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Research in context 

Evidence before this study 

We searched PubMed for studies published until July 
30, 2021, using the key terms “risk factor”, “Asians” (or 
“China”), and “cardiovascular” (or “mortality”), in combina- 
tion with “age” or “elderly” or “older”. We also searched 

references listed in the identified papers. Previous studies, 
mainly from general population younger than 75 years, have 
associated several modifiable risk factors with increased risks 
of cardiovascular disease (CVD) or mortality. Because of the 
age-related alterations in cardiovascular structure and func- 
tion, coupled with changes in lifestyle and metabolic status, 
the generalization of current evidence from younger adults 
may not be applicable to older adults. Therefore, identifying 
unique risk factor profiles for people of different age groups 
including population aged 75 years and older will help pro- 
mote individualized management strategies to reduce the risk 
of CVD and mortality, which is imperative for countries like 
China that are experiencing great cardiometabolic burdens 
and unprecedented population ageing. 

Added value of this study 

To the best of our knowledge, this is the first and largest 
nationwide study to elucidate age-related disparities in the 
risks of CVD and all-cause mortality attributable to 12 mod- 
ifiable socioeconomic, psychosocial, lifestyle, and metabolic 
risk factors in Chinese adults. In participants aged < 75 years, 
metabolic factors accounted for 37 ·8% to 52 ·4% of CVD events, 
with hypertension being the largest risk factor. While in 

adults aged ≥75 years, lifestyle factors accounted for 34 ·0% 

of CVD events, and inappropriate sleep duration was the pre- 
dominant risk factor. Age-specific risk factor profiles were 
also identified for all-cause mortality, with metabolic fac- 
tors (PAR% 25 ·3%) and lifestyle factors (PAR% 24 ·6%) being 
the main risk factors in participants aged 40- < 55 years and 
a

2 
tions on age-specific modifiable risk factor profiles for cardiovascular dis-

carce in China, the country that is experiencing a huge cardiometabolic

ion ageing. 

prospective cohort study of 193,846 adults in the China Cardiometabolic

y, 2011-2016. Among 139,925 participants free from CVD at baseline, we

pulation-attributable risk percentages (PAR%s) for CVD and all-cause mor-

able socioeconomic, psychosocial, lifestyle, and metabolic risk factors by

 55- < 65 years, 65- < 75 years, and ≥75 years). 

 accounted for 52 ·4%, 47 ·2%, and 37 ·8% of the PAR% for CVD events in par-

- < 65 years, and 65- < 75 years, respectively, with hypertension being the

ticipants aged ≥75 years, lifestyle risk factors contributed to 34 ·0% of the

te sleep duration being the predominant risk factor. Most deaths were at-

s (PAR% 25 ·3%) and lifestyle risk factors (PAR% 24 ·6%) in participants aged

diet and diabetes being the main risk factors. While in participants aged

ttributed to lifestyle risk factors (PAR% 26 ·6%-41 ·0%) and socioeconomic

AR% 26 ·1%-27 ·7%). In participants aged ≥75 years, lifestyle risk factors ac-

 for mortality, with inappropriate sleep duration being the leading risk

e-specific modifiable risk profiles for CVD and all-cause mortality in Chi-

ifferences between adults aged ≥75 years and their younger counterparts.

ce Foundation of China. 

© 2021 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

lifestyle factors (PAR% 26 ·6%-41 ·0%) and socioeconomic and 

psychosocial factors (PAR% 26 ·1%-27 ·7%) contributing the ma- 
jor PAR% in participants aged ≥55 years. 

Implications of all the available evidence 

Our findings highlight the importance of prioritizing age- 
specific risk profiles for precise and efficient prevention and 

control of CVD and mortality for countries like China that 
are encountering formidable health challenges and popula- 
tion ageing. 

ntroduction 

Globally, there were an estimated 485 ·6 million cases of car- 

iovascular disease (CVD), with the majority of CVD and deaths 

ccurring in adults aged 75 years and older. [1 , 2] In China, CVD 

s the leading cause of mortality, accounting for more than 40% 

f deaths. [3 , 4] China has the largest older population (65 years 

nd older) in the world, and the rapid and consistent increase in 

he ageing population has brought huge challenges to the preven- 

ion and control of CVD. [5 , 6] The Global Burden of Disease Study 

nd the Prospective Urban Rural Epidemiology Study have provided 

lobal estimates of the effect of multiple modifiable risk factors, in- 

ividually or collectively, on CVD or mortality. [7 , 8] However, thor- 

ugh data linking risk factors with CVD and mortality have been 

ostly derived from people younger than 75 years, [2 , 8] and un- 

ertainty exists with regard to the consistency or variation in the 

mpact of modifiable risk factors on CVD and mortality by different 

ge groups. Importantly, age-related alterations in cardiometabolic 

unctions and lifestyle behaviors may translate into different sus- 

eptibilities to CVD and mortality between older people and their 

ounger counterparts. [2 , 5] Therefore, identifying unique risk factor 

rofiles for people of different age groups including populations 

ged 75 years and older will help promote individualized man- 

http://creativecommons.org/licenses/by-nc-nd/4.0/
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gement strategies to reduce the risk of CVD and mortality, which 

s imperative for countries like China that are experiencing great 

ardiometabolic burdens exacerbated by unprecedented population 

geing. [9] 

To this end, we quantified and compared the associations 

nd population-attributable risks of common modifiable socioeco- 

omic, psychosocial, lifestyle, and metabolic risk factors with the 

isks of CVD and all-cause mortality among adults of different age 

roups, with the group of adults aged 75 years and older as a sig- 

ificant population of interest. 

