional concept, and the sleep pattern combining
various dimensions of sleep collectively would be closer to the real
world [23]. Recently, Lu et al. generated a healthy sleep pattern com-
bining five dimensions of sleep health, including early chronotype,
proper sleep duration, free of insomnia, no snoring, and no frequent
daytime sleepiness, and demonstrated associations of this healthy
sleep pattern with lower risks of CVD, heart failure, cardiac arrhyth-
mias, and mortality in the general population [24-27]. Moreover, a
recent study showed that this healthy sleep pattern was associated
with a lower risk of DM in hypertensives [28]. Nevertheless, the role
of this compositive healthy sleep pattern in the incidence of overall
CMM, which was defined as occurrences of at least one disease of
DM, CHD, and stroke among hypertensives, needs to be further
investigated.

Thus, we conducted this study by utilizing the data from the
UKB [29], a prospective cohort of over half a million middle-aged
and elderly individuals, to examine the associations between
the healthy sleep pattern and CMM outcomes in hypertensives.

Methods
Data and study population

The data used in this study were derived from the UKB (applica-
tion number: 76118), which has previously been described in detail

[29]. Briefly, the UKB is a large-scale prospective cohort study that
recruited over 500 000 general population aged 40-69 years in 2006—
2010 at 22 assessment centers throughout the United Kingdom.
With written informed consents, the information of each par-
ticipant about demography, lifestyles, anthropometry, and other
clinical-related measurements were collected, after that, linked to
their medical records and presented by the corresponding filed ID
[30]. The UKB was approved by the UKB Research Ethics Committee.
In this study, we enrolled 149 148 patients with hypertension,
excluded 40 514 patients with DM, CHD, or stroke at baseline,
and excluded 39 110 patients with missing data on five dimen-
sions of sleep and involved covariates, leaving 69 524 patients
with validated information for the principal analysis. The par-
ticipants’ flow chart is presented in Supplementary Figure S1.

Assessment of sleep behaviors

In the UKB, self-reported dimensions of sleep, including
chronotype, sleep duration, sleeplessness/insomnia, snoring,
and daytime sleepiness, were recorded by touchscreen ques-
tionnaires. For chronotype, participants were asked, “Do you
consider yourself to be: (1) definitely a ‘morning’ person; (2)
more a ‘morning’ person than ‘evening’ person; (3) more an
‘evening’ person than a ‘morning’ person; or (4) definitely an
‘evening’ person.” For sleep duration, participants were asked
“About how many hours sleep including naps do you get in every
24 hours?.” For sleeplessness/insomnia, participants were asked
“Do you have trouble falling asleep at night or do you wake up
in the middle of the night?,” and with several choices provided:
(1) never/rarely; (2) sometimes, or (3) usually. For snoring, par-
ticipants were asked, “Does your partner or a close relative or
friend complain about your snoring?” and with responses pro-
vided: (1) yes; or (2) no. For daytime sleepiness, participants were
asked, “How likely are you to doze off or fall asleep during the
daytime when you don’t mean to? (e.g. when working, reading,
or driving),” and with multiple choices provided: (1) never/rarely;
(2) sometimes; (3) often, or (4) all of the time.

Assessment of healthy sleep score

The definitions of the five dimensions of healthy sleep and the
healthy sleep score have been described in detail in the pre-
vious study [24]. Five dimensions of healthy sleep included early
chronotype (definitely a “morning” person or “morning” than
“evening” person); sleep 7 to 8 h/d; reported free of insomnia
(“never/rarely”); no snoring; and no frequent excessive daytime
sleepiness (“never/rarely” or “sometimes”). These dimensions
of healthy sleep were used to generate a healthy sleep score
ranging from 0 to 5 (one point was given for each dimension of
healthy sleep). A higher score indicated a healthier sleep pat-
tern. This study set five groups corresponding to the healthy
sleep score of 5, 4, 3, 2, 0-1, respectively.

