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Abstract

Background and 
Aims

Evidence on the link between sleep patterns and cardiovascular diseases (CVDs) in the community essentially relies on stud-
ies that investigated one single sleep pattern at one point in time. This study examined the joint effect of five sleep patterns at 
two time points with incident CVD events.

Methods By combining the data from two prospective studies, the Paris Prospective Study III (Paris, France) and the CoLaus| 
PsyCoLaus study (Lausanne, Switzerland), a healthy sleep score (HSS, range 0–5) combining five sleep patterns (early chron-
otype, sleep duration of 7–8 h/day, never/rarely insomnia, no sleep apnoea, and no excessive daytime sleepiness) was cal-
culated at baseline and follow-up.

Results The study sample included 11 347 CVD-free participants aged 53–64 years (44.6% women). During a median follow-up of 
8.9 years [interquartile range (IQR): 8.0–10.0], 499 first CVD events occurred (339 coronary heart disease (CHD) and 175 
stroke). In multivariate Cox analysis, the risk of CVD decreased by 18% [hazard ratio (HR) 0.82, 95% confidence interval (CI) 
0.76–0.89] per one-point increment in the HSS. After a median follow-up of 6.0 years (IQR: 4.0–8.0) after the second follow- 
up, 262 first CVD events occurred including 194 CHD and 72 stroke. After adjusting for baseline HSS and covariates, the risk 
of CVD decreased by 16% (HR 0.84, 95% CI 0.73–0.97) per unit higher in the follow-up HSS over 2–5 years.

Conclusions Higher HSS and HSS improvement over time are associated with a lower risk of CHD and stroke in the community.
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Structured Graphical Abstract

The effect of sleep patterns on cardiovascular disease (CVD) risk has not been fully investigated. In particular, do sleep patterns change 
over time and is this change related to CVD risk?

In this study 19.1% of subjects changed their sleep patterns over time. The risk of CVD decreased by 18% per one-point increment in 
the baseline healthy sleep score (HSS, range 0-5), and by 16% per one-point increment  of HSS during follow-up.

Higher HSS and improvement in the HSS over time are associated with a lower risk of coronary heart disease and stroke in the
community.

Key Question

Key Finding

Take Home Message

Sleep patterns at baseline
Healthy sleep score

(HSS, range 0-5)

Sleep patterns at follow-up
Healthy sleep score at 2 to 5 years

(HSS, range 0-5)

Paris

Lausanne

Baseline HSS analysis
Median follow-up: 8.9 years

499  rst CVD (339 CHD and 175 stroke)

18% relative risk reduction of CHD 
or stroke per 1-point increase in HSS, 
HR=0.82 (95% CI: 0.76–0.89)

Median follow-up: 6.0 years

262  rst CVD (194 CHD and 72 stroke)

19.1% of participants changed their HSS

16% relative risk reduction of CHD 
or stroke per 1-point change in HSS, 
HR=0.84 (95% CI: 0.73–0.97)

HSS change analysis

No insomnia No sleep
apnea

Sleep duration 
(7-8 h/day)

No excessive
daytime sleepiness

Early
chronotype

No insomnia No sleep
apnea

Sleep duration 
(7-8 h/day)

No excessive
daytime sleepiness

Early
chronotype

CHD Stroke

Adjudicated
incident events

CoLaus/PsychoLaus

Paris prospective
study III

N = 11 347 Mean age
Women

58.9 ± 8.1
44.6%

Mean age
Women

60.3 ± 7.6
43.6%

N = 9 309

In a combined dataset from two large and independent European prospective cohort studies including 11 347 CVD-free participants, there were 
499 first CVD events during a median follow-up of 8.9 years and 262 first CVD events during a median follow-up of 6.0 years after the second follow- 
up. Analysis of the joint effect of five sleep patterns showed that the risk of CVD decreased by 18% per one-point increment in the baseline HSS 
score and by 16% per unit higher in the follow-up HSS score over a 2- to 5-year period. HSS, healthy sleep score; CHD, coronary heart disease; CVD, 
cardiovascular disease; HR, hazard ratio; CI, confidence interval.

Keywords Cardiovascular disease • Prevention • Sleep patterns • Healthy sleep score • Pooled cohort study

Introduction
A growing body of scientific evidence suggests that sleep patterns are 
risk markers for cardiovascular disease (CVD).1–4 The recent ‘Life’s 
Essential 8’5 by the American Heart Association that includes sleep dur-
ation as a component of the cardiovascular health score further sup-
ports the importance of studying the sleep–CVD axis. Given the 
burden of impaired sleep patterns and CVD worldwide,6–8 exploring 
the interplay between sleep and CVD carries important public health 
implications. While a ‘good sleep’ or ‘healthy sleep’ encompasses sev-
eral dimensions, most evidence on the link between sleep patterns 
and CVD is based on studies that examined one single sleep pattern 
[mainly sleep duration,4,9 sleep apnoea,2 insomnia,1 snoring,10,11

excessive daytime sleepiness (EDS),3 or chronotype].12 A few studies 
investigated the combined effect of two sleep patterns, mainly sleep 
duration and insomnia, on CVD risk.13–17 Furthermore, all these prior 
studies considered sleep patterns measured at one point in time (‘base-
line’ measurement), so that it is currently unknown whether or not a 
change in sleep patterns is related to CVD.