ethods 

tudy design and participants 

The China Cardiometabolic Disease and Cancer Cohort (4C) 

tudy is a multicenter, population-based, prospective cohort 

tudy. [10 , 11] The baseline survey was conducted between 2011 and 

012, and 193,846 men and women aged 40 years and older were 

ecruited from local resident registration systems of 20 communi- 

ies from various geographic regions in China to represent the gen- 

ral population. Briefly, 20 communities were selected according 

o geographic region (Northeast, North, East, South Central, North- 

est, and Southwest China), degree of urbanization (large and 

idsize cities, county seats, and rural townships), and economic 

evelopment status (by gross domestic product of each province). 

ligible men and women aged 40 years and older were identi- 

ed from local resident registration systems. Trained community 

ealth workers visited eligible individuals’ homes and invited them 

o participate in the study. Those who agreed to participate and 

igned the informed consent were scheduled for a personal in- 

erview and a clinic visit within a week after the recruitment. 

he follow-up survey was conducted between 2014 and 2016, and 

70,240 participants (87 ·8%) attended an in-person follow-up visit. 

f 170,240 participants with follow-up data available, we excluded 

1,590 participants with CVD at baseline and 18,725 participants 

ith missing data on risk factors or covariates. Thus, 139,925 

articipants were included in the analysis for all-cause mortal- 

ty. We further excluded 20,470 participants whose information on 

he ascertainment of CVD during follow-up was not available, and 

19,455 participants were included in the analysis for CVD events 

flowchart of study participants see Supplementary Figure 1). Base- 

ine key characteristics of the study participants and those who 

ere excluded from the analysis due to missing values of risk fac- 

ors or covariates were similar. This study was approved by the 

edical Ethics Committee of Ruijin Hospital, Shanghai Jiao Tong 

niversity. All study participants provided written informed con- 

ent. 

ata collection 

At baseline and follow-up visits, data collection was performed 

n local community clinics by trained study personnel following 

tandardized protocols. Standardized questionnaires were used to 

ollect information on demographic characteristics, educational at- 

ainment, and lifestyle factors (smoking and drinking status and 

leep duration). The 9-item Patient Health Questionnaire was ap- 

lied to evaluate depression severity, and a score was calculated 

o make criteria-based diagnoses of depression. [12 , 13] The Inter- 

ational Physical Activity Questionnaire was used to assess phys- 

cal activity, [14] and metabolic equivalent was calculated to eval- 

ate average weekly energy expenditure. [15] A validated food fre- 

uency questionnaire was used to collect habitual dietary intake by 

sking the consumption frequency and portion size of typical food 

tems during the previous 12 months. [16] A healthy diet score was 
3 
alculated on the basis of five healthy dietary behaviors: high con- 

umptions of fruits and vegetables ( ≥4 ·5 cups/day), fish ( ≥two 3 ·5- 

z servings/week), cereal grains ( ≥three 1-oz serving/day), and soy 

ood (soy protein ≥25 g/day); low consumption of sugar-sweetened 

everages ( ≤450 kcal/week). Each dietary behavior was scored as 

 for healthy and 0 otherwise, and individual component scores 

ere summed to obtain a healthy diet score ranging from 0 to 

 points, with a higher score indicating a healthier diet. The food 

requency questionnaire also collected alcohol intake including red 

ine, white wine, beer, and liquor. We multiplied the amount of 

lcohol in grams per specified portion size by consumption fre- 

uency per day, and summed all types of alcohol to estimate the 

otal alcohol intake (g/day). 

Height, body weight, and waist circumference were measured, 

nd body mass index was calculated as body weight in kilograms 

ivided by the square of height in meters. Three measurements of 

ystolic blood pressure and diastolic blood pressure obtained by 

n automated electronic device (OMRON Model HEM-752 FUZZY, 

alian, China) in a seated position after at least a 5-minute quiet 

est were averaged for analysis. 

All participants underwent a 2-hour, 75-gram oral glucose tol- 

rance test (OGTT) after an overnight fast of at least 10 hours, and 

lood samples were collected at 0 and 2 hours during the test. 

asting and 2-hour plasma glucose concentrations were measured 

ocally using a glucose oxidase or hexokinase method within 2- 

our after blood sample collection. Finger capillary whole blood 

amples were collected by the Hemoglobin Capillary Collection 

ystem (Bio-Rad Laboratories, Hercules, CA, USA) and were shipped 

nd stored at 2 °C to 8 °C until glycated hemoglobin A1c (HbA1c) 

as measured within 4-week after collection by high-performance 

iquid chromatography using the VARIANT II Hemoglobin Test- 

ng System (Bio-Rad Laboratories) at the central laboratory in the 

hanghai Institute of Endocrine and Metabolic Diseases, which is 

ertificated by the U.S. National Glycohemoglobin Standardization 

rogram and passed the Laboratory Accreditation Program of the 

ollege of American Pathologists. [10] Serum low-density lipopro- 

ein cholesterol, high-density lipoprotein cholesterol, triglycerides, 

otal cholesterol, and creatinine were measured at the central labo- 

atory using an auto-analyzer (ARCHITECT ci16200, Abbott Labora- 

ories, Chicago, IL, USA). Estimated glomerular filtration rate (eGFR) 

as calculated using the Chronic Kidney Disease Epidemiology Col- 

aboration equation. [17] 

efinition of risk factors 

We selected 12 common modifiable risk factors, including so- 

ioeconomic and psychosocial factors (low education and depres- 

ion), lifestyle factors (smoking, high alcohol intake, physical in- 

ctivity, unhealthy diet, and inappropriate sleep duration), and 

etabolic factors (obesity, diabetes, hypertension, dyslipidemia, 

nd chronic kidney disease [CKD]), based on the selection crite- 

ia: (1) compelling evidence, including but not limited to studies 

f Chinese population, was available on the presence and magni- 

ude of their associations with CVD and mortality; (2) high likeli- 

ood of causality existed based on collective scientific knowledge; 