Assessment of CMDs and the main outcome

The information presented by the filed ID recording disease
status or medications was used to define CMDs including hyper-
tension, DM, CHD, and stroke. In brief, the screening of these
four CMDs was conducted according to self-reported informa-
tion (including medical history, physician diagnoses obtained
from the verbal interview, and surgery history) and digital
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medical records (including diagnoses derived from the code of
the International Classification of Diseases, 9th revision [ICD-
9], [ICD-10], and the Office of Population Censuses and Surveys
Classification of Interventions and Procedures, version 4 [OPCS-
4]). The detailed definitions of specific CMDs are summarized
in Supplementary Table S1 [31]. For example, a participant who
met at least one of the following conditions would be defined as
a patient with hypertension in our study: (1) reported hyperten-
sion through oral interview; (2) replied with “high blood pres-
sure” to the touchscreen question “Has a doctor ever told you
that you have had a heart attack, angina, high blood pressure,
or stroke?”; (3) answered the touchscreen question “Do you
regularly take cholesterol-lowering medication, blood pressure
medication, or insulin?” with “blood pressure medication”; (4)
his or her diagnosis information of hypertension was recorded
in the hospital admission data (including ICD-9 and ICD-10). For
a specific CMD, if the diagnosis was confirmed after recruitment,
the disease would be considered to occur during follow-up,
otherwise exist at baseline.

In this study, the primary outcome was the incidence of
overall CMM, which was defined as occurrences of at least one
disease of DM, CHD, and stroke among enrolled hypertensives
during the follow-up.

Assessment of covariates

In our analysis, other covariates of participants including demo-
graphic variables, lifestyle factors, and clinical characteris-
tics were documented through touchscreen questionnaires,
verbal interview records, and physical measures at baseline.
Sociodemographic variables included age, gender (male/female),
ethnicity (white/nonwhite), and Townsend Deprivation Index
(TDI), an area-based proxy measure for socioeconomic status
provided in the UKB directly [32]. Lifestyle factors included
smoking status (current/past or never), alcohol consumption
(never or occasionally drinking/usually drinking), physical ac-
tivity, and diet. In terms of physical activity, participants were
dichotomized according to whether they met the 2019 UK
Physical Activity Guidelines (150 minutes of walking or mod-
erate activity per week or 75 minutes of vigorous activity) [33].
The American Heart Association Guidelines were used to assess
each participant’s diet condition at baseline [34], and more de-
tails were recorded in Supplementary Table S2. A healthy diet
was considered if > 2 healthy food items were fulfilled. Clinical
characteristics included body mass index (BMI), the use of
antihypertensives, cholesterol-lowering drugs, aspirin, and
mental/sleep medication. BMI (kg/m? was calculated as the
body weight (kg) divided by the square of height (m). Detailed
information on mental/sleep medication use was provided in
Supplementary Table S3.

Statistical analysis

Baseline characteristics of 69 524 participants were expressed
as mean (SD) or number (percentage) in each category of the
healthy sleep score. Using the group of participants who had
a healthy sleep score <1 as the reference group, we estimate
the hazard ratio (HR) and 95% confidence interval (CI) with the
Fine-Gray sub-distribution hazard model, accounting for com-
peting risk of mortality and set follow-up duration as the time

Heetal. | 3

scale. The dose-dependent association of the healthy sleep score
with the incidence of overall CMM was analyzed by setting the
healthy sleep score as a continuous variable. In the present ana-
lyses, we developed three models. Model 1 was adjusted for age
and gender. Model 2 was additionally adjusted for ethnicity, TDI,
smoking status, alcohol consumption, diet, and physical ac-
tivity. Model 3 (the full-adjusted model) contained all covariates
in Model 2 and clinical profiles including BMI and the use of as-
pirin, cholesterol-lowering, and antihypertensive drugs. After
the Spearman rank correlation coefficients (Rs) among five com-
ponents of the healthy sleep pattern were demonstrated to be
below 0.10 (Supplementary Table S4), we also set three models
above and further adjusted for the other four components when
analyzing the association between a single dimension of the
healthy sleep pattern and the risk of overall CMM. In addition,
we used the same strategy to assess the associations of the
healthy sleep score and its components with the incidence of
DM, CHD, and stroke, respectively.

To confirm the robustness of our results, we conducted sev-
eral sensitivity analyses. In sensitivity analysis 1, we excluded
4251 newly diagnosed (<1 year) hypertensives. In sensitivity
analysis 2, we excluded 376 participants who died within the
first 2 years of follow-up. In sensitivity analysis 3, we adjusted
the calculation of physical activity to partly offset the exclu-
sion of participants with missing data in physical activity ques-
tionnaires. For those who answered their weekly frequency of
walking/moderate/vigorous physical activity 10 + minutes but
did not record detailed duration, we conservatively substituted
the corresponding duration with 10 minutes and reperformed
the analysis. In sensitivity analysis 4, we additionally adjusted
for the use of mental/sleeping medicine [35]. In sensitivity
analysis 5, we modified the definition of DM by excluding self-
reported information. In sensitivity analysis 6, we constructed
a weighted healthy sleep score ranging from 0 to 5 points. This
weighted score based on five dimensions of healthy sleep was
calculated by using the following equation: weighted healthy
sleep score = (1 x dimension 1 + 2 x dimension 2 + 33 x dimen-
sion 3 + 4 x dimension 4 + 5 x dimension 5) x 5/ (sum of the f
coefficients) [24].