To the best of our knowledge, the joint effect of several sleep pat-
terns on CVD risk has been investigated in two studies only, the UK 
Biobank18 and the Swedish ‘Screening Across the Lifespan Twin’ 
(SALT).19 In both studies, the authors developed a healthy sleep score 
(HSS) based on five sleep patterns (sleep duration between 7 and 8 h, 
no insomnia, early chronotype, absence of snoring, and no EDS) and re-
ported an inverse association between a higher HSS and incident CVD 
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events. However, how the HSS changes over time and whether this 
change is related to CVD were not examined in these two studies.

Therefore, the main objective of this study was to examine the joint 
effect of those five sleep patterns at baseline and over time with inci-
dent CVD events. The secondary objective was to assess the possible 
public health implications of achieving an optimal HSS towards CVD 
risk by estimating the proportion of CVD events that could be poten-
tially avoided if the population achieved an optimal HSS (i.e. population 
attributable fraction). These questions were addressed using pooled 
and harmonized data from two large independent community-based 
cohorts.

Methods
Study populations
The Paris Prospective Study III
The Paris Prospective Study III (PPS3, Paris, France) is an ongoing prospect-
ive observational community-based cohort study on novel determinants of 
the main phenotypes of CVD.20 Between 2008 and 2012, 10 157 men and 
women aged 50–75 years were recruited in a preventive medical centre in 
Paris. At baseline, they underwent a standard physical examination coupled 
with standard biological tests after an overnight fasting and provided infor-
mation related to lifestyle (tobacco and alcohol consumption, physical activ-
ity, diet), personal and family medical history, current health status, and 
medication use on questionnaires.

The CoLaus|PsyCoLaus study
The CoLaus|PsyCoLaus study (Lausanne, Switzerland) is a Swiss 
population-based observational prospective study investigating determi-
nants of CVD.21,22 Between 2003 and 2006, 6733 men and women aged 
35–75 years were included from a simple, non-stratified random sample 
of the Lausanne population, Switzerland. At baseline, information related 
to lifestyle (tobacco and alcohol consumption, physical activity, diet), per-
sonal and family medical history, current health status, and medication 
were collected using questionnaires. During follow-up periods, subjects 
underwent a physical examination after an overnight fasting and responded 
to a questionnaire covering demographic and medical history and health 
behaviours.

Main exposure: healthy sleep score— 
definition and construction
Healthy sleep score definition
In both PPS3 and CoLaus|PsyCoLaus, subjective sleep-related complaints 
and habits were self-reported on validated questionnaires at two time 
points 2 years apart in PPS3 and 5 years apart in CoLaus|PsyCoLaus, re-
spectively. Those questionnaires assess sleep duration and insomnia com-
plaints (modified Pittsburgh sleep quality index),23 obstructive sleep 
apnoea (OSA; Berlin questionnaire),24,25 and EDS [Epworth Sleepiness 
Scale (ESS)].26 The properties of these sleep questionnaires have been re-
ported and are summarized in the Supplementary data online.23,27–29 Sleep 
duration was assessed in terms of number of reported hours by the ques-
tion ‘How many hours of effective sleep do you get each night?’ Information 
on chronotype was assessed using the following question in PPS3: It is 
sometimes said that someone is a ‘morning person’ or an ‘evening person’. 
How do you consider yourself? (i) definitely a ‘morning’ person, (ii) more 
a ‘morning’ person, (iii) more an ‘evening’ person, or (iv) definitely an 
‘evening’ person. In CoLaus|PsyCoLaus, information on chronotype was 
assessed by the validated French translation30 of the Horne–Ostberg 
Morningness-Eveningness Score.31

The HSS combines five sleep patterns including early chronotype (‘morn-
ing’ or ‘more a morning’), sleep duration of 7–8 h/day, reported never/rare-
ly insomnia symptoms, no sleep apnoea (defined as <2 positive categories 

on the Berlin questionnaire), and no EDS (defined as an ESS score <11). 
Each sleep pattern was scored 1 point if it was optimal and 0 point other-
wise. The score ranged from 0 to 5 (the higher the better), reflecting the 
number of optimal sleep patterns.

Baseline healthy sleep score
The baseline score was analysed as an ordinal scale (0–5, the higher the bet-
ter) and as a categorical scale (0–1, 2, 3, 4, and 5).