3) they were relatively prevalent and had essential public health 

mpacts; (4) they were potentially modifiable; and (5) data on risk 

actor exposure were available in the 4C Study. The selection ra- 

ionale and definition of risk factors are presented in Supplemen- 

ary Methods 1 and Supplementary Methods 2. We defined all in- 

ividual risk factors as binary variables (risk and non-risk cate- 

ories), with the risk category having the potential to be modified 

r improved towards a healthier direction. Regarding alcohol in- 

ake, moderate intake (5-15 g/day for women and 5-30 g/day for 

en) has been consistently associated with cardiovascular benefits 

n large cohort studies, but the associations between alcohol intake 
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nd some specific diseases such as cancers are in dose-response 

anners. [18] As current guidelines do not encourage a non-alcohol 

rinker to start drinking alcohol just for cardiovascular benefits, we 

ombined moderate alcohol intake and none or low alcohol intake 

s a non-risk factor and defined high alcohol intake as a risk factor. 

scertainment of cardiovascular events and mortality 

CVD events were the composite of incident nonfatal or fa- 

al CVD, including myocardial infarction, stroke, hospitalized or 

reated heart failure, and cardiovascular death. Myocardial in- 

arction was defined as characteristic changes in troponin T and 

reatine-kinase-MB isoform levels, symptoms of myocardial is- 

hemia, changes in electrocardiogram results, or a combination of 

hem. Stroke was defined as a fixed neurological deficit at least 

4 hours because of a presumed vascular cause. Heart failure was 

dentified by hospitalization or an emergency department visit re- 

uiring treatment with infusion therapy and was defined as a clin- 

cal syndrome presenting with multiple signs and symptoms con- 

istent with cardiac decompensation or inadequate cardiac pump 

unction. Information on deaths and clinical outcomes were col- 

ected from local death registries of the National Disease Surveil- 

ance Point System and National Health Insurance System. The clin- 

cal outcome adjudication committee is composed of 10 blinded, 

nbiased experts in oncology, cardiology, neurology, and endocrine 

nd metabolic diseases. Two members of the outcome adjudication 

ommittee independently verified each clinical event and assigned 

otential causes of death according to a standard clinical outcome 

djudication procedure. Discrepancies were adjudicated by discus- 

ions involving other members of the committee. 

tatistical analysis 

Participants were divided into four age groups: 40- < 55 years, 

5- < 65 years, 65- < 75 years, and ≥75 years. Baseline characteris- 

ics were summarized as means with standard deviations (SDs) for 

ontinuous variables or numbers with percentages for categorical 

ariables. Differences of characteristics between age groups were 

xamined by one-way analysis of variance for continuous variables 

r Chi-square test for categorical variables. 

Cox proportional hazards models were used to calculate haz- 

rd ratios (HRs) and 95% confidence intervals (CIs) for CVD events 

nd all-cause mortality associated with risk factors by age groups. 

odels were adjusted for sex, and individual risk factors were 

utually adjusted. In the time-to-event analysis for CVD events, 

articipants were censored at the date of CVD diagnosis, death, 

r the end of follow-up (Dec 31, 2016), whichever occurred first. 

n the time-to-event analysis for mortality, participants were cen- 

ored at the date of death or the end of follow-up (Dec 31, 2016),

hichever occurred first. Person-time was calculated from the en- 

ollment date to the censoring date for each participant. We inves- 

igated multiplicative interactions of age with risk factors by in- 

luding the product term in models to evaluate the variations in 

he associations of risk factors with CVD and mortality across dif- 

erent age groups. 

We calculated the population-attributable risk percentage 

PAR%) to assess the population-level risks of CVD and all-cause 

ortality attributable to risk factors following a well-developed 

ethod, [19 , 20] with adjustment for the same set of variables as 

he HR calculation (Supplementary Methods 3). The PAR% is an 

stimate of the proportion of incident cases in the study popula- 

ion during follow-up that hypothetically would have been avoided 

f no one in the population were exposed to specific risk fac- 

or(s). [19] Individual risk factor with a negative PAR% was not in- 

luded in the models; the negative PAR% was truncated at a lower 
4 
imit of 0, as this is the lowest threshold to determine an associa- 

ion with increased risk. [8] 

HRs and PAR%s for CVD and mortality associated with individ- 

al and combination of risk factors also were analyzed in the over- 

ll participants, with additional adjustment for age. We did three 

urther sensitivity analyses. First, we replicated age stratification 

nalyses in men and women separately and added a three-way in- 

eraction between sex, age group, and risk factors of interest to the 

odels to examine whether age-related variations in these associ- 

tions differed by sex. Second, we analyzed associations of individ- 

al risk factors with CVD events and mortality by age groups of 40- 

 50 years, 50- < 60 years, 60- < 70 years, and ≥70 years to evaluate

he stability of age-specific risk factor profiles for CVD and mortal- 

ty. Third, we repeated age stratification analyses for different com- 

onents of dyslipidemia. Statistical significance was assessed using 

 two-sided P value of < 0 ·05. Statistical analyses were carried out 

sing SAS software, version 9 ·4 (SAS Institute Inc). 