Furthermore, to assess whether the association between the
healthy sleep score and the incidence of overall CMM was con-
sistent among different subgroups, the primary analysis was
stratified by gender (male or female), age (<60 or =60 years),
healthy diet (yes or no), BMI (=30 or < 30 kg/m2), and the use of
antihypertensives (yes or no).

All analyses were performed using R, version 4.1.1. All p
values for the tests were two-sided, and the p value < 0.05 was
considered statistically significant.

Results

The baseline characteristics of 69 524 enrolled hypertensives are
expressed in Table 1. Of the 69 524 participants, the mean age
(SD) was 59.33 (7.23) years, and 34 731 (50.00%) were male. 5.15%,
22.13%, 39.30%, 27.97%, and 5.45% had a healthy sleep score of
5, 4, 3, 2, and < 1, respectively. Participants with higher healthy
sleep scores were less probably to be current smokers and
cholesterol-lowering drug users. They tended to have a healthy
diet, proper physical activity, and lower measurements of BMIL.
Furthermore, participants with no frequent daytime sleepiness
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contributed the most significant proportion in each group (Table
1).

During a median of 11.92 years of follow-up, 13 539 CMM
cases were recorded, including 7 418 CHD, 4 765 DM, and 3 492
stroke cases. The cumulative incidence of overall CMM among
five groups during follow-up is presented in Supplementary
Figure S2, indicating a lower cumulative incidence of overall
CMM in the patients with a higher healthy sleep score.

Table 2 shows the association of the healthy sleep score and
its components with the risk of overall CMM in three models,
respectively. The healthy sleep score was inversely associated
with the incidence of overall CMM (p for trend < 0.001 for three
models). After adjusting for age, gender, ethnicity, TDI, and life-
style factors, the HR (95% CI) for overall CMM was 0.90 (0.89-0.92)
for a 1-point increase in the healthy sleep score. The association
was slightly attenuated but remained significant after further
adjusting for BMI and the use of aspirin, cholesterol-lowering
drugs, and antihypertensives. Compared to participants with a
healthy sleep score of 0 to 1, the fully adjusted HR (95% CI) for
overall CMM was 0.73 (0.66-0.81) among patients with a healthy
sleep score of 5. For each binary (low risk vs. high risk) com-
ponent of the healthy sleep pattern, early chronotype, sleep
7-8 h/d, no frequent daytime sleepiness, and free of insomnia
were independently associated with a decreased risk of overall
CMM by 4%, 9%, 22%, and 10%, respectively. No snoring was re-
lated to a lower risk of overall CMM after adjustment for demo-
graphic variables and lifestyle factors. However, the association
was eliminated in the full-adjusted model (HR =0.98; 95% CI
0.94-1.01) (Table 2).

We also found inverse associations between the healthy
sleep score and the risks of CHD, DM, and stroke, respectively
(Figure 1). In the full-adjusted model, each unit increase in the
healthy sleep score was associated with an HR (95% CI) of 0.89
(0.87-0.92) for DM, 0.93 (0.91-0.96) for CHD, and 0.96 (0.93-1.00)
for stroke (Figure 1). Compared to the reference group, the fully

adjusted HRs (95% CI) of participants with a healthy sleep score
of 5 were 0.77 (0.67-0.89) for CHD, 0.63 (0.53-0.74) for DM, and
0.80 (0.66-0.98) for stroke, respectively (Figure 1). The associ-
ations of different components of the healthy sleep pattern with
risks of CHD, DM, and stroke appeared varied. Sleep 7-8 h/d and
no frequent daytime sleepiness was independently associated
with a decreased risk of DM, CHD, and stroke; free of insomnia
was related to a decreased risk of DM and CHD, respectively;
while early chronotype was only associated with a lower risk of
stroke; and no snoring was only related to a decreased risk of
DM (Supplementary Table S5).