Healthy sleep score at follow-up
First, we considered change in HSS score as a discrete variable and com-
puted the absolute difference (change) between the baseline and follow-up 
score among those who completed sleep questionnaires at both time 
points. Second and for clinical interpretation, the score at baseline and at 
follow-up was dichotomized according to the median (HSS = 3), so that 
four categories of change were considered: stable low (<3 at both time 
points), stable high (≥3 at both time points), ‘increase’ (<3 at baseline 
and ≥3 at the second evaluation), and ‘decrease’ (≥3 at baseline and <3 
at the second evaluation), respectively. These categories of change were de-
fined a priori, and the dichotomization of the HSS at baseline and at follow- 
up was chosen to maximize the number of participants in each category of 
change.

Polysomnography healthy sleep score
An in-home overnight full polysomnography (PSG) was performed in a sub-
sample of 2162 participants from the CoLaus|PsyCoLaus study, the 
HypnoLaus study.32 The protocol of the PSG has been previously detailed32

and is summarized in the Supplementary data online. We calculated a PSG 
healthy sleep score (PSG HSS) ranging from 0 to 3 (the higher the better) 
considering optimal sleep duration (Total sleep time of 7–8 h), no objective 
maintenance insomnia [wake after sleep onset (WASO) ≤99.5 min: third 
quartile or sleep efficiency (SE) ≥85%], and no sleep apnoea (apnoea–hy-
popnoea index <15 events/h of sleep). We also considered a PHSS ranging 
from 0 to 2 that only included optimal sleep duration and no sleep apnoea, 
since the accuracy of WASO or SE to measure insomnia has been debated.

Covariates common to both cohorts
In both cohorts, smoking status was defined as non-smoker, current smo-
ker, former smoker, or in the process of stopping smoking—1 year; alcohol 
consumption was defined as at least one drink a day of alcohol; regular phys-
ical activity was defined by at least 1 h of walking per day. In the PPS3 study, 
the practice of a sport or exercises during leisure time at least once a week 
was also considered. Socio-professional categories were defined in both co-
horts based on current occupational status as follows: not working [inactive 
(except retired) or unemployed], low (manual and clerical workers), middle 
(intermediate occupations), and high (managers or higher intellectual pro-
fessions). Prevalent CVD was defined as self-reported history of angina pec-
toris, coronary heart disease (CHD), stroke, heart failure, myocardial 
infarction, or arrhythmia in both studies. In the PPS3 study, pulmonary em-
bolism, aneurysm, and peripheral arterial disease were also considered as 
prevalent CVD. In both cohorts, family history of CVD was defined as a self- 
reported history of myocardial infarction or stroke (or sudden cardiac 
death in PPS3) in parents and/or siblings.

Blood pressure (BP) and heart rate were recorded over 10 min in the su-
pine position during the echotracking measurements in PPS3. In CoLaus| 
PsyCoLaus study, BP and heart rate were measured thrice on the left 
arm, with an appropriately sized cuff, after at least 10 min rest in the seated 
position, and the average values were used in the study. In both cohorts, 
hypertension was defined as systolic BP ≥140/90 mmHg and/or a diastolic 
BP ≥90 mmHg during the visit and/or use of antihypertensive drug 
treatment.

Total, HDL, and LDL cholesterol and glucose were measured after an 
overnight fast. Diabetes mellitus was defined as a fasting glucose level 
≥7 mmol/L and/or use of antidiabetic drug treatment.
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Incident cardiovascular disease outcomes
Examined outcomes included incident CHD, stroke, and the combination of 
the two referred as CVD in the present study. In PPS3, CVD events reported 
every 2 years by the participants were clinically validated after the review of the 
medical records up to September 2020.33 In CoLaus|PsyCoLaus, CVD events 
are prospectively collected and adjudicated by independent cardiologists and 
neurologists based on the review of the medical records up to 2019.34

Standardized and similar criteria have been used to define CHD and stroke 
events in both cohorts. Non-fatal CHD events included acute coronary syn-
drome (i.e. unstable angina, non-ST, and ST-elevation myocardial infarction), 
hospitalized angina pectoris requiring coronary revascularization procedures, 
revascularization procedures including coronary artery bypass graft (CABG), 
or percutaneous coronary interventions or surgical CABG. Hospitalized 
stroke included ischaemic, haemorrhagic, transient ischaemic attack (TIA), 
and undetermined stroke. All stroke events had brain imaging data available 
(magnetic resonance imaging and cerebral tomodensitometry). Stroke diagno-
sis was based on the hospital discharge diagnosis describing the occurrence of 
new neurological deficits lasting >24 h, except for TIA.

Statistical analysis
Data from the two cohort cohorts were combined (pooled data analysis) in 
the main analysis.

Continuous and categorical variables were described as mean ± standard 
deviation (SD) and column percentages, respectively. Tetrachoric correl-
ation coefficients35 suited for binary variables were calculated to describe 
the inter-relationship between the sleep patterns at baseline. The baseline 
characteristics of the participants according to the categories of the HSS 
were made using Pearson χ2 test, Student’s t-test, or analysis of variance 
(ANOVA), where appropriate.