ole of the funding source 

The funding source had no role in study design, data collection, 

ata analysis, data interpretation, or manuscript preparation. The 

orresponding authors had full access to all data in the study and 

ad final responsibility for the decision to submit for publication. 

esults 

aseline characteristics of participants 

The mean (SD) age of 139,925 participants was 56 ·4 (9 ·0) years, 

nd 47,476 (33 ·9%) were men ( Table 1 ). Compared with partici- 

ants aged 40- < 55 years, older participants had higher proportions 

f men; had lower educational attainment, lower severity of de- 

ression, and lower proportions of a healthy diet; were less likely 

o smoke or drink alcohol; were more likely to be physically active 

nd have inappropriate sleep duration; and had poorer metabolic 

rofiles including obesity, diabetes, hypertension, dyslipidemia, and 

KD. During 3 ·8 years’ mean follow-up, we identified 2,975 CVD 

vents (481 myocardial infarction, 1,688 stroke, 240 heart failure, 

nd 638 cardiovascular deaths) and 2,154 all-cause mortality. 

ssociations of risk factors with CVD and all-cause mortality by age 

roups 

In the overall participants, the strongest risk factor associated 

ith CVD was hypertension, followed by CKD, diabetes, physi- 

al inactivity, depression, unhealthy diet, low education, smok- 

ng, inappropriate sleep duration, and dyslipidemia (Supplemen- 

ary Table 1). When stratified by age, multivariable-adjusted HR 

95% CI) of CVD associated with inappropriate sleep duration 

as increased from 1 ·15 (0 ·97-1 ·37) in participants aged 40- 

 55 years to 1 ·86 (1 ·44-2 ·41) in participants aged ≥75 years 

P [interaction] < 0 ·001; Figure 1 A). By contrast, CVD risks associated 

ith several metabolic risk factors were diminished with age. In 

articipants aged 40- < 55 years, the HR (95% CI) of CVD was 2 ·04

1 ·69-2 ·46) for diabetes, 3 ·14 (2 ·63-3 ·75) for hypertension, and 

 ·89 (2 ·28-6 ·63) for CKD; while in participants aged ≥75 years, 

he corresponding HRs (95% CIs) were 1 ·44 (1 ·12-1 ·86), 1 ·25 (0 ·95-

 ·64), and 1 ·11 (0 ·80-1 ·55), respectively (all P [interaction] < 0 ·001).

imilar but weaker interaction patterns were observed for obesity 

P [interaction] = 0 ·005) and dyslipidemia (P [interaction] = 0 ·014). The bor- 

erline association between dyslipidemia and CVD among partic- 

pants aged 55- < 65 years might be driven by the effects of high 

ow-density lipoprotein cholesterol and high total cholesterol (Sup- 

lementary Table 2). There were no substantial age-related varia- 

ions in associations between other risk factors and CVD. 
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Table 1 

Baseline characteristics of the study participants by age groups 

Characteristic Overall Age group P value ∗

40- < 55 years 55- < 65 years 65- < 75 years ≥75 years 

Number of participants 139925 63053 52517 20854 3501 

Age, year 56 ·4 (9 ·0) 48 ·5 (4 ·3) 59 ·4 (2 ·8) 69 ·1 (2 ·8) 78 ·3 (3 ·3) < 0 ·001 

Sex, n (%) 

Men 47476 (33 ·9) 18923 (30 ·0) 18574 (35 ·4) 8405 (40 ·3) 1574 (45 ·0) < 0 ·001 

Women 92449 (66 ·1) 44130 (70 ·0) 33943 (64 ·6) 12449 (59 ·7) 1927 (55 ·0) 

Socioeconomic and psychosocial factor 

Education, n (%) 

High school or further 52280 (37 ·4) 30067 (47 ·7) 15492 (29 ·5) 6019 (28 ·9) 702 (20 ·1) < 0 ·001 

Less than high school 87645 (62 ·6) 32986 (52 ·3) 37025 (70 ·5) 14835 (71 ·1) 2799 (80 ·0) 

Depression severity, n (%) 

Minimal 131773 (94 ·2) 59278 (94 ·0) 49454 (94 ·2) 19698 (94 ·5) 3343 (95 ·5) < 0 ·001 

Mild or greater 8152 (5 ·8) 3775 (6 ·0) 3063 (5 ·8) 1156 (5 ·5) 158 (4 ·5) 

Lifestyle factor 

Smoking, n (%) 

Never 113035 (80 ·8) 51581 (81 ·8) 41726 (79 ·5) 16847 (80 ·8) 2881 (82 ·3) < 0 ·001 

Former 6608 (4 ·7) 1962 (3 ·1) 2899 (5 ·5) 1490 (7 ·1) 257 (7 ·3) 

Current 20282 (14 ·5) 9510 (15 ·1) 7892 (15 ·0) 2517 (12 ·1) 363 (10 ·4) 

Alcohol intake, n (%) 

None or low 123074 (88 ·0) 55607 (88 ·2) 45898 (87 ·4) 18444 (88 ·4) 3125 (89 ·3) < 0 ·001 

Moderate 3460 (2 ·5) 1631 (2 ·6) 1232 (2 ·4) 514 (2 ·5) 83 (2 ·4) 

High 13391 (9 ·6) 5815 (9 ·2) 5387 (10 ·3) 1896 (9 ·1) 293 (8 ·4) 

Physical activity, n (%) 