The relationship between the healthier sleep pattern and the
lower risk of overall CMM remained consistent in the first five
sensitivity analyses. Additionally, the results were not substan-
tially changed for the weighted healthy sleep score in sensitivity
analysis 6 (Supplementary Figure S3). The inverse association
was not modified in the different subgroups of the population (p
for interaction >0.05) (Figure 2).

Conclusion and Discussion

In this large-scale prospective study enrolling 69 524
hypertensives at baseline from the UKB, we found inverse as-
sociations of the healthy sleep score with CMM outcomes. After
fully adjusting for covariables, participants with a healthy sleep
score of 5 had a 27% lower risk of overall CMM than those with
a healthy sleep score of 0-1. The association between a higher
healthy sleep score and a lower risk of overall CMM among
hypertensives remained consistent in a series of sensitivity ana-
lyses. It was not modified by age, gender, BMI, diet, and use of
antihypertensives.

There were no existing studies investigating the role of this
sleep pattern in the progression from hypertension to overall
CMM. Only one recent cohort study explored the implication of
the healthy sleep pattern in the passage from hypertension to

Table 1. Baseline characteristic of 69 524 hypertensives according to healthy sleep score

Healthy sleep score

Baseline characteristics 0-1 2 3 4 5
No. (%) of participants 3579 (5.15) 15385 (22.13) 27327 (39.30) 19445 (27.97) 3788 (5.45)
Age, mean (SD), year 58.11 (7.42) 58.82 (7.28) 59.48 (7.11) 59.79 (7.18) 59.15 (7.66)
Male, No. (%) 1905 (53.2) 8193 (53.3) 13432 (49.2) 9175 (47.2) 2026 (53.5)
White, No. (%) 3358 (93.8) 14629 (95.1) 26158 (95.7) 18651 (95.9) 3562 (94.0)
Townsend Deprivation Index, mean (SD) -0.92 (3.29) -1.28 (3.11) -1.48 (2.99) -1.59 (2.93) -1.54 (2.98)
Current smoker, No. (%) 493 (13.8) 1768 (11.5) 2246 (8.2) 1323 ( 8) 236 ( 2)
Alcohol consumption, No. (%) — — —
Never drinking or drinking occasionally 1891 (52.8) 7923 (51.5) 14169 (51.8) 10546 (53.5) 2160 (56.2)
Drinking usually 1688 (47.2) 7462 (48.5) 13158 (48.2) 9061 (46.6) 1661 (43.8)
Healthy diet, No. (%) 1750 (48.9) 8102 (52.7) 15658 (57.3) 12017 (61.8) 2479 (65.4)
Proper physicalactivity, No. (%) 2586 (72.3) 12009 (78.1) 22101 (80.9) 16307 (83.9) 3252 (85.9)
BMI, mean (SD) 30.50 (5.47) 29.61 (5.19) 28.76 (4.80) 28.04 (4.62) 27.71 (4.59)
Aspirin, No. (%) 574 (16.0) 2620 (17.0) 4716 (17.3) 3282 (16.9) 631 (16.7)
Cholesterol-lowering drugs, No. (%) 989 (27.6) 4104 (26.7) 7235 (26.5) 5023 (25.8) 908 (24.0)
Antihypertensive drugs, No. (%) 2234 (62.4) 9719 (63.2) 17429 (63.8) 12571 (64.6) 2387 (63.0)
Healthy sleep factors, No. (%) — — — — —
Early chronotype 278 (7.8) 5507 (35.8) 17976 (65.8) 17366 (89.3) 3788 (100.0)
Sleep 7-8h/d 143 (4.0) 5721 (37.2) 18156 (66.4) 18293 (94.1) 3788 (100.0)
No frequent daytime sleepiness 2771 (77.4) 14627 (95.1) 26923 (98.5) 19390 (99.7) 3788 (100.0)
Free of insomnia 41 (1.1) 757 (4.9) 3927 (14.4) 6591 (33.9) 3788 (100.0)
No snoring 157 (4.4) 4158 (27.0) 14999 (54.9) 16140 (83.0) 3788 (100.0)
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Table 2. HRs (95% ClIs) for overall CMM by healthy sleep score and its components

Model 1* Model 2t Model 3*
Number of cases (%)  HR (95% CI) P HR (95% CI) P HR (95% CI) P

Healthy sleep score 0.89 (0.87-0.90)  <0.001  0.90 (0.89-0.92) <0.001  0.93 (0.91-0.95)  <0.001