Main analyses
The associations of baseline HSS and change in the HSS with incident CVD 
events were examined using Cox proportional hazards regression with a 
random effect on the study country36 and using time in study as the time 
scale. Hazards ratios (HRs) and their 95% confidence intervals (CIs) were 
estimated. For both the baseline and change analysis, the log linearity as-
sumption was verified by comparing the likelihood ratio of models with 
the HSS as a continuous variable and models with the HSS as a categorical 
variable. The comparison of the likelihood ratio confirmed that there was 
no departure from linearity. The proportional hazard assumption was as-
sessed by including in the multivariate models a multiplicative interaction 
term between baseline and change in HSS with time in study.

Association between baseline healthy sleep score and incident 
cardiovascular disease events
This analysis was conducted among participants who reported at least one 
sleep pattern in order to maximize the study sample size and who had no 
prior CVD at baseline and without missing covariates at baseline. Hazard 
ratios per one point increment in the HSS (range 0–5) and per categories 
of HSS using a score of 0–1 as the reference were adjusted for age, sex, fam-
ily history of CVD, socio-professional categories, smoking status, alcohol 
consumption, diabetes mellitus, LDL, and HDL cholesterol. No adjustment 
was made for BP, antihypertensive treatment, or body mass index (BMI) as 
hypertension diagnosis and BMI are already included in the definition of 
OSA according to the Berlin questionnaire.25

Association of change in healthy sleep score with incident cardiovascular 
disease events
This analysis was conducted among the participants who did not suffer from 
any CVD events between the two follow-ups, who reported at least one 
sleep pattern at both follow-ups and who had no missing covariates at 
both follow-ups. In this analysis, follow-up starts after the second evaluation 
of the sleep patterns. Firstly, HRs per unit of change in the HSS (i.e. absolute 

difference in the HSS between the two time points, range −4 to +4) were 
quantified. Secondly, HRs per category of change in the HSS (decrease, 
stable low, stable high, and increase) were estimated using the decrease 
group as the reference category. These two analyses were adjusted for 
the baseline HSS and the same covariates as in the analysis of baseline HSS.

Population-attributable fraction estimate
To quantify the proportion of incident cases of CVD that could potentially 
be avoided if the population distribution of the HSS were changed (all other 
factors remaining unchanged), we estimated the population-attributable 
fraction (PAF) associated with the presence of several optimal sleep pat-
terns, under the hypothetical assumption of a causal relationship. Point es-
timates and 95% CIs of the PAF were calculated using the method described 
by Spiegelman et al.37 The PAF estimate accounted for the prevalence of the 
exposure and HR of CVD risk associated with that exposure.

Sensitivity analyses
To assess the robustness of the study results, the following sensitivity ana-
lyses were performed. First, a weighted HSS (also ranging from 0 to 5) was 
constructed to account for the number of available sleep patterns per par-
ticipant (from 1 to 5). Weights were calculated as follows:

weighted HSS =
5 × HSS

total number of items completed out of the 5 

Next, the association between the weighted HSS and CVD risk was assessed. 
Second, to evaluate competing risk by death, cause-specific HRs were esti-
mated.38 Third, to evaluate the effect of sample attrition, inverse probability 
of attrition weighting (IPAW) analysis was employed.39 For this analysis, the 
probability of answering the sleep health questionnaire at baseline (baseline 
HSS analysis) and at follow-up (change in HSS analysis) was estimated in 
multivariate-adjusted binary logistic regressions, and the inverse of these prob-
abilities was used as weights in the corresponding Cox analysis. Fourth, as an 
alternative method to examine change in HSS over time, we computed the 
averaged HSS among those who completed the HSS at baseline and at follow- 
up and then estimated the HR per one point increment in the averaged HSS. 
Fifth, analysis was restricted to those who reported information on the five 
items of the HSS at baseline (baseline HSS analysis) and at both baseline and 
follow-up (HSS change analysis), respectively. Sixth, to evaluate to which ex-
tent the associations were driven by one item or another of the HSS, the base-
line and the change analysis were repeated after removing one item of the HSS 
at a time. The association of each individual item of the HSS (baseline and 
change analysis) with incident CVD was also provided. Seventh, sex stratified 
and age-stratified (by quartile of age calculated in the pooled sample) analyses 
were conducted, and product interaction terms between baseline and change 
in HSS score with sex and age were added to the Cox models in separate ana-
lysis. To further explore sex disparities in the association of HSS with CVD, the 
baseline characteristics were explored by sex and sex-stratified Cox analyses 
conducted for each individual item of the HSS. Eighth, Cox analysis using age as 
the time scale was performed to ensure that the association observed was not 
due to an age effect. Nineth, Cox analyses were further adjusted for BMI and 
hypertension status. Tenth, cohort-specific analyses were conducted. Last, as-
sociation between the PSG HSS and incident CVD was evaluated.