Active 90726 (64 ·8) 37105 (58 ·9) 35826 (68 ·2) 15309 (73 ·4) 2486 (71 ·0) < 0 ·001 

Insufficiently active 45392 (32 ·4) 24171 (38 ·3) 15306 (29 ·1) 5004 (24 ·0) 911 (26 ·0) 

Inactive 3807 (2 ·7) 1777 (2 ·8) 1385 (2 ·6) 541 (2 ·6) 104 (3 ·0) 

Healthy diet score, n (%) 

0-3 118064 (84 ·4) 52237 (82 ·9) 44407 (84 ·6) 18281 (87 ·7) 3139 (89 ·7) < 0 ·001 

4-5 21861 (15 ·6) 10816 (17 ·2) 8110 (15 ·4) 2573 (12 ·3) 362 (10 ·3) 

Sleep duration, n (%) 

< 6 hours/day 13358 (9 ·6) 5532 (8 ·8) 5306 (10 ·1) 2132 (10 ·2) 388 (11 ·1) < 0 ·001 

6-8 hours/day 84936 (60 ·7) 39016 (61 ·9) 32265 (61 ·4) 11914 (57 ·1) 1741 (49 ·7) 

> 8 hours/day 41631 (29 ·8) 18505 (29 ·4) 14946 (28 ·5) 6808 (32 ·7) 1372 (39 ·2) 

Metabolic factor 

Obesity, n (%) 20932 (15 ·0) 8985 (14 ·3) 8067 (15 ·4) 3354 (16 ·1) 526 (15 ·0) < 0 ·001 

Obesity measurement 

Body mass index, kg/m 

2 24 ·6 (3 ·6) 24 ·5 (3 ·6) 24 ·7 (3 ·6) 24 ·7 (3 ·7) 24 ·2 (3 ·9) < 0 ·001 

Waist circumference, cm 84 ·2 (9 ·9) 82 ·7 (9 ·6) 84 ·9 (9 ·8) 86 ·3 (10 ·1) 86 ·4 (10 ·6) < 0 ·001 

Diabetes, n (%) 32325 (23 ·1) 9922 (15 ·7) 13929 (26 ·5) 7267 (34 ·9) 1207 (34 ·5) < 0 ·001 

Glucose profile 

Fasting glucose, mg/dL 107 ·6 (29 ·5) 104 ·2 (27 ·7) 109 ·5 (30 ·3) 112 ·4 (31 ·1) 111 ·0 (31 ·8) < 0 ·001 

OGTT-2h glucose, mg/dL 147 ·9 (68 ·1) 135 ·7 (60 ·2) 153 ·4 (70 ·7) 167 ·4 (75 ·5) 167 ·5 (74 ·1) < 0 ·001 

HbA1c, % 6 ·0 (1 ·0) 5 ·8 (0 ·9) 6 ·1 (1 ·1) 6 ·2 (1 ·1) 6 ·2 (1 ·1) < 0 ·001 

Hypertension, n (%) 59402 (42 ·5) 18627 (29 ·5) 25272 (48 ·1) 13095 (62 ·8) 2408 (68 ·8) < 0 ·001 

Blood pressure 

Systolic blood pressure, mmHg 132 ·3 (20 ·5) 126 ·4 (18 ·3) 134 ·9 (20 ·3) 141 ·7 (21 ·1) 146 ·4 (22 ·8) < 0 ·001 

Diastolic blood pressure, mmHg 78 ·2 (11 ·1) 77 ·9 (11 ·2) 79 ·0 (10 ·9) 77 ·3 (11 ·0) 74 ·8 (11 ·4) < 0 ·001 

Dyslipidemia, n (%) 59216 (42 ·3) 24580 (39 ·0) 23854 (45 ·4) 9332 (44 ·8) 1450 (41 ·4) < 0 ·001 

Lipid profile 

LDL cholesterol, mg/dL 111 ·0 (33 ·8) 107 ·2 (33 ·1) 114 ·3 (34 ·0) 113 ·7 (34 ·0) 114 ·3 (34 ·1) < 0 ·001 

HDL cholesterol, mg/dL 51 ·9 (14 ·1) 51 ·7 (14 ·1) 52 ·0 (14 ·1) 51 ·8 (14 ·2) 52 ·8 (14 ·4) < 0 ·001 

Triglycerides, mg/dL 144 ·4 (109 ·0) 140 ·7 (113 ·0) 150 ·4 (109 ·7) 143 ·4 (98 ·1) 128 ·9 (78 ·8) 0 ·001 

Total cholesterol, mg/dL 191 ·6 (44 ·0) 186 ·3 (43 ·6) 196 ·3 (43 ·8) 195 ·1 (44 ·0) 195 ·3 (43 ·8) < 0 ·001 

CKD, n (%) 2913 (2 ·1) 342 (0 ·5) 907 (1 ·7) 1187 (5 ·7) 477 (13 ·6) < 0 ·001 

eGFR, mL/min/1 ·73m 

2 94 ·1 (13 ·5) 101 ·1 (11 ·0) 91 ·3 (11 ·3) 83 ·2 (12 ·5) 75 ·6 (13 ·9) < 0 ·001 

Values are mean (SD) or n (%). Percentages may not sum to 100% because of rounding. SI conversion factors: To convert fasting and OGTT-2h 

plasma glucose to mmol/L, multiply by 0 ·0555; HbA1c to proportion of total hemoglobin, multiply by 0 ·01; LDL, HDL, and total cholesterol to 

mmol/L, multiply by 0 ·0259; and triglycerides to mmol/L, multiply by 0 ·0113. 
∗P values are based on one-way analysis of variance for continuous variables or Chi-square test for categorical variables. 