0-1 887 (24.78) Reference Reference Reference

2 3269 (21.25) 0.82 (0.76-0.88)  <0.001  0.85(0.79-0.91) <0.001  0.88 (0.81-0.94)  <0.001

3 5308 (19.42) 0.73 (0.68-0.79)  <0.001  0.77 (0.72-0.83)  <0.001  0.82 (0.77-0.89)  <0.001

4 3438 (17.68) 0.65(0.61-0.71)  <0.001  0.70 (0.65-0.75)  <0.001 0.7 (0.71-0.83)  <0.001

5 637 (16.82) 0.62 (0.56-0.68) <0.001 0.66 (0.59-0.73) <0.001  0.73 (0.66-0.81)  <0.001
Componentss$

Early chronotype 8661 (19.28) 0.93(0.90-0.96) <0.001  0.95 (0.92-0.99) 0.008  0.96 (0.93-1.00) 0.028

Sleep 7-8h/d 8545 (18.54) 0.86 (0.83-0.89) <0.001  0.89 (0.86-0.92) <0.001  0.91 (0.88-0.94)  <0.001

No frequent daytime sleepiness 12974 (19.22) 0.70 (0.64-0.76)  <0.001  0.75 (0.69-0.82) <0.001  0.78 (0.72-0.85)  <0.001

Free of insomnia 2809 (18.60) 0.90 (0.86-0.94) <0.001  0.90 (0.86-0.94) <0.001  0.90 (0.87-0.94)  <0.001

No snoring 7231 (18.43) 0.91 (0.88-0.94) <0.001  0.90 (0.87-0.94) <0.001  0.98 (0.94-1.01)  0.190

CMM: cardiometabolic multimorbidity; HR: hazard ratio; CI: confidence interval.

*Model 1: adjusted for age and gender, while additionally adjusted for the other four components when analyzing the association between components of the
healthy sleep pattern and the incidence of overall CMM.

tModel 2: adjusted for variables in model 1, Townsend deprivation index, ethnicity, smoking status, alcohol consumption, diet, and physical activity.

*Model 3: adjusted for variables in model 2, BMI and the use of aspirin, cholesterol-lowering, and antihypertensive drugs.

SEach component of the healthy sleep pattern was modeled as a binary variable: met or did not meet the healthy criterion.

No. of patients Cases HR (95% CI) P
DM
Healthy Sleep Score 69524 4765 e 0.89 (0.87-0.92) <0.001
0-1 3579 416 Reference
2 15386 1259 —— 0.78 (0.70-0.88) <0.001
3 27327 1816 —s 0.71 (0.64-0.80) <0.001
4 19444 1076 —— 0.65 (0.58-0.73) <0.001
5 3788 198 — 0.63 (0.53-0.74) <0.001
CHD
Healthy Sleep Score 69524 7418 Fa 0.93 (0.91-0.96) <0.001
0-1 3579 442 Reference
2 15386 1785 T 0.95 (0.86-1.05) 0.32
3 27327 2930 P 0.89 (0.80-0.98) 0.021
4 19444 1909 —— 0.82(0.74-0.91) <0.001
5 3788 352 e 0.77 (0.67-0.89) <0.001
Stroke
Healthy Sleep Score 69524 3492 e 0.96 (0.93-1.00) 0.029
0-1 3579 205 Reference
2 15386 771 —_— 0.85(0.73-0.99) 0.036
3 27327 1373 — 0.84 (0.72-0.97) 0.018
4 19444 961 — 0.81 (0.69-0.94) 0.006
5 3788 182 = = ! 0.80 (0.66-0.98) 0.032

05 05 07 08 o8 1 11 12

Figure 1. The association between the healthy sleep score with the incidence of CHD, DM, and stroke in the full-adjusted model The full-adjusted model was adjusted
for age, sex, Townsend Deprivation Index, ethnicity, physical activity, diet, smoking status, alcohol consumption, BMI, and the use of aspirin, cholesterol-lowering drugs,
and antihypertensives. CHD: coronary heart disease; DM: diabetes mellitus; HR: hazard ratio; CI: confidence interval.
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Subgroup No. of patients Cases HR (95% Cl) P P for interaction
Gender 0.107
Men, scores