All statistical analyses were performed using the SAS software, version 
9.4 TS Level 1M5.

Results
Study sample characteristics
After excluding participants with previous CVD (n = 648), missing 
covariates (n = 1447), missing sleep data (n = 3158), and no follow- 
up (n = 290) (Figure 1; see also Supplementary data online, Figure S1
for the study-specific flowcharts), the study sample included 11347 
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participants (mean age: 58.9 ± 8.1; 44.6% women). The characteristics 
of the eligible and excluded participants are compared in the 
Supplementary data online, Table S1.

The baseline characteristics according to the sleep score categories 
are reported in Table 1. Nine per cent of participants had a poor HSS 
(score = 0 or 1), while 10% had an optimal HSS (score = 5). 
Participants with a higher sleep score were more likely to be non- 
smokers, physically active, non-diabetic, to have lower BMI, lower BP, 
and were more likely to have a higher HDL cholesterol level. There 
was a low to moderate correlation between the sleep items (correl-
ation range: −0.122 to 0.305; see Supplementary data online, 
Table S2), which supports their combination into a score.

Baseline healthy sleep score and incident 
cardiovascular disease events
During a median follow-up of 8.9 years [interquartile range (IQR): 8.0– 
10.0], a total of 499 first CVD events occurred including 339 CHD and 
175 stroke (96 ischaemic, 22 haemorrhagic, 56 TIA, 1 of unknown 
cause). The HRs and 95% CIs for incident CVD, CHD, and stroke ac-
cording to the number of optimal sleep patterns are reported in 
Table 2. There was a 18% risk reduction [HR 0.82 (95% CI: 0.76– 
0.89)] of CVD per one-point increment of the HSS, including a 16% 
risk reduction for CHD and a 21% risk reduction for stroke, respective-
ly. When compared with those with a score of 0–1, participants with a 
score of 2, 3, 4, and 5 had a 10%, 19%, 38%, and 63% lower risk of CVD, 
respectively (P for linear trend <.0001).

Proportion of incident cardiovascular 
disease events attributable to sleep 
patterns
As shown in Table 2, 29.2% (95% CI: 13.6%–43.3%) and 59.6% (40.6%– 
73.7%) of CVD events could be potentially prevented if all the 

participants had four or five optimal sleep patterns at baseline, respect-
ively. These estimates were higher for stroke than for CHD.

Change in healthy sleep score and incident 
cardiovascular disease events
This analysis was conducted in 9309 participants free of CVD between 
the 2 time points of HSS evaluation and who had provided information 
on at least one sleep pattern at both time points. As shown in Figure 2, 
17.2% of the participants had a stable low HSS (<3 at both time points), 
63.7% had a stable high HSS (≥3 at both time points), 11.0% decreased 
their HSS (from ≥3 at baseline to <3 at follow-up), while 8.1% im-
proved their HSS (from <3 at baseline to ≥3 at follow-up), respectively. 
A more detailed analysis of the patterns of change in HSS is reported in 
Supplementary data online, Table S3. Analysis by sleep pattern (see 
Supplementary data online, Table S4) indicates that sleep duration of 
7–8 h/night showed both the greatest improvement (13.0% changed 
from short or long sleep duration to optimal sleep duration) and the 
greatest worsening (12.6% changed from optimal sleep duration to 
short or long sleep duration).

The baseline characteristics of the participants according to the cat-
egories of change in the HSS are reported in Supplementary data 
online, Table S5. After a median follow-up of 6.0 (IQR: 4.0–8.0) years 
after the second follow-up, 262 first CVD events occurred including 
194 CHD and 72 stroke. As presented in the Table 3, after adjustment 
for baseline covariates and HSS, there was a 16% risk reduction [HR 
0.84 (95% CI: 0.73–0.97)] of CVD per unit higher in the follow-up 
HSS. The risk reduction was 21% for CHD and was less clear for stroke 
due to the small number of events. In this model, baseline HSS was also 
associated with the outcomes with HRs of 0.77 (0.69–0.87), 0.79 (0.69– 
0.91), and 0.74 (0.59–0.93) for CVD, CHD, and stroke, respectively. 
In addition, compared with individuals who had a decrease in their 
HSS between follow-ups, the risk reduction of CVD was 39% [HR 
0.61 (0.35–1.08)], 30% [HR 0.70 (0.42–1.17)], and 45% [HR 0.55 

Figure 1 Flowchart of the study population
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(0.39–0.79)] for the improvement, stable low, and stable high categor-
ies of change in HSS, respectively.