Abbreviations: CKD = chronic kidney disease; eGFR = estimated glomerular filtration rate; HbA1c = hemoglobin A1c; HDL = high-density lipopro- 

tein; LDL = low-density lipoprotein; OGTT = oral glucose tolerance test. 
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Overall, the strongest risk factor for mortality was CKD, fol- 

owed by low education, inappropriate sleep duration, diabetes, 

moking, unhealthy diet, and hypertension (Supplementary Table 

). Of lifestyle factors, the association between inappropriate sleep 

uration and mortality was strengthened with age (40- < 55 years: 

R 1 ·28, 95% CI 1 ·02-1 ·60; ≥75 years: HR 2 ·05, 95% CI 1 ·66-2 ·54;

 [interaction] = 0 ·001; Figure 1 B). Of metabolic factors, the HR (95% 

I) of mortality associated with CKD was 4 ·42 (2 ·27-8 ·61) in par-

icipants aged 40- < 55 years and 1 ·13 (0 ·86-1 ·49) in participants
5 
ged ≥75 years (P [interaction] < 0 ·001). Diabetes (P [interaction] = 0 ·021) 

nd hypertension (P [interaction] = 0 ·001) exhibited similar interaction 

atterns with age on mortality. The associations between different 

omponents of dyslipidemia and mortality were consistent with 

he main association between dyslipidemia and mortality across 

ge groups (Supplementary Table 3). Other risk factors showed 

onsistent associations with mortality by age groups. 

Generally, the age-related variations in associations of risk fac- 

ors with CVD events and all-cause mortality were similar be- 
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Figure 1. Hazard ratio (95% CI) of CVD events and all-cause mortality associated with individual risk factors by age groups 

A. CVD events; B. all-cause mortality. Models were adjusted for sex, and individual risk factors were mutually adjusted. P values for interaction between age group and 

each individual risk factor are for testing the variations in the associations of each individual risk factor with CVD events or all-cause mortality across different age groups. 

Abbreviations: CI = confidence interval; CKD = chronic kidney disease; CVD = cardiovascular disease; HR = hazard ratio. 
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ween men and women, except that the age-related decrease 

n association between dyslipidemia and CVD (P for three-way 

nteraction = 0 ·034) was prominent in women but not in men (Sup- 

lementary Table 4), and the age-related increases in associations 

f low education (P for three-way interaction = 0 ·032) and physical 

nactivity (P for three-way interaction = 0 ·039) with mortality were 

rominent in women but not in men (Supplementary Table 5). 

The original age-related association patterns of risk factors with 

VD events and all-cause mortality were replicated by using age 

roups of 40- < 50 years, 50- < 60 years, 60- < 70 years, and ≥70

ears (Supplementary Table 6 and Supplementary Table 7). 
o

6 
AR%s for CVD and all-cause mortality associated with risk factors by 

ge groups 

Hypertension was the single largest risk factor (PAR% 30 ·7%, 95% 

I 26 ·7%-34 ·7%) for CVD in the overall participants (Supplemen- 

ary Table 8) and in participants aged 40- < 75 years, accounting 

or 40 ·3% (95% CI 31 ·6%-48 ·4%), 35 ·5% (95% CI 29 ·4%-41 ·4%), and

7 ·1% (95% CI 19 ·0%-34 ·8%) of the PAR% in age groups of 40- < 55

ears, 55- < 65 years, and 65- < 75 years, respectively ( Figure 2 A).

nhealthy diet, diabetes, low education, and inappropriate sleep 

uration each contributed more than 10% of the PAR% in at least 

ne age group of < 75 years. In participants aged ≥75 years, inap- 
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Figure 2. Population-attributable risk percentage (95% CI) for CVD events and all-cause mortality associated with individual risk factors by age groups 

A. CVD events; B. all-cause mortality. Models were adjusted for sex, and individual risk factors were mutually adjusted. Individual risk factors with a negative PAR% were 

not included in analyses; the negative PAR% was truncated at a lower limit of 0, as this is the lowest threshold to determine an association with increased risk. Grey box 

indicates socioeconomic and psychosocial risk factor, blue box indicates lifestyle risk factor, and pink box indicates metabolic risk factor. Abbreviations: CKD = chronic kidney 

disease; CVD = cardiovascular disease. 
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ropriate sleep duration was the largest risk factor for CVD (PAR% 

0 ·5%, 95% CI 17 ·9%-42 ·0%); low education, hypertension, and di- 

betes also accounted for considerable proportions of the PAR% 

12 ·3%-14 ·9%). 

For mortality, the largest risk factor was low education (PAR% 

2 ·0%, 95% CI 16 ·0%-27 ·7%) in the overall participants (Supplemen- 

ary Table 8). In participants aged 40- < 55 years, unhealthy diet, di- 

betes, and low education were the top three risk factors account- 

ng for comparable PAR%s (13 ·1%-14 ·9%) for mortality ( Figure 2 B). 

he largest PAR% for mortality was attributed to low education in 

articipants aged 55- < 75 years (PAR% 26 ·1%-27 ·2%) and inappro- 

riate sleep duration in participants aged ≥75 years (PAR% 34 ·7%, 

5% CI 24 ·5%-44 ·1%). 