0-1 1905 534 Reference

2 8193 1993 — 0.89 (0.81-0.98) 0.017
3 13432 3094 — 0.84 (0.77-0.92)  <0.001
4 9175 2004 —e 0.80 (0.73-0.88)  <0.001
5 2026 434 —_— 0.82 (0.72-0.93)  0.002
Women, scores

0-1 1674 353 Reference

2 7192 1276 — 0.85(0.76-0.96) 0.008
3 13895 2214 —e 0.80(0.71-0.89)  <0.001
4 10270 1434 — 0.73 (0.64-0.82) <0.001
5 1762 203 —_— 0.61(0.51-0.72) <0.001
Age 0.627
260 years, scores

0-1 1684 490 Reference

2 7908 2000 — 0.90 (0.82-0.99) 0.037
3 15187 3497 e 0.85(0.77-0.93)  <0.001
4 11200 2395 e 0.80 (0.73-0.88)  <0.001
5 2096 432 — 0.75 (0.66-0.86)  <0.001
<60 years, scores

0-1 1895 397 Reference

2 7477 1269 — 0.86 (0.76-0.96)  0.007
3 12140 1811 —e 0.83 (0.74-0.92) <0.001
4 8245 1043 — 0.75 (0.67-0.84) <0.001
5 1692 205 —_— 0.73 (0.61-0.86)  <0.001
Healthy diet 0.495
Yes, scores

0-1 1750 403 Reference

2 8102 1652 s 0.90 (0.81-1.01)  0.063
3 15658 2921 e 0.85(0.77-0.95)  0.003
4 12017 2051 —e 0.80 (0.71-0.89)  <0.001
5 2479 389 —_— 0.73 (0.63-0.83)  <0.001
No, scores

0-1 1829 484 Reference

2 7283 1617 i 0.85(0.77-0.95)  0.002
3 11669 2387 — 0.80 (0.72-0.88)  <0.001
4 7428 1387 — 0.75(0.67-0.83)  <0.001
5 1309 248 —_— 0.77 (0.66-0.90)  <0.001
BMI 0.794
230 kg/m?, scores

0-1 1726 505 Reference

2 6226 1560 e 0.84 (0.76-0.92)  <0.001
3 9243 2267 e 0.80 (0.73-0.88)  <0.001
4 5406 1216 — 0.73 (0.66-0.81)  <0.001
5 962 216 —_— 0.71(0.60-0.83) <0.001
<30 kg/m2, scores

0-1 1853 382 Reference

2 9159 1709 s 0.91(0.81-1.01)  0.079
3 18084 3041 —— 0.83 (0.75-0.92) <0.001
4 14039 2222 e 0.77 (0.69-0.86)  <0.001
5 2826 421 — 0.73 (0.64-0.84) <0.001
Use of antihypertensives 0.283
Yes, scores

0-1 2234 611 Reference

2 9719 2296 e 0.87 (0.79-0.95)  0.002
3 17429 3748 —— 0.81(0.74-0.88) <0.001
4 12571 2418 — 0.74 (0.67-0.81)  <0.001
5 2387 439 e 0.71(0.62-0.80) <0.001
No, scores

0-1 1345 276 Reference

2 5666 973 i 0.90(0.78-1.02)  0.11
3 9898 1560 —_— 0.87 (0.76-0.99)  0.034
4 6874 1020 —— 0.86 (0.75-0.98)  0.027
5 1401 198 L E— 0.80 (0.67-0.96) 0.019

Figure 2. The association of healthy sleep score with the incidence of cardiometabolic multimorbidity in several subgroups. HR: hazard ratio; CI: confidence interval.

DM [28]. An inverse association was observed between a healthy
sleep score and DM outcome among hypertensives (HR =0.78;
95% CI 0.75-0.81), similar to our results (HR = 0.89; 95% CI 0.87-
0.92). A few researchers pointed out that poor sleep quality

assessed by specific sleep patterns was related to several risk
factors of CVD among hypertensives [36,37]. Additionally, the
relationship between a single dimension of sleep and the prog-
nosis of hypertension, such as CVD complications, has been



assessed previously [20,21]. Based on the intimate association
of hypertension with sleep and other CMDs including DM, CHD,
and stroke [38-40], we first explored the implication of a healthy
sleep pattern combining five common dimensions of sleep
health on the progression from hypertension to overall CMM
and found this healthy sleep pattern was related to lower risks
of CMM outcomes among hypertensives.