Sensitivity analyses
The association between baseline HSS and change in HSS with incident 
CVD events remained consistent in the following analyses: when using 
weighted HSS, competing risk analyses, IPAW analyses, and averaged 
HSS (see Supplementary data online, Table S6); when restricting the 
sample to those reporting the five items of the HSS at baseline and 
at follow-up (see Supplementary data online, Table S7); when excluding 

one metric at a time from the HSS, suggesting that these associations 
were unlikely to be driven by a specific sleep pattern (see 
Supplementary data online, Table S8); the results of the analyses by in-
dividual sleep pattern are reported in Supplementary data online, 
Table S9. Results were also consistent in analyses stratified by sex and 
age groups (see Supplementary data online, Table S10). Of note, stron-
ger effect size was observed in women compared with men, especially 
for CHD, although sex interaction was not statistically significant. This is 
supported by sex differences in the baseline characteristics (see 
Supplementary data online, Table S11) and in the association of the in-
dividual sleep pattern with CVD (see Supplementary data online, Tables 
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Table 1 Baseline characteristics of participants according to healthy sleep score (N = 11 347)—pooled analysis

Overall cohort Healthy sleep score

0–1 2 3 4 5

Number of participants 11 347 (100.0) 1065 (9.4) 2401 (21.1) 3653 (32.2) 3075 (27.1) 1153 (10.2)

Female sex 44.6 44.1 49.1 44.6 41.4 44.1

Age (years) 58.9 ± 8.1 58.9 ± 8.6 59.2 ± 8.2 59.3 ± 8.1 58.4 ± 7.8 58.3 ± 7.7

Smoking status

Never 46.4 39.7 43.4 46.6 49.1 50.9

Ex-smoker 36.1 38.3 37.2 36.2 34.6 35.4

Current 17.5 22.0 19.4 17.2 16.3 13.7

Alcohol consumption 73.9 68.2 72.3 75.5 76.1 71.5

Physical activitya 60.6 56.7 57.3 61.2 62.3 64.2

Body mass index (kg/m2) 25.4 ± 4.0 27.3 ± 4.7 25.8 ± 4.2 25.3 ± 3.9 24.9 ± 3.6 24.6 ± 3.4

Socio-professional categories

Not working 19.5 22.5 20.7 19.8 17.3 19.4

Low 14.3 19.2 15.9 13.3 13.0 12.9

Medium 33.3 34.0 33.1 33.4 33.4 32.7

High 32.9 24.2 30.4 33.4 36.3 35.0

Diabetes mellitus 5.6 10.8 6.6 4.9 4.4 4.0

Hypertension 36.3 53.3 43.8 35.5 29.6 25.1

Family history of heart disease 36.7 41.1 38.4 36.5 34.9 34.3

LDL cholesterol (mg/dL) 140 ± 33 138 ± 35 139 ± 34 140 ± 33 142 ± 33 141 ± 33

HDL cholesterol (mg/dL) 61 ± 16 58 ± 16 60 ± 16 61 ± 16 62 ± 16 62 ± 17

Total cholesterol (mg/dL) 222 ± 37 219 ± 38 221 ± 38 222 ± 36 223 ± 36 224 ± 36

Sleep patterns

Early chronotype 55.6 16.0 33.4 49.9 62.4 100.0

Sleep 7–8 h/day 59.4 13.0 30.0 55.5 85.3 100.0

Never/rarely insomnia 50.8 7.8 19.0 40.4 71.9 100.0

No sleep apnoea 80.8 32.4 67.9 84.4 93.9 100.0

No excessive daytime sleepiness 87.6 37.8 77.3 93.2 98.0 100.0

The results are presented as mean ± SD for continuous variables or percentages for categorical variables. 
SD, standard deviation. 
aDefined as ‘at least 1 h of walking per day’ in the CoLaus|PsyCoLaus study, and as ‘at least 1 h of walking per day or regular practice of sports during leisure time at least once per week’ in 
the Paris Prospective Study 3.
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S12 and S13). Results remained unchanged when using Cox analysis 
with age as the time scale (see Supplementary data online, 
Table S14), after further adjusting for BMI and hypertension (see 
Supplementary data online, Table S15), in cohort-specific analyses 
(see Supplementary data online, Tables S16 and S17). Lastly, the associ-
ation between PSG HSS and CVD followed the same trend as in the 
main analysis (see Supplementary data online, Table S18).

Discussion
By combining the data from two large and independent European pro-
spective cohort studies, we examined the joint effect of five sleep pat-
terns including early chronotype, no sleep apnoea, no insomnia, sleep 
duration of 7–8 h, and no EDS at baseline and at follow-up, with inci-
dent CVD events. Three main findings were reported. First, the risk 
of CVD decreased by 18% per one-point increment in the baseline 
HSS. Second, the risk of CVD decreased by 16% per unit higher in 
the follow-up HSS over a 2- to 5-year period (Structured Graphical 
Abstract). Third, based on the current findings, between 30% and 
60% of new CVD events could be potentially prevented if all the study 
participants had four or five sleep patterns at the optimal level.