Collectively, metabolic risk factors accounted for 40.8% (95% CI 

2 ·5%-48 ·5%) of the PAR% for CVD in the overall participants, fol- 

owed by lifestyle risk factors (PAR% 27 ·9%, 95% CI 16 ·4%-38 ·7%) 

nd socioeconomic and psychosocial risk factors (PAR% 14 ·0%, 95% 

I 8 ·3%-19 ·5%; Supplementary Table 8). In participants younger 

han 75 years, the largest PAR% for CVD was attributed to the com- 

ination of metabolic factors, accounting for 52 ·4% (95% CI 35 ·6%- 

5 ·9%), 47 ·2% (95% CI 34 ·6%-58 ·2%), and 37 ·8% (95% CI 26 ·2%-48 ·4%)

n age groups of 40- < 55 years, 55- < 65 years, and 65- < 75 years,

espectively ( Figure 3 A). In participants aged ≥75 years, the com- 

ination of lifestyle factors contributed to the largest PAR% (34 ·0%, 

5% CI 1.2%-65.8%) for CVD. 

Overall, lifestyle risk factors contributed to 29 ·3% (95% CI 14 ·8%- 

2 ·5%) of the PAR% for mortality, followed by socioeconomic and 

sychosocial risk factors (PAR% 22 ·8%, 95% CI 16 ·3%-29 ·1%) and 

etabolic risk factors (PAR% 14 ·1%, 95% CI 7 ·7%-20 ·3%; Supplemen- 

ary Table 8). In participants aged 40- < 55 years, metabolic factors 

nd lifestyle factors accounted for most deaths with comparable 

AR%s (25 ·3%-24 ·6%; Figure 3 B). While in participants aged 55- < 75

ears, most deaths were attributed to lifestyle factors (PAR% 26 ·6%- 

9 ·4%) and socioeconomic and psychosocial factors (PAR% 27 ·1%- 

7 ·7%). Especially in participants aged ≥75 years, lifestyle factors 

ccounted for the largest PAR% for mortality (PAR% 41 ·0%, 95% 

I 6 ·9%-66 ·6%), followed by socioeconomic and psychosocial fac- 

p

7 
ors (PAR% 26 ·1%, 95% CI 5 ·5%-44 ·6%) and metabolic factors (PAR% 

0 ·3%, 95% CI 0 ·4%-20 ·0%). 

iscussion 

To the best of our knowledge, this is the first and largest na- 

ionwide study elucidating age-specific modifiable risk factor pro- 

les for CVD events and mortality in middle-aged and older Chi- 

ese population. In adults younger than 75 years, metabolic risk 

actors accounted for 37 ·8% to 52 ·4% of CVD cases, with hyperten- 

ion being the leading risk factor. While in adults aged ≥75 years, 

ifestyle risk factors contributed to 34 ·0% of CVD cases, with inap- 

ropriate sleep duration being the predominant risk factor. Regard- 

ng all-cause mortality, in adults aged 40- < 55 years, most deaths 

ere attributed to metabolic risk factors (PAR% 25 ·3%) and lifestyle 

isk factors (PAR% 24 ·6%); the main risk factors were unhealthy 

iet, diabetes, and low education, with each accounting for over 

0% of deaths. Lifestyle risk factors (PAR% 26 ·6%-41 ·0%) and so- 

ioeconomic and psychosocial risk factors (PAR% 26 ·1%-27 ·7%) were 

ain contributors to mortality in adults aged 55 years and older. 

specially in adults aged ≥75 years, inappropriate sleep duration 

nd low education contributed to 34 ·7% and 24 ·8% of the PAR% for 

eaths, respectively. Several specific risk factors showed significant 

nteractions with age: inappropriate sleep duration associated with 

reater hazards of CVD and mortality in older adults, while hyper- 

ension, diabetes, and CKD associated with greater hazards of CVD 

nd mortality in younger adults. 

rincipal findings and comparison with other studies 

Our findings in general population are in line with the Prospec- 

ive Urban Rural Epidemiology Study of adults aged 35-70 years 

hat most CVD cases and deaths were attributed to metabolic risk 

actors and lifestyle risk factors, respectively. [8] By including pop- 

lation aged 75 years and older and from an age stratification per- 

pective, we further elaborated on the heterogeneity of risk factor 

rofiles for CVD and mortality in adults of different age groups, 
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Figure. 3. Population-attributable risk percentage (95% CI) for CVD events and all-cause mortality associated with combinations of risk factors by age groups 

CVD events; B. all-cause mortality. Models were adjusted for sex, and individual risk factors were mutually adjusted. Individual risk factors with a negative PAR% were not 

included in analyses; the negative PAR% was truncated at a lower limit of 0, as this is the lowest threshold to determine an association with increased risk. Abbreviations: 

CVD = cardiovascular disease. 
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articularly emphasizing the importance of metabolic risk factors 

or younger adults and lifestyle risk factors for older adults in pre- 

icting, preventing and controlling of CVD and mortality. 