Our results appeared in line with the previous studies which
explored the association between other particular sleep pat-
terns and CMDs outcomes in the general population [41-43].
A recent study based on the Midlife in the United States study
showed that the sleep health score, which was calculated by
empirically derived cut-off values for six dimensions of sleep
(daytime alertness and sleep quality, timing, regularity, effi-
ciency, and duration), was associated with about a 10% lower
risk of total cardiometabolic morbidity [44]. In another observa-
tional study, researchers found the poor sleep quality assessed
by the Pittsburgh sleep quality index was related to a 2.6-fold
higher risk of DM [42]. A similar result was observed in our study
that each unit increase in the healthy sleep score was associ-
ated with a 7% lower risk of overall CMM among patients with
hypertension. In addition, a large-scale cohort study demon-
strated that general participants with a healthy sleep score of 5
had a 35%, 34%, and 34% decreased risk of CVD, CHD, and stroke,
respectively, compared to those with a sleep score of 0-1 [24].
In the current study, we also observed 23% and 20% decreased
risks of CHD and stroke among hypertensives with the highest
healthy sleep score, which was slightly weaker than thatin CVD
prevention in the general population [24]. It indicated that the
compositive healthy sleep pattern which played an essential
role in the primary prevention of CMDs in the general popu-
lation might play a similar role in the secondary prevention
among patients with hypertension.

To determine which individual component of the healthy
sleep pattern contributed to the incidence of CMM, we fur-
ther explored the relationships between the five dimensions
and risks of CMM outcomes. We found that no frequent day-
time sleepiness, free of insomnia, sleep 7-8 h/day, and early
chronotype was independently associated with a 22%, 10%, 9%,
and 4% lower risk of overall CMM in the fully adjusted model.
Our results were parallel to those of previous studies reporting
that late chronotype [19], short or long sleep duration [45-47],
daytime sleepiness [48, 49], and insomnia [13, 50] increased
the risk of CMDs in the general population. However, for no
snoring, its association with a lower risk of overall CMM was
eliminated after further adjusting for BMI and the use of aspirin,
cholesterol-lowering drugs, and antihypertensives, which was
observed in several previous studies [24, 48].

No current study has explored how the combination of sleep
dimensions might affect CMM risk. However, these different
dimensions of unhealthy sleep may individually act through
several mechanisms that could operate synergistically to in-
crease the risk of CMM, such as inflammatory responses, oxi-
dative stress, endothelial dysfunction, atherosclerosis, insulin
resistance, prothrombotic state, and disrupted circadian rhythm
[51-53].

Strengths and limitations

The main strength of our study is the enormous and de-
tailed data from the UKB. Thus, we could account for potential

Heetal. | 7

confounding factors and conduct a series of sensitivity ana-
lyses and stratification analyses to verify our results. Another
strength of the current study is that we used the healthy sleep
pattern combining five common and essential dimensions of
sleep health to assess its association with the incidence of CMM.

However, our study has several limitations. First, the asso-
ciations between the healthy sleep pattern and lower risks of
CMM outcomes cannot be interpreted as causal relations in this
observational study. Second, the sleep behaviors at baseline only
reflected the sleep condition of participants in the last 4 weeks.
Whether they changed their sleep habits in the follow-up was
not acquired. Thus, future cohort studies with repeated meas-
urements are needed to ensure sleep behaviors consistence.
Third, as discussed in the previous study [24], this healthy sleep
pattern combining five dimensions of sleep health could not
reflect the holistic sleep condition. Other dimensions of sleep
associated with CMDs risks were not considered in this sleep
pattern, such as restless legs syndrome and sleep apnea syn-
drome [54, 55]. Finally, although we adjusted for covariables in
multiple aspects, other residual confounding effects might re-
main from unknown or unmeasured factors.

In this cohort study, our results addressed the gap of the
role of this healthy sleep pattern on the progression from
hypertension to overall CMM and highlighted the significance
of sleep health again. Individuals with an unhealthy sleep pat-
tern might improve sleep by improving diet, physical activity,
weight condition, and sleep environment, as previous studies
found that these factors were associated with good sleep quality
[56-59]. However, whether these associations could be inter-
preted as causal relationships still needs further investigation.
Additionally, the potential protective role of other uninvolved
dimensions of healthy sleep in reducing the risk of CMM among
hypertensives might remain. Future cohort studies are needed
to explore a more complete healthy sleep pattern to strengthen
the conclusion of our research.
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Supplementary material is available at SLEEP online.
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