The few prior studies examining several sleep patterns in the same 
individuals and their association with CVD events have mostly studied 
dyads of sleep patterns, mainly insomnia and short13,14,17 or long sleep 
duration15 as well as snoring with EDS.40 Only two studies, the UK 
Biobank18 and the SALT,19 have examined the joint effect of five sleep 
patterns at baseline with incident CVD events. In the UK Biobank 
study,18 there was a 35% reduction in CVD risk between participants 
with a high (HSS of 5) and those with a poor score (0–1). A stronger 
effect size was observed in the present study, possibly due in part to 
the inclusion of OSA (based on the Berlin questionnaire) in the HSS def-
inition rather than snoring in the UK Biobank study. In the SALT 
study,19 there was a 75% increased risk of CVD between participants 
with poor sleep patterns (HSS of 0–1) and those with a healthy sleep 
pattern (HSS of 4–5). It is noteworthy that this was a secondary analysis 
performed in 45% of the initial cohort.

To the best of our knowledge, this is the first prospective study 
examining the sleep patterns over time and their association with sub-
sequent CVD events. The primary limitations of prior epidemiologic 
studies on sleep and CVD outcomes are single timepoint measures. 
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Figure 2 Heatmap of the categories of change in the healthy sleep 
score and the corresponding unadjusted incidence rates of cardiovas-
cular disease. The healthy sleep score was dichotomized according to 
the median calculated on the baseline healthy sleep score
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Evidence indicates that sleep is a dynamic process that changes at crit-
ical periods of ageing but also as a function of exposure to a variety of 
stressors and medications.41 In addition, although no causal conclusion 
can be drawn, both baseline HSS and change in HSS related to CVD re-
inforce the robustness and the biological plausibility of the reported as-
sociations. The fact that 63.7% of the participants had a stable high HSS 
(equal or above the median level at both timepoints) is an encouraging 
finding. Only 8.1% of the participants increased their HSS above the 
median value, a figure that is consistent with the pattern of change 
found with other composite scores, such as the cardiovascular health 
score.42,43 The group of participants that decreased their score below 
the median value (11.0%) and the even larger group that remained be-
low the median value (17.2%) over time represent targets for investiga-
tions. In particular, the (modifiable) determinants of these trends 
should be identified and controlled for. These include socio-economic 
factors, environmental exposome (such as exposure to build and noise 
environment), or psychological factors.44–46 Furthermore, the greatest 
risk reduction of CVD was among those who had a high HSS and re-
mained high overtime. Similarly, when considering the continuous 
change in HSS, effect size was stronger for the baseline HSS than for 
the change in HSS. These results emphasize the prominence of achiev-
ing as early as possible in life a high level of HSS and the importance of 
maintaining a healthy sleep over time. Accumulating evidence suggests 
that exposure to risk factors early in life is associated with premature 
CVD events and mortality in adulthood and that early years of life 
play a significant part in influencing behaviours in adulthood.47 Given 
child’s brain plasticity, childhood may therefore represent an oppor-
tune time frame to establish life-long health promoting habits, attitudes, 
and knowledge, including sleep habits.48,49 The lower risk of CVD asso-
ciated with improvement in HSS among those with an initial low HSS 
also suggests that it is never too late to start improving the HSS, no mat-
ter how low it was. In the present study, stronger effect size in women 

compared with men was suggested, especially for CHD, even though 
sex interaction was not statically significant. Women had on average 
a healthier lifestyle, were less often diabetic and hypertensive, and 
had higher levels of HDL-cholesterol, but the analysis was adjusted 
for these risk factors. On the other hand, no clear sex difference has 
been reported regarding the association between sleep health and 
CVD.4,50 Intriguingly, crude CVD incidence rate was higher among 
those who decreased their HSS relative to those who remained low. 
There were no major differences in the baseline characteristics across 
the categories of change in HSS. Therefore, this finding might reflect 
survival bias, so that we only see those who survived despite having a 
low HSS trajectory. Also speculative, the decreasing HSS trajectory 
might be symptomatic of a more systemic health decline.

There are common mechanisms supporting the reported association 
between sleep patterns and CVD risk including increased BP, sympa-
thetic activation,51,52 chronic inflammation,52 and oxidative stress.53

More specific mechanisms include repeated hypoxaemia episodes or 
arterial stiffness in the case of OSA;25,54 chronic misalignment between 
internal physiological timing and externally imposed schedules,55 which 
induces sleep curtailment and also metabolic disorders56 in the case of 
shifted chronotype. Insomnia may also be associated with an increased 
activity of the hypothalamic-pituitary-adrenocortical (HPA) system, es-
pecially when associated with short objective sleep duration, which in-
creases HPA axis activity.57