The observed age-related risk factor profiles for CVD and 

ortality were largely driven by several specific risk factors. In 

his study, we identified hypertension and diabetes as leading 

etabolic risk factors for CVD and mortality in adults younger than 

5 years. Hypertension and diabetes have been strongly associ- 

ted with CVD and mortality, [7 , 8 , 21] and the prevalence of these

wo risk factors has reached an alarming level in China. [22 , 23]

oreover, although CKD contributed to modest PAR% for CVD and 

ortality due to its relatively low prevalence, CKD manifested the 

trongest association with CVD and mortality in adults younger 

han 75 years, in accordance with previous evidence that CKD 

as a robust risk factor for CVD and mortality, independent of 

onventional risk factors such as hypertension and diabetes. [24] 

he interaction findings that the excess risks of CVD and mor- 

ality associated with hypertension, diabetes, and CKD were di- 

inished with age are intriguing. Previous studies also revealed 

 weak effect of blood pressures on CVD in population aged 65 

ears and older. [25 , 26] Potential explanations to these observations 

ay be that metabolic disorders such as hypertension and diabetes 

re more strongly related to cardiovascular complications (stroke 
8 
nd coronary heart disease) which occur earlier than other car- 

iovascular consequences, [27] and the risks of CVD and all-cause 

ortality are especially prominent in younger-onset metabolic dis- 

ases. [28] Furthermore, the age-related decreases in the impact of 

etabolic factors could be partially influenced by selective survival, 

hat is, persons who were more vulnerable to morbidities related 

o certain risk factors were less likely to survive into older age. 

owever, we also observed age-related increases in the prevalence 

f these metabolic factors, as well as the amplified or consistent 

ssociations between other risk factors (e.g., low education and in- 

ppropriate sleep duration) and the outcomes according to age, in- 

icating that selective survival is not the only explanation. 

In addition to other widely researched lifestyle factors, emerg- 

ng large longitudinal studies and meta-analyses have implicated 

hat compared with sleeping 6-8 hours/day, both longer and 

horter sleeping exhibited excess risks of major CVD and all-cause 

ortality. [29 , 30] A large prospective study also reported that the 

-shaped association between sleep duration (shorter or longer 

ersus 6-8 hours/day) and CVD was more prominent in older 

dults than in younger adults (cutoff at age 65 years). [31] Our 

tudy extended previous findings by providing new evidence that 

f all investigated modifiable risk factors, inappropriate sleep du- 
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ation conferred the leading burden of CVD and mortality in adults 

ged 75 years and older. 

In this study, the impact of low education on mortality and 

VD persisted in middle-aged to older adults. Low education has 

een documented as a robust socioeconomic determinant to be 

ost clearly associated with CVD and mortality, mainly through its 

roader influence on unhealthy behaviors and social disadvantages 

uch as poor access to health care and social resources, through- 

ut a person’s life. [8 , 32] Thus, our findings suggest that even in

lder adults, strategies to improve education and to eliminate the 

dverse effect of low education are likely to mitigate some of the 

ubstantial excess burden of mortality and CVD. 

High alcohol intake displayed no excess risk of CVD in all age 

roups in this study. The Prospective Urban Rural Epidemiology 

tudy also identified modest association of alcohol use with CVD, 

articularly in middle-income countries. [8] Previous cohort studies 

ndicated that alcohol intake was inversely associated with non- 

atal coronary heart disease, [33] and compared with moderate al- 

ohol intake, high alcohol intake was associated with no excess 

isk of coronary heart disease and a lower risk of myocardial in- 

arction. [34] These findings may be due to the considerable hetero- 

eneity of associations with different CVD subtypes. [33 , 34] Besides, 

e focused on first-ever CVD events in this study, and therefore it 

s possible that heavy drinkers had experienced CVD or had ini- 

ially presented with death before they were able to develop CVD. 

dditionally, obesity conferred no elevated risk of mortality in our 

nalysis, which may be partly due to the “obesity paradox” phe- 

omenon and the interactions between co-existing factors. [35 , 36] 

linical implications 

Our study illuminated the remarkable differences in modifiable 

isk profiles for CVD and mortality according to age, suggesting 

hat the estimates generated from younger people may not ap- 

ly to older people. The risk factor profiles behind different age 

trata may reflect varied pathophysiological mechanisms, and un- 

erstanding these age difference patterns are important for future 

ardiovascular risk evaluation. Our estimates can be used to iden- 

ify higher-risk people in different age groups to improve predic- 

ion precision for CVD and mortality. More importantly, our find- 

ngs highlight the importance of formulating tailored, age-specific 

isk factor management strategies to effectively reduce the burden 

f CVD and mortality. 

trengths and limitations 

The strengths of this study included the large nationwide sam- 

le with broad age ranges, the comprehensive assessment of risk 

actors, and the well-validated definitions of CVD and mortality. 

ur study has limitations. First, the relatively short follow-up du- 

ation may limit the statistical power for CVD events and mor- 

ality. Second, although we have carefully controlled all risk fac- 

ors of interest in the analyses and identified no substantial in- 

uence of sex on main findings, bias due to reverse causality or 

nmeasured confounding may exist. Besides, variables collected by 

uestionnaires (e.g., dietary intake collected by the food frequency 

uestionnaire) may be affected by recall bias. Third, some emerg- 

ng modifiable environmental factors (e.g., ambient air pollution) 

ere not included in the risk factor profile in this study. There- 

ore, the ranking order of the contributions of risk factors to CVD 

r mortality should only be interpreted within the scenario of this 

tudy. Fourth, in this study, the risk factors were evaluated only 

t baseline, and data on incident morbidities and therapies during 

he follow-up period were not available. Thus, changes in risk fac- 

ors and incident morbidities, as well as related therapies during 

f

9 
ollow-up could not be accounted for in our analyses. More follow- 

ps in the future could provide important dynamic data for inves- 

igations on age-specific risk profiles for CVD and mortality. 

onclusions 

This nationwide prospective cohort study provided novel in- 

ights into age-specific modifiable risk factor profiles for CVD 

vents and all-cause mortality in Chinese adults. Our findings un- 

erline the importance of prioritizing age-specific risk profiles for 

recise and efficient prediction, prevention, and intervention of 

VD and mortality in China, the country that is encountering 

ormidable health challenges and population ageing. 
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