Achieving four or five optimal sleep patterns could potentially pre-
vent 30% and 60% of incident CVD events in adults, which underlines 
the strong public health implications of the present findings. Care pro-
viders, health policy-makers, and also citizens should be aware of the 
primordial importance of preserving/improving their sleep patterns 
with regard to CVD risk. A challenging strategy might be to start in-
creasing awareness and health literacy of the population on sleep qual-
ity and quantity early in life when (health) behaviours are not yet fixed. 
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Table 3 Multivariate-adjusted hazard ratios (95% confidence intervals) of change in healthy sleep score for 
cardiovascular diseases among 9309 participants—pooled analysis

Participants; n (%) CVD (CHD or stroke) CHD Stroke

Cases HR (95% CI) Cases HR (95% CI) Cases HR (95% CI)

Continuous change in HSS (per unit  
higher compared with baseline HSS)a

9309 (100.0) 262 0.84 (0.73–0.97) 194 0.78 (0.66–0.92) 72 1.07 (0.81–1.41)

Baseline HSS 0.77 (0.69–0.87) 0.79 (0.69–0.91) 0.74 (0.59–0.93)

Categories of change in HSS

Decreaseb 1026 (11.0) 45 1.00 36 1.00 9 1.00

Stable lowc 1601 (17.2) 64 0.70 (0.42–1.17) 43 0.61 (0.34–1.10) 21 1.06 (0.38–2.90)

Stable highd 5932 (63.7) 128 0.55 (0.39–0.79) 96 0.51 (0.34–0.77) 34 0.76 (0.35–1.64)

Increasee 750 (8.1) 25 0.61 (0.35–1.08) 19 0.61 (0.32–1.17) 8 0.86 (0.28–2.57)

Baseline HSS 0.86 (0.70–1.06) 0.89 (0.70–1.13) 0.79 (0.54–1.18)

The study sample size is lower than in Table 2 as it includes those who answered the sleep questionnaires at both time points and were free of CVD in the interval. All models adjusted for 
sex, age, total alcohol consumption, physical activity, smoking status, socio-professional categories, diabetes mellitus, family history of heart diseases, LDL cholesterol, HDL cholesterol, 
and baseline HSS. The analysis is not adjusted for BP and BMI since hypertension and BMI are already included in the definition of the OSA according to the Berlin questionnaire. 
HSS, healthy sleep score; CVD, cardiovascular disease; CHD, coronary heart disease; HR, hazard ratio; CI, confidence interval. 
aHazard ratio are given per unit higher compared with baseline HSS. 
bHealthy sleep score ≥3 at baseline and HSS <3 at follow-up. 
cHealthy sleep score <3 at both time points. 
dHealthy sleep score ≥3 at both time points. 
eHealthy sleep score <3 at baseline and HSS ≥3 at follow-up.
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Health care systems should also provide better access to screening and 
treatment for conditions such as chronic insomnia, circadian rhythm 
sleep–wake disorders, and sleep apnoea. Cognitive behavioural therapy 
is effective in treating insomnia,58 and several lines of efficient therapies 
exist for OSA according to its phenotype and severity.59

Morningness-eveningness is thought to be highly influenced by genetics 
and expressed as a preference rather than a modifiable behaviour,60,61

even though behavioural measures combined with chronotherapy (lu-
minotherapy, use of melatonin) can be used in people with a misalign-
ment of their biological clock and their environment in circadian rhythm 
sleep–wake disorders.62 The analysis of the individual sleep patterns 
suggests the importance of preventing and treating insomnia and 
OSA and maintaining a chronotype synchronized with their environ-
ment with regard to the risk of CVD. Solutions may also come from 
the training of the health care professionals and/or the digitalization 
of some therapies.63

The present study has some limitations. As an observational study, 
the reported associations between sleep patterns and CVD events 
cannot be interpreted as being causal. In particular, the stepwise de-
creases in diabetes, hypertension, family history of heart disease, and 
higher HDL cholesterol with a healthier sleep score in the present 
study could partly explain the lower risk of CVD associated with a 
healthier sleep score (residual confounding). Similarly, PAF supposes 
a causal relationship between HSS and CVD,64 and estimates should 
therefore be interpreted with caution. Misclassification of sleep pat-
terns may have occurred given that sleep patterns were self-reported. 
However, such misclassification would likely reduce the results to the 
null and thus underestimate the effect size. Furthermore, the sleep 
score assigned the same weight to each metric, whereas some may 
have stronger associations with CVD. On the other hand, this equal 
scoring system makes the HSS easy to understand and more likely to 
be used by the health professionals and the population. Two points in 
time may lack precision to reliably estimate change in the HSS over 
time. Also, the HSS change analysis was conditional on those surviving 
and agreeing to attend the second follow-up, which might have led to 
some degree of selection bias. Finally, the vast majority of the study 
participants were White, and this might affect the generalizability of 
the results to other populations. However, this does not alter the in-
ternal validity of the study results.

Conclusions
Higher HSS, maintenance of high HSS, and improvement in HSS are as-
sociated with lower risk of CHD and stroke. This study paves the way 
for promoting a healthy sleep and further supports strong collaboration 
between sleep and CVD medicine.